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Lay summary

The variety of cancer treatments available nowadays have greatly increased the life ex-

pectancy of patients with certain tumour types, but developing treatment resistance is not

uncommon. Understanding the molecular changes that drive resistance is essential to

design therapies that work appropriately. The interferon Stimulated Gene 15 (ISG15) is

a well-known antiviral protein that helps the immune system clear infections, but it has

also been found to be involved in cancer progression and treatment resistance. ISG15 is

capable of attaching to other proteins to alter their function, which means it interacts with

hundreds of different proteins with an extensive range of biological jobs. This fact makes

it hard to study and understand the role of ISG15 in cancer. As suggested by its full name,

the expression of ISG15 is induced by interferons (IFNs), small proteins whose main func-

tion is the activation and enhancement of the innate immune system, which have been

extensively used as treatment for pathogenic infections and cancers.

This study aims to analyse what proteins and biological processes get altered in the ab-

sence of ISG15 in two different cancer models – cervical cancer and brain cancer - in order

to shed light on the role and mechanism of this protein in IFN treatment resistance. For

this, different mass-spectrometry (MS) approaches were used. MS is a technique capable

of precisely identifying what proteins and in what amount are present at a given time in

a complex biological mixture. Comparing what proteins appear or disappear and in what

amounts, when we remove ISG15 and treat the cells with IFN, can help us understand

what processes get activated and deactivated upon treatment, providing insights into the

resistance mechanism(s).
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Abstract

The Interferon Stimulated Gene 15 (ISG15) is a ubiquitin-like protein that can be

found both conjugated to target proteins, in a process known as ISGylation, and in a non-

conjugated “free” form where it can act as a cytokine. Even though ISG15 has been widely

studied for its antiviral properties, recent research has implicated ISG15 in many more bi-

ological processes, including the development and progression of cancer. In this area, re-

search is divided between studies that suggest ISG15 is a tumour suppressor and immune

system enhancer, and those that claim it relates to tumour aggressiveness and treatment

resistance. The extensive number of modification targets and variety of roles of ISG15

makes it challenging to determine its molecular mechanisms in cancer.

The aim of this study is to shed light on the role of this ubiquitin-like protein in can-

cer cell models and to provide insights into the mechanisms of action that leads to ISG15

function in interferon (IFN) resistance. Clustered Regularly Interspaced Short Palindromic

Repeats (CRISPR) / Cas9 gene-editing technology was used to ablate ISG15 expression in

a cervical cancer cellular model (SiHa cells). Once a stable knock-out was obtained, a vari-

ety of analysis were performed with and without interferon treatment to try to identify any

biological difference between the wild type cells and the ISG15 deficient cells, including

cell growth and cell cycle analysis and colony formation assays. After identifying ISG15

deficient cells as sensitive to IFNα treatment, which was confirmed in a variety of cellular

models, three different proteomic approaches were used to try to address the proteomic

landscape in two ISG15 deficient cell backgrounds in the presence and absence of IFNα

treatment. a) First, a stable isotope labelling by amino acids in cell culture (SILAC) tech-

nique was used in wild-type (WT) and ISG15 deficient cervical cancer (SiHa) cells, either

untreated or treated for 24 or 48 hours, to look at recently synthesised protein changes.

Results showed significant increased expression of other ISGs like IFIT1 and MX1, but also

of other less expected proteins such as NQO1, MT1G and MT1F, all of which are involved

in oxidative stress response and detoxification. This was reflected in the analysis of the

dysregulated biological processes performed with the identified targets, which revealed

upregulated response to stress. This analysis also revealed upregulated processes related

to antigen processing and presentation, downregulated processes related to response to

wounding and wound healing and various dysregulated metabolic processes. b) Second,

in order to find out what proteins and processes were commonly altered upon depletion

of ISG15 in different cancer models, a steady state whole proteomics approach was used in

ISG15 deficient patient-derived glioblastoma stem cells (GSCs). Again, the upregulation

of a IFN stimulated signature was detected in the absence of ISG15, as well as processes re-

lated to the positive regulation of IFN production. Several metabolic processes were also
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found to be dysregulated, and processes related to antigen processing and presentation

were also detected to be upregulated upon IFN treatment. c) Finally, as the previous re-

sults suggested the involvement of ISG15 in MHC class I antigen presentation, a state-of-

the-art immunopeptidomic method was used to elute and analyse the peptides presented

by MHC-I in ISG15 deficient versus wild-type GSCs in the presence or absence of IFNα

treatment. The presentation of peptides derived from several proteins were found sig-

nificantly altered in the absence of ISG15 (e.g. GAPDH), and peptide length distribution

analysis suggested an increased and sustained expression of MHC-I presented peptides

upon IFN treatment.

Overall, results suggest that the loss of ISG15 results in an amplified IFN response pro-

moting sensitivity, probably due to the loss of the role of ISG15 as a negative regulator of

this pathway. At the same time, the absence of ISG15 seems to be involved with mitochon-

drial and metabolic dysregulation, as well as altered antigen peptide expression. Further

researching these findings could be useful in the field of immune based and peptide tar-

geted therapies.
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Chapter 1

Introduction

1.1 Interferons and Interferon Stimulated Genes

The human immune system is an intricate machinery with several means to defend the

body from pathogenic infections and malignancies, one of which is the interferon (IFN)

system. First described by Isaacs & Lindenmann in 1957, these small signalling cytokines

play a very important role in the first lines of the immune defence, triggering and stim-

ulating both the innate and adaptive responses. Interferons are classified in three differ-

ent types based on the structure of their membrane receptors, sequence homology and

functional activity. The human type I IFN group is composed of 13 subtypes of IFNα plus

IFNβ , IFNω, IFNε and IFNκ, all of which signal through the type I IFN receptor IFNAR

consisting of IFNAR1 and IFNAR2 transmembrane proteins (Weerd et al., 2007). IFNγ sig-

nals through a different heteromeric receptor formed of two chains of interferon gamma

receptor 1 (IFNGR1) and two chains of interferon gamma receptor 2 (IFNGR2), and is the

only member of the type II IFN group (Platanias, 2005). Finally, four subtypes of IFNλ com-

pose the type III IFNs, which signal through yet another heterodimeric receptor composed

of IL-28RA and IL-10R2 (Kotenko, 2011; Prokunina-Olsson et al., 2013). All three receptor

complexes for type I, type II and type III IFNs signal through the Janus kinase (JAK)/signal

transducer and activator of transcription (STAT) pathway. Type I and type III IFNs acti-

vate the transcription factor complex IFN-stimulated gene factor 3 (ISGF3), composed of

phosphorylated STAT1/STAT2/IRF9, while interactions through the receptor for IFNs type

II lead to the formation of phosphorylated STAT1 homodimers, also known as gamma-

interferon activation factor (GAF). Both ISGF3 and GAF then translocate to the nucleus

to bind to IFN-stimulated response elements (ISRE) and to gamma-activated sequences

(GAS), respectively. As seen in Figure 1.1, ISGF3 induces transcription of the Interferon

Stimulated Genes (ISGs) and GAF induces the IFNγ stimulated genes. This thesis will fo-
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cus on type I IFNs, henceforth IFN unless otherwise stated in the text.

Figure 1.1: The different signalling pathways of interferon. All three receptor complexes for type I, II and

III IFNs signal through the JAK/STAT pathway, but while type I and III activate the transcription factor com-

plex ISGF3, composed by phosphorylated STAT1/STAT2/IRF9, interactions through the receptor complexes

for IFNs type II lead to the formation of phosphorylated STAT1 homodimers, also known as GAF. ISGF3 and

GAF translocate to the nucleus to bind to IFN-stimulated response elements (ISRE) and to gamma-activated

sequences (GAS) respectively to induce transcription of ISGs.

According to the work carried out by Shaw et al. in 2017, humans differentially express

2048 ISGs and 1484 interferon regulated genes (IRGs) in response to IFN type I, which ac-

counts for around 10 and 7% of the genome respectively (Nurk et al., 2022). Although the

exact percentage varies from study to study depending on what threshold they consider to

define an ISG (a specific fold change or statistical cutoff), it can be affirmed that ISGs and

IRGs play a critical physiological role in humans. In their study, Shaw et al. analysed the

interferome triggered by IFN type I in fibroblasts derived from ten different vertebrate an-

imal species (nine mammals and one bird) using RNAseq and comparative analysis. Fig-

ure 1.2 shows the number of shared ISGs identified at the nodes of the phylogeny tree of

the species studied, suggesting that the interferomes in the different species have evolved
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by linage-specific pressure. Although they identified unique ISGs upregulated by IFN in

each species, they also found upregulated core sets on vertebrates (62 genes) and mam-

mals (28 genes) involved in a variety of ancestral functions of the IFN system such as anti-

gen presentation, IFN induction and suppression, ubiquitination, apoptosis and antiviral

response, proving the central role of this essential system. Among these genes, they also

found several ISGs involved in suppression of the IFN response upregulated as part of the

core vertebrate ISG set, such as USP18, USP25 and IFI35, confirming that the negative reg-

ulation of the IFN system is an essential ancestral process.

Figure 1.2: Number of ISGs identified by RNAseq in the different vertebrates studied by Shaw et al. (2017)

(human, rat, cow, sheep, pig, horse, dog, micro-bat, fruit bat and chicken). This phylogeny tree shows the

number of ISGs upregulated (above the line, red arrow) and downregulated (below the line, blue arrow) in

each species and in the nodes that relate them evolutionary. 62 common upregulated genes were identified

in all the species, defined as the "core vertebrate ISG set".

The strong antiviral and immunomodulatory properties of IFN have been widely re-

viewed over the years (Theofilopoulos et al., 2005; Stetson & Medzhitov, 2006; González-

Navajas et al., 2012; Ivashkiv & Donlin, 2014; López de Padilla & Niewold, 2016; Schoggins,

2019), but IFNs have also been found to be involved in the development of disease, as dis-

cussed in the following section.
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1.1.1 Interferon Stimulated Genes in disease

Although IFNs and ISGs are key in fighting and eradicating pathogens and infections,

their dysregulation has also been linked to inflammatory and autoimmune disorders,

chronic infections, and cancer.

An autoimmune disease is a condition controlled both by host genes and the environ-

ment in which the organism’s immune system cannot differentiate its own cells from the

foreign, resulting in an unnecessary antigen-driven immune response towards healthy tis-

sue (Marrack et al., 2001). A self-sustaining and auto-amplifying chronic dysregulated IFN

signalling has been linked to many autoimmune disorders, including systemic lupus ery-

thematosus (SLE), myositis, rheumatoid arthritis, Sjögren’s syndrome (SS) and systemic

sclerosis (SSc) (Hall & Rosen, 2010; Crow & Ronnblom, 2019). SLE is one of the most

studied diseases regarding the involvement of IFN signalling in the autoimmune pathol-

ogy. Studies have shown that SLE patients with an increased expression of IFNα and ISGs

were linked to a more aggressive disease, flares and tissue damage, which makes them

good biomarkers for indication of the severity as well as for the prognosis prediction of the

pathology (Petri et al., 2009; Bauer et al., 2009; Banchereau & Pascual, 2006; Crow, 2010).

This has been proven through gene expression profiling studies, showing that SLE patients

have an upregulated IFN signature and increased expression of IFN regulated mRNA tran-

scripts, suggesting that the blockade of such pathway with anti-IFNα antibodies could be

of major therapeutic benefit (Kennedy et al., 2015; Chyuan et al., 2019).

Even though the IFN pathway is key in fighting viral infections as part of the immune

response system, dysregulated hyperactive IFN signalling has also been linked to persis-

tent chronic infections (Lukhele et al., 2019; Murira & Lamarre, 2016; Snell et al., 2017) and

to IFN treatment resistance (Chen et al., 2005). Two studies published simultaneously in

Science in April 2013 revealed that lymphocytic choriomeningitis virus (LCMV) infected

mice showed steady type I IFN signalling, which resulted in increased expression of im-

mune suppressive factors such as IL-10 and PD-L1 (Wilson et al., 2013; Teijaro et al., 2013).

Both of these studies proved that blocking type I IFN signalling with an anti-IFNAR1 anti-

body in LCMV-C113 infected mice resulted in a significant decrease on immunosuppres-

sion and chronic inflammation, assisting with the clearance of the persistent infection.

Experiments by Fallet et al. (2016) showed that mice infected with such LCMV chronic in-

fections also presented type I IFN-I signalling driven virus-specific B cell deficiency, which

was also restored upon IFN-I receptor blockade. On the other hand, similar experiments

by Sandler et al. (2014) in rhesus macaques infected with simian immunodeficiency virus

(SIV) showed varying results. Blocking the type I IFN receptor resulted in reduced an-

tiviral gene expression, greater viral reservoir and increased T-cell deficiency, while IFNα

treatment induced the expression of antiviral genes, preventing systemic infection. How-
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ever, continuous IFNα treatment shifted this initially beneficial response resulting in IFN

desensitisation, which lead to decreased expression of antiviral genes, increased the viral

reservoir and accelerated T-cell depletion.

As described in section 1.1, IFNs also play an important role as therapeutic agents in

different cancers. Although it may sound contradictory, many tumours are characterised

by simultaneous immunosuppression and inflammation (Snell et al., 2017; Hanahan &

Weinberg, 2011), and IFNs might have an important role in this dichotomy. Persistent IFN

signalling has been proven to provoke resistance to immune checkpoint blocking thera-

pies such as PD1 pathway blockade as well as to combination therapies such as radiation

and CTLA4 blockade (Benci et al., 2016). On that note, Terawaki et al. (2011) performed

an analysis of the PD-1 gene that revealed an IFN stimulation response element (ISRE)

responsible of triggering gene transcription in a mouse T cell line (2B4.11). This was con-

firmed by the fact that IFNα treatment resulted in increased expression of PD-1 through

binding of IRF9 to the ISRE in the PD-1 promoter, resulting in an attenuated T cell re-

sponse. On the other hand, Zaretsky et al. (2016) analysed samples from four relapsed

melanoma patients resistant to PD-1 blockade therapy and found that samples from two

of them had resistance associated loss of function mutations in either JAK1 or JAK2, which

resulted in lack of response to IFNγ.

The mechanisms and circumstances by which type I IFNs can be beneficial or detri-

mental in a cancer background are still to be completely understood. Nevertheless, it is

clear that they play an important role in utilising the immune system to fight this disease,

and further exploring IFN administration or blockade therapies could be key for its treat-

ment. The following section will discuss the role of a specific subset of IFN stimulated /

regulated genes in cancer development and progression.

1.2 Interferon Related DNA-damage Resistance Signature (IRDS)

In 2004, Khodarev et al. selected a radioresistant cancer cell line from parental ra-

diosensitive human head and neck squamous carcinoma cells (SCC61) by injecting them

into nude mice and exposing the tumours to a 5 Gy radiation treatment. After exposure

to radiation, cells were separated in vitro, reinjected into mice, treated and excised again

another seven times. The resistant cell line obtained after eight cycles of radiation was des-

ignated as Nu61. RNA analysis of the gene expression on Nu61 vs SCC61 cells identified 49

statistically relevant genes expressed differently between the two cell lines, many of which

were ISGs - this group of genes was designated the Interferon Related DNA-damage Re-

sistance Signature (IRDS). Among them, STAT1 was the most highly upregulated one, and

transfection of the cDNA of both of its isoforms (α and β ) in radiosensitive SCC61 cells
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resulted in increased radioresistance upon a 3Gy radiation treatment. They later reported

that radiation does indeed activate an IFN-inducible and STAT1 dependant pathway and

that constitutive overexpression of this pathway induces resistance to radiation (Khodarev

et al., 2007). Based on this work, and in an effort to identify new therapy-predictive mark-

ers, Weichselbaum et al. (2008) analysed a variety of cancer cell lines and found 36 genes

among the top 25% identified in the surviving fraction of cells after radiation treatment

(2 Gy), 32 of which were a subset of the genes identified by Khodarev et al. Here, STAT1

also ranked in the top 1% of the genes analysed, and its silencing by shRNAs in Nu61 cells

resulted in downregulation of other IRDS genes and in resensitisation of the cells to the

chemotherapeutical drug doxorubicin. To test if the expression of these IRDS genes was

a consequence of the upregulation of STAT1 or could themselves mediate treatment re-

sistance, this group targeted another two members that seemed to be regulated by STAT1

with shRNA - ISG15 and IFIT1. The silencing of both genes individually resensitised Nu61

resistant cells to doxorubicin without affecting the levels of STAT1. This was the first report

of these two IFN stimulated genes with roles in antiviral immunity being related with DNA

damage resistance. After experimentally proving that the upregulation of several mem-

bers of the IRDS mediate experimental resistance to DNA-damaging treatments, Weich-

selbaum et al. tested if the IRDS profile and response to treatment in different primary hu-

man tumours resembled that in either SCC61 or NU61 cells. Patient samples from a variety

of human cancers (breast, head and neck, prostate, lung, glioma) were analysed and cat-

egorised in two different groups - one resembling SCC61 cells, classified as IRDS (-), and

one resembling Nu61 cells, classified as IRDS (+) (Figure 1.3). To determine if the IRDS

state of certain cancers can be used as a predictive marker for therapy, they analysed the

data from 295 early stage breast cancer patients to study the relation between the patients

IRDS profile and a multivariable proportional-hazards model for metastatic risk, which

showed a correlation between the two. Further analysis of databases and prognostic cri-

teria showed that the IRDS state could be a therapy-predictive marker for DNA-damaging

treatments, helping to stratify patients that can benefit from such treatments.
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Figure 1.3: Clustering of microarray data showing the expression pattern of the IRDS genes in different pri-

mary human tumours. Each column represents a primary tumour and each row represents an IRDS gene,

orange indicating high expression and blue indicating low expression. Tumours marked in red (below each

dendogram) are the ones classified as IRDS (+). Figure by Weichselbaum et al. (2008).

The IRDS has been further studied as a signature in the context of cancer. In 2014,

Boelens et al. tested whether stromal cells in the microenvironment communicate with

cancer cells to upregulate the IRDS. For this, they used metastatic human breast adeno-

carcinoma cells (MDA-MB-231) as a cancer model and human diploid fibroblasts as stro-

mal cells. They subcutaneously injected the cancer cells either alone or with the stromal

cells into mice to find out that the formed tumours containing fibroblasts showed a higher

expression of IRDS members such as STAT1, MX1 or OAS1 when compared with tumours

composed of breast cancer cells alone. On top of this, they found that the stromal cells

enhanced the growth rate of the cancer cells and protected them against radiation and

cell death. The study of different co-cultures of breast cancer cells and fibroblasts in vitro
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showed that breast cancer cells can be categorised in two groups - the IRDS responders

which are mainly composed of basal-like cells and upregulate IRDS genes upon interac-

tion with stromal cells, and the IRDS non-responders which are composed mainly of non-

basal-like with some basal-like subtypes and do not induce IRDS genes. In these experi-

ments, only the IRDS responders were protected against radiation and chemotherapy by

stromal cells, but the knock-out of STAT1 repressed the expression of the rest of IRDS genes

and inhibited stromal cell mediated treatment resistance. This group concluded that stro-

mal cells transfer exosomes to cancer cells to promote a STAT1 dependant IRDS induction

and subsequent resistance to radiotherapy and chemotherapy in a subset of basal sub-

type breast cancers, which requires live stromal cells and is not associated with expression

and/or function of IFNs or their receptors.

In contrast with the data described above, other studies have shown that IFNs have an

important role in the induction of the IRDS. In 2013 Cheon et al. investigated how continu-

ous exposure of cells to a low level of IFNβ affected the expression of ISGs. As described in

section 1.1, in the canonical IFN pathway, STAT1 and STAT2 are phosphorylated and com-

bined to IRF9 to form ISGF3 in response to IFN type I, which then binds to ISRE to induce

the expression of hundreds of ISGs. This group had previously showed (Cheon & Stark,

2009) that the lack of phosphorylation of STAT1 at tyrosine 701 (U-STAT1) prolonged the

IFNβ response for several days, and they later found that IFNβ also induced the expres-

sion of unphosphorylated STAT2 (U-STAT2, without the usual phosphorylation at Y690).

The combination of U-STAT1, U-STAT2 and IRF9 resulted in unphosphorylated ISGF3 (U-

ISGF3), which extended the expression of a subset of the initially induced ISGs despite the

usual negative regulatory effect of the IFN response. When comparing the genes induced

by ISGF3 vs U-ISGF3, they found 48 genes induced only by ISGF3 and 29 genes induced

by U-ISGF3 (Figure 1.4a). They reported that the system driven by U-ISGF3 sustains the

expression of these ISGs for at least 12 days with no increase in STAT phosphorylation, and

that although this prolonged expression did not harm cells it did provide them with an ex-

tended resistance to virus infection and DNA damage. Interestingly, they revealed that the

members of the IRDS previously described are exclusively U-ISGF3-induced genes. This

could help explain the contradiction that IFNs are described as tumour suppressors that

inhibit proliferation and promote apoptosis and yet the expression of many ISGs are re-

lated with bad prognosis and therapy resistance, since the U-ISGF3-induced IRDS subset

does not include many of the other ISGs known to confer such traits. They concluded that

the continuous exposure of cells to low levels of IFN often seen in cancer could result in

the induction of U-STAT, formation of U-ISGF3 and long-term upregulation of the IRDS,

which promotes oncogenesis and therapy resistance (Figure 1.4b).



Chapter 1 - Introduction 10

(a) (b)

Figure 1.4: Figures by Cheon et al. (2013) on the expression of U-ISGF3 and the consequent upregulation of

the IRDS. (a) Microarray analysis of the genes induced by ISGF3 and U-ISGF3 on normal human fibroblast

BJ cells and list of genes identified to be induced by U-ISGF3. To identify the genes induced by ISGF3, cells

were treated for 6 hours with 3 IU/mL IFNβ prior analysis. To identify U-ISGF3 induced genes, cells were

transfected with a lentiviral vector encoding a mutant STAT1 protein that cannot be phosphorylated at Y701

without IFN treatment. The genes marked with an (*) are those known to have anti-viral functions, while those

marked with a (+) are the ones that had been reported to be upregulated in DNA damage-resistant cancer

cells at the time the paper was published. (b) Chronic exposure to low doses of IFN results in high levels of U-

STATs that lead to increased expression of U-ISGF3 and consequent upregulation of the IRDS, which mediates

resistance to DNA-damage.

It is well known that upon viral infection, the presence of exogenous DNA in the cy-

toplasm of cells can trigger IFN signalling. Similarly, the "self" DNA derived from DNA

damage, double-strand breaks and the DNA repair systems can also activate type I IFN

signalling. This was demonstrated by Erdal et al. (2017), who showed that ssDNA accu-

mulated in the cytosol as a result of DNA-damaging agents, like radiation or chemother-

apeutic drugs, activated an innate IFN type I driven immune response. They determined

that therapeutic DNA-damaging agents such as ionising radiation (tested at high levels of

10 Gy but also at therapeutic levels of 2 Gy and 6 Gy), mitomycin C (3 µM) or cisplatin

(15 µM) caused the accumulation of cytosolic ssDNA, that the DNA end resection factors

BLM and EXO1 are key for the generation of such fragments and that cytoplasmic exonu-

clease Trex1 is necessary to degrade them. To prove that such fragments activate the IFN

type I immune response and more specifically the IRDS, they analysed the basal and DNA-
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damaging treatment induced mRNA expression of several type I IFN target IRDS member

genes (MX1, ISG15, OAS1, IFIT1, IFI6, IFI44 and BST2), as well as the levels and phospho-

rylation status of STAT1, on the breast cancer cell lines and on one radio-resistant glioblas-

toma cell line. They found that all the three treatments induced phosphorylation of STAT1

at Y701, a known marker for type I IFN signalling activation. Nevertheless, this was iden-

tified in the first 24 hours and the long term phosphorylation state or the activation of

the pathway by unphosphorylated STAT1 was not analysed. On the conditions studied,

they did however detect the expression of the IRDS members analysed by qRT-PCR in the

first 24 hours, which with the exception of IFIT2 showed a two to six-fold increase upon

10 Gy radiation treatment. Although delayed, the chemotherapeutic agents mitomycin C

and cisplatin showed similar results. They noticed that Trex1 deficient breast cancer cells,

which presented an accumulation and persistence of cytosolic DNA due to the absence

of the main exonuclease that degrades it, showed an increased radioresistance. To test if

the IRDS expression resultant from the accumulation of cytosolic DNA was responsible

for such resistance, they tested Trex1 double negative cells that also had IRF3 disrupted to

find out that this loss reversed the radioresistance previously observed. Interestingly, they

reported that those breast cancer cell lines with lower Trex1 expression and higher BLM

and EXO1 expression were the ones associated with a poorer prognosis. This information,

along with the previously described data, could help explain the mechanism by which the

IRDS mediates resistance to DNA-damaging agents.

The role of IFNs in the tumour microenvironment and the pathways and regulations

of ISGs and the IRDS in cancer cells have been reviewed by Cheon et al. (2014) and more

recently by Padariya et al. (2021). The research on the individual members of the IRDS

outside their canonical roles, sparked by the studies presented in this section, has demon-

strated the involvement in emergence and progression of malignancies of many of them.

The IFN-induced transmembrane protein 1 (IFITM1), for example, has been repeatedly

reported to be involved in tumour proliferation, angiogenesis, metastasis and resistance

to DNA-damaging treatments. This 17 kDa transmembrane protein known to modulate

immune and antiviral responses has been found overexpressed in many different solid

human tumours such as gastroesophageal adenocarcinoma, hepatocellular and nasopha-

ryngeal carcinoma, glioma and lung, breast, head and neck, ovarian, grastric and colorec-

tal cancers, as recently reviewed in detail by Liang et al. (2020). Three out of the four mem-

bers of the oligoadenylate synthase (OAS) family of IFN-induced antiviral enzymes (OAS1,

OAS3 and OASL, but not OAS2), which also are IRDS members, have likewise been linked to

tumourgenesis and bad prognosis. Zhang & Yu (2020) have recently presented their bioin-

formatics and statistics based study on the role of the OAS family as biomarkers in breast

cancer, in which they concluded that high mRNA expression of OAS1 and OAS3 correlates

with worse prognosis in all breast cancers while overexpression of OAS2 is associated with

a better prognosis in some subtypes. Zhang et al. (2021a), on the other hand, reported
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the correlation between high expression of mRNA encoding MET (a proto-oncogene en-

coding a receptor tyrosine kinase), OAS1 and OASL with an unfavourable prognosis and

tumour progression in pancreatic cancer. This thesis will focus on the Interferon Stimu-

lated Gene 15 (ISG15), another IRDS member that has also been consistently linked with

tumour proliferation, therapy resistance and aggressiveness and whose mechanism of ac-

tion in disease is still poorly understood.

1.3 ISG15

In 1979, Farrell et al. found a novel protein by detecting its increased mRNA levels on

IFN treated Ehrlich ascites carcinoma cells, but did not identify such protein. Later in

1984, Korant et al. reported the induction of the 15 kDa protein in various IFN treated hu-

man and animal cells in culture, such as human fibroblasts, WISH cells (human amnion-

derived cells) and Madin-Darby Bovine Kidney (MDBK) cells, and described it to be only

in very small amounts if any at all in untreated cells. They also found induction on Daudi

(human African-American Burkitt’s lymphoma) cells upon IFNα and IFNβ treatment, and

to a much lower extent upon IFNγ treatment. Most importantly, they suggested its in-

volvement in antiviral immunity for the first time, and purified it from the cytoplasmatic

fraction from Daudi cells. However, it was not until 1986 that this mysterious protein was

sequenced from the mRNA isolated from the same IFN treated cells (Blomstrom et al.,

1986). This 15 kDa protein was named ubiquitin cross-reactive protein (UCRP) by Haas

et al. (1987), who first suggested it was a functionally distinct ubiquitin-like protein. We

know now that UCRP, known nowadays as ISG15, is indeed an ubiquitin-like protein modi-

fier that regulates the function and fate of its target proteins by binding to them in a process

similar to ubiquitination. This process, called ISGylation, can lead to both loss and gain

of function. The ability of ISG15 to conjugate other proteins was first described by Loeb

& Haas (1992), who studied the induction and conjugation of ISG15. They reported the

temporal induction of free ISG15 within 30 minutes of IFN treatment followed by a de-

layed increase of ISG15 conjugates between 12 and 72 h after treatment, but the levels and

ratios of free vs conjugated ISG15 varied among the different cell lines studied.

All the work described above was the base of future research to study and better under-

stand ISG15. This 165 amino acid (17,890 Da) protein is composed of two ubiquitin like

domains connected by a central hinge. The nascent ISG15 is synthesised as an inactive

precursor that gets processed into a 156 amino acid protein by removing the last 8 amino

acids of the C-terminus and the methionine of the N-terminus (Knight Jr. et al., 1988).

This cleavage, performed between 157Gly-158Gly by a poorly characterised 100-kDa thiol

protease enzyme, exposes the mature carboxyl terminus 152LRLRGG essential for the liga-

tion of ISG15 to target proteins, which is the same 6 amino-acid sequence found in mature
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ubiquitin (Potter et al., 1999). The details of the crystal structure of ISG15 were revealed in

2005 by Narasimhan et al. Each of the tandem ubiquitin homology domains is a β-grasp

fold comprised of five β-strands and one α-helix (Figure 1.5), each of which share around

30-36% identity with ubiquitin (Blomstrom et al., 1986).

Figure 1.5: Structure of human ISG15 (PDB 1Z2M) and its similarity with human ubiquitin (PDB 1UBQ). a)

ISG15 is composed of two ubiquitin-like domains connected with a central hinge, and it shares the 152LRLRGG

C-terminal motif of ubiquitin. b) Ribbon diagram by Narasimhan et al. (2005) showing the structure of ISG15,

with the two ubiquitin-like β-grasp domains, each comprised of five β-sheets and one α-helix, orientated

differently and coloured from blue in the N-terminus to red in the C-terminus.

Ubiquitin binds to lysines on target proteins and is capable of forming linear (C-

terminal to N-terminal), heterogeneous (linking at different lysines through the chain) or

branched chains by linking onto its own N-terminal and lysines. Linkage through the dif-

ferent lysines and the chains and branches that are formed can trigger different biologi-

cal responses. When comparing the structure and sequence of each of the ubiquitin-like

ISG15 domains with those of ubiquitin (Figure 1.6), four conserved lysines can be iden-

tified. Lys27, involved in non-canonical ubiquitination, has been related with the regula-

tion of the immune signalling response and fusion induced degradation (Komander, 2009;
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Zhou & Zhang, 2022). This lysine is conserved in both ISG15 domains, corresponding to

Lys29 in the N-domain and to Lys108 in the C-domain. The other two conserved ubiqui-

tin lysines in the N-terminal, also involved in non-canonical ubiquitination, are Lys6 and

Lys33, which correspond to Lys8 and Lys35 respectively. Polyubiquitination via Lys6 has

been linked to DNA repair and mitophagy, while Lys33-linked ubiquitination, the least ex-

plored polyubiquitination type, has also been implicated in the regulation of innate im-

mune pathways and autophagy (Tracz & Bialek, 2021). The final conserved ubiquitin ly-

sine, corresponding to Lys129 in the C-terminal domain of ISG15, is one of the two sites for

canonical polyubiquitination, Lys48. Protein targeting by Lys48-linked chains for proteaso-

mal degradation is the best-known role of ubiquitin (Komander, 2009; Swatek & Komander,

2016).

ISG15 has also been reported to both induce and prevent target degradation and to

be involved in mitophagy, immune response regulation and DNA-damage repair, as will

be discussed in this thesis. However, the involvement of ISG15 in most of these biological

processes has been proved to be a result of covalent modification of target proteins (e.g.:

the ISGylation of PCNA aids on regulating its role in DNA repair (Park et al., 2014) and the

ISGylation of misfolded p53 leads to its degradation (Huang et al., 2014)). In fact, although

ISG15 also modifies other proteins by binding onto lysines in target proteins like ubiquitin,

no ability of ISG15 to self-ISGylate and form dimers or chains has been reported to date.

However, ISG15-ubiquitin mixed chains have been described, where ISG15 binds to ubiq-

uitin locking it onto the substrate and inhibiting its degradation. Fan et al. (2015a) reported

that this binding mainly occurs at Lys29 of ubiquitin, and Lys48 was reported to be the sec-

ondary ISGylation site, although at a much lower level. While Lys29 is not conserved in any

of the ISG15 domains, Lys48 corresponds to Lys129 in the C-terminal. This means that, even

though ISG15 is not directly involved in bulk protein degradation like ubiquitin is (Held et

al., 2020), it can compete with ubiquitin both blocking lysines in the target proteins (De-

sai et al., 2006) and locking it in the substrates, as proved by Fan et al. At the same time,

the ISGylation of ubiquitin in Lys29 and Lys48 would also impede auto-ubiquitination and

chain formation at these sites, preventing the roles associated with these lysines.
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Figure 1.6: Sequence, structure and lysine content of ISG15 (PDB 1Z2M) vs ubiquitin (PDB 1UBQ). The struc-

tures of each of the ISG15 domains are superimposed, ISG15 in dark blue and ubiquitin in light blue, to show

their structural similarities. Conserved lysines are shown in red in both the ISG15 and ubiquitin aligned se-

quences and structures, while non-conserved lysines are shown in turquoise.
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Each of the two domains in ISG15 has a different role in the ISGylation process. Just

like ubiquitination, the ISGylation mechanism also requires an E1 activating enzyme to

catalyse adenylation and form a thioester bond with the C-terminal of ISG15, an E2 con-

jugating enzyme to transfer ISG15 via a transthiolation reaction and an E3 ligase enzyme

to aid in the transfer and conjugation of ISG15 to the target protein by covalently linking

the C-terminus of ISG15 to the ε-amine group of a lysine on the target substrate (Zhang &

Zhang, 2011). When the removal of ISG15 from target proteins is required for regulatory

purposes, the equivalent role to that performed by deubiquitinating enzymes is carried

out by the ubiquitin-specific protease 18 (USP18). Notwithstanding its name, and even

though it shows a significant homology to well characterised ubiquitin-specific proteases,

USP18 is not a deubiquitylating enzyme, but the main specific deISGylating isopeptidase

enzyme (Figure 1.7). Other USPs such as USP2, USP5, USP13, USP14 USP21 have exhib-

ited the ability to recognise ISG15 (Catic et al., 2007; Ye et al., 2011), but only USP18 has

been demonstrated to be the bona fide deconjugating enzyme for ISG15 in a cellular con-

text (Basters et al., 2014). All of the enzymatic members of the ISGylation machinery, as

well as the deISGylating enzyme USP18, are ISGs.

Figure 1.7: Structure of the ISG15:USP18 complex (PBD 5CHV). a) Binding boxes on USP18 (green), defined as

the groups of amino acids unique to this protein that are required for the binding of ISG15 and are proposed to

confer its specificity, are coloured light and dark blue. The equivalent binding boxes in ISG15 (light pink) are

shown in bright pink and purple. ISG15 residues coloured in bright pink bind USP18 residues coloured in light

blue, and ISG15 residues coloured in purple bind USP18 residues coloured in dark blue. b) USP18 catalytic

triad is shown in light blue. USP18 residues coloured in dark blue are the ones that bind the C-terminal tail

of ISG15, shown in bright pink. The crystal structure of this murine complex was solved and published by

Basters et al. (2017).
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Despite the high similarity between the ubiquitination and ISGylation processes, ubiq-

uitin performs as a single domain molecule, while each ubiquitin-like domain in ISG15 is

involved in different steps of the process. A study by Chang et al. in 2008 showed that the C-

terminus is the one involved in the interaction between ISG15 and the E1 and E2 enzymes,

while the N-terminal domain is not essential in these processes but is the one responsible

for the efficient transfer of ISG15 from the E2 to the target substrate through an E3 ligase.

The E1 activating enzyme of ISG15 is a monomeric protein of 120 kDa called UBE1L, which

was first identified as such by Yuan & Krug in 2001. This group later confirmed their find-

ings with subsequent experiments (Zhao et al., 2004) where they also identified UbcH8 as

the E2 enzyme for ISG15. They showed that UBE1L, which is specific to ISG15 and does

not activate ubiquitin, transfers ISG15 mainly to UbcH8 both in vitro and in vivo, while

the E1 activating enzymes for ubiquitin transfer it to many different E2 enzymes (Pickart,

2001). Silencing of UbcH8 resulted in the inhibition of IFN induced ISGylation proving

that it serves as the major E2 enzyme for ISG15 conjugation in vivo. The identification of

UbcH8 as the main E2 enzyme of the ISGylation system was simultaneously confirmed by

Kim et al. in the same year. The last step of the ISGylation process requires an E3 ligase to

form an isopeptide covalent bond between the C-terminal glycine of the ISG15 LRLRGG

motif and a lysine of the target protein. E3 ligases are classified in two major groups based

on their structure - the homologous to the E6AP carboxyl terminus (HECT) domain fam-

ily and the group of really interesting new gene (RING) finger domain and RING-related

E3s, although the vast majority of the E3 ligases encoded by the human genome are RING

finger E3s (Metzger et al., 2012). Because UbcH8 also works as an E2 enzyme for ubiq-

uitin, Zhao et al. (2004) hypothesised that the ISGylation and ubiquitination pathways

somewhat overlap, and proceeded to test whether the ISGylation pathway uses UbcH8-

competent ligases known to conjugate ubiquitin to conjugate ISG15. They found that one

ubiquitin-competent E3 ligase, Rsp5p, also conjugates ISG15 in vitro. Although they con-

cluded through two different assays that this E3 ligase, capable of catalysing the ubiqui-

tination of human WBP2 in vitro, could also function with UbcH8 to conjugate ISG15 to

WBP2 in vitro, no further evidence or in vivo experiments have been described supporting

this data.

To date, three different E3 ligases have been established to operate with ISG15 in vivo:

Tripartite Motif Containing 25 (TRIM25), Human homolog of Drosophila Ariadne (HHARI)

and HECT Domain and RCC1-Like Domain-Containing Protein 5 (HERC5). TRIM25, also

known as Estrogen-responsive Finger Protein (EFP), was the first E3 ligase proven to con-

jugate ISG15 to 14-3-3σ in vivo in 293T human embryonic kidney cells and MCF-7 breast

cancer cells as part of the ISGylation process (Zou & Zhang, 2006), although the biological

consequence of such interaction was not determined. 14-3-3σ is a p53 dependent neg-

ative cell cycle regulator and tumour suppressor (Hermeking et al., 1997) that has been

shown to be downregulated through TRIM25-mediated ubiquitination and consequent
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proteolysis in breast cancer cells (Urano et al., 2002), even though other studies suggest it

could have different roles in different tumours (Ko et al., 2014). Interestingly, at the time

TRIM25 was identified as an E3 ligase for ISG15, another paper was published simultane-

ously in the same journal identifying HERC5 as the main E3 ligase for ISGylation (Dastur

et al., 2006). In this paper, they tested the overall ISG15 conjugate levels after targeting

several E3 ligases known to interact with UbcH8 using siRNAs and also after transfecting

them into human cells. Targeting of TRIM25 and TRIM22 resulted in no significant alter-

ation in the accumulation of ISG15 conjugates, and the transfection of these ligases did

not boost or alter the level of ISGylated proteins. Therefore, they concluded that none of

these E3 ligases played an essential or broad role in the ISGylation process. They were not

wrong, since Zou & Zhang showed that the function of TRIM25 is substrate specific and

the prevention of the ISGylation of 14-3-3σ would not have a huge impact on the over-

all ISGylation levels. The silencing of HERC5 did however have a very significant impact

on the total level of ISG15 conjugated proteins in human cells, and co-transfection of the

E1 and E2 enzymes of the ISGylation process along with ISG15 and HERC5 resulted in a

strong ISGylation response even in non-IFN-treated cells. This proved that, even if there

are other E3 ligases capable of ISGylating specific substrates, HERC5 is the main ligase in

human cells, which has been confirmed several times since (Wong et al., 2006; Takeuchi

et al., 2006; Tang et al., 2010; Mathieu et al., 2021). The third E3 ligase identified to func-

tion as part of the ISGylation process is also substrate specific. HHARI has been shown to

aid in the covalent modification of the Eukaryotic translation initiation factor 4E (eIF4E)-

homologous protein (4EHP), one of the three eIF4E-family members found in mammals

(Okumura et al., 2007). eIF4E is part of the eukaryotic translation initiation factor eIF4F,

and interacts with eIF4G to enhance the binding between eIF4E and the RNA cap struc-

ture to initiate translation (Raught & Gingras, 1999). It has been found, however, that out

of the three eIF4E, 4EHP (also known as eIF4E-2) does not interact with eIF4G like the

other two members do (eIF4E-1 and eIF4E-3), and it has been suggested that it actually

competes with them for binding to the RNA structure preventing translation (Christie &

Igreja, 2023). Interestingly, Okumura et al. showed that the ISGylation of 4EHP enhances

its RNA cap structure-binding activity, which was the first report of gain of function fol-

lowing ISG15 modification.
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Figure 1.8: Enzymatic machinery of the ISGylation and de-ISGylation system. Upon synthesis, the inactive

precursor of ISG15 gets cleaved on the N-terminus removing the initial methionine and on the C-terminus be-

tween 157Gly-158Gly exposing the 152LRLRGG sequence essential for the ligation of ISG15 to the target proteins.

The mature ISG15 protein its activated by the E1 enzyme of the ISGylation machinery, UBE1L, by catalysing

adenylation and forming a thioester bond with its C-terminal. ISG15 is then transferred and linked to the

ISG15 conjugating enzyme, UbcH8, via a new covalent thioester bond. Finally, one of the E3 ligases (three dif-

ferent E3 ligases have been identified to date to operate with ISG15 - TRIM25, HHARI, HERC5) gets recruited

to aid in the transfer and conjugation of ISG15 to the target protein by covalently linking the C-terminus of

ISG15 to the ε-amine group of a lysine on the target substrate. When necessary for regulation, the specific

isopeptidase USP18 removes ISG15 from the substrate. This diagram has been slightly adapted from a figure

created by myself for my MScR thesis, still relevant for the work presented here.

Free ISG15 also has a role other than covalently modifying other proteins. The secre-

tion of free ISG15 from cells was first described in 1991 by Knight Jr. & Cordova, when they

reported that the secretion of ISG15 from human lymphocytes and monocytes can be in-

duced by IFN. This was the first time ISG15 was suggested to have a role in cell to cell

signalling. Later that year, the same group reported that this immune cell secreted ISG15

could, at the same time, induce the secretion of IFNγ from human lymphocytes, suggest-

ing that ISG15 could play a role as an intercellular immune system effector (Recht et al.,
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1991). In 1996, they proved that ISG15 could be released from several different types of

cells, including monocytes, T lymphocytes, B lymphocytes and epithelial cells, and that

secreted free ISG15 could stimulate the proliferation of natural-killer (NK) cells (D’Cunha

et al., 1996a; D’Cunha et al., 1996b). Although the way ISG15 gets released from cells has

not been discovered, studies suggested that this protein, which does not contain a signal

peptide, is not secreted through the canonical transport pathway of the Golgi apparatus

(D’Cunha et al., 1996b; Knight Jr. & Cordova, 1991).

During the early 00s, the study of the role of ISG15 as a cytokine was mainly set aside

and most research on ISG15 focused on its role in viral immunity as a protein modifier. In

2012, a study by Bogunovic et al. revived the discussion when they reported that inherited

ISG15 deficiency made patients were more susceptible to mycobacterial infection (sub-

section 1.3.4). The fact that Mendelian Susceptibility to Mycobacterial Disease (MSMD)

is associated with deficiencies in genes involved with IL-12 and IFNγ production and re-

sponse lead to a re-examination of the role of ISG15 as a cytokine capable of inducing the

expression of IFNγ. Studies by Bogunovic et al. (2012) suggested that free ISG15 acts syn-

ergistically with IL-12 to induce secretion of IFNγ by NK and T cells. Although they did

not discern the mechanism by which this synergy stimulates production and secretion of

IFNγ, they concluded that the ISGylating ability of ISG15 did not play a role in it since the

combination of IL-12 with a mutated version of ISG15, incapable of conjugating, also in-

duced secretion of IFNγ. They also reported the co-localisation of high concentrations

of ISG15 in granulocytes compared to other leukocytes, suggesting that granules and mi-

crovesicles could be one the ways ISG15 is released from the cells. However, this does not

explain how ISG15 gets secreted from other types of cells and thus could be just one of its

means of secretion.

To try to elucidate the mechanism of the synergism between ISG15 and IL-12, Swaim

et al. (2017) studied the response of a non-Hodgkin’s lymphoma derived natural-killer cell

line, NK-92, and peripheral blood mononuclear cells (PBMC) to different combinations

of IL-12 and ISG15. They found that both cell lines produced a low level of IFNγ in the

presence of IL-12 alone, and that ISG15 alone did not elicit any secretion. However, their

combination lead to a 5 to 10-fold increase in IFNγ secretion when compared to the level

produced of IL-12 alone from both PBMCs and NK-92 cells, confirming the findings of Bo-

gunovic et al. Using a panel of mutated variants of ISG15, they identified the key surface

residues required for this process. They found that all the alterations studied that resulted

in a strong defect in the induction of IFNγwere located in the C-terminal domain of ISG15

(Figure 1.9a), and that all the mutant variants studied, defective or competent on stimu-

lating production of IFNγ, supported ISGylation. In an effort to identify a putative surface

receptor for ISG15, they fused a FLAG tagged ISG15 to an Ubiquitin-Activated Interaction

Trap (UBAIT). An UBAIT is a short flexible linker bound to a C-terminal ubiquitin moiety



Chapter 1 - Introduction 21

that, upon activation by E1 and E2 enzymes, is capable of trapping transiently interacting

proteins through a stable amide bond in a proximity ligation reaction. This method was

originally designed by O’Connor et al. (2015) for the identification of ubiquitin ligase sub-

strates, but its adaptation allowed Swaim et al. (2017) to identify the Leukocyte Function-

associated Antigen-1 (LFA-1), an heterodimeric complex composed of CD11a (αL inte-

grin) and CD18 (β2 integrin), as a membrane receptor for extracellular ISG15. This was

confirmed by blocking LFA-1 with antibodies and/or small molecules, which significantly

reduced the ability of ISG15 to stimulate the production of IFNγ in NK-92 cells. Regard-

ing the synergy between ISG15 and IL-12, the authors showed that the signalling pathways

by which they stimulate the production/secretion of IFNγ are different and independent,

with IL-12 activating transcription of the gene for IFNγ (which ISG15 does not do on its

own) and ISG15 stimulating and significantly increasing the level of secreted IFNγ via ac-

tivation of the Src family kinases. To make sure ISG15 did not interact with the IL-12 re-

ceptor (IL-12R) and to make sure the interaction was specific for CD11a/CD18, they trans-

fected CD11a, CD18, IL-12R as well CD11b and CD11c, which can also heterodimerise with

CD18, into HEK293T cells (a highly transfectable derivative of human embryonic kidney

293 cells), known not to express LFA-1. ISG15 only bound to the cells when both CD11a

and CD18 were expressed at the same time, but not when CD18 was co-expressed with

CD11b or CD11c, and expression of IL-12R alone did not lead to binding of ISG15. Finally,

since IL-12 also induces the expression of IL-10, they also tested if ISG15 was capable of

enhancing the secretion of this cytokine, which was indeed the case only with the wild-

type ISG15 but not with the IFNγ patch defective mutant variant (Figure 1.9b). This work

sets the base for the understanding of ISG15 as a free extracellular signalling molecule ca-

pable of inducing secretion of not only IFN but other cytokines as well. Since then, other

cytokines have been reported to be induced by ISG15. Østvik et al. (2020) reported that

HT29 ( human intestinal epithelial) cells and human 3D colonoids express and release free

ISG15, and that free ISG15 can induce inflammatory bowel disease relevant proinflamma-

tory cytokines such as CXCL1, CXCL5, CCL20, IL-1β , tumour necrosis factor (TNF), IL-6,

IL-10 and IFNγ from PBMCs. Consistent with previous reports, they showed that IL-12 and

ISG15 together resulted in a stronger effect on the secretion of IFNγ.
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(a)

(b)

Figure 1.9: Figures by Swaim et al. (2017). (a) ISG15 mutated variants tested for their ability to stimulate IFNγ

production from NK-92 cells synergistically with IL-12.Those mutations that lead to no production or signifi-

cantly decreased production of IFNγ (shown in red) were considered as signalling defective, while those that

did not affect the ability of ISG15 to induce production of IFNγ (shown in green) were considered as compe-

tent variants. All the mutations detected to affect such ability are clustered in the C-domain of ISG15. This

cluster was denominated as the "IFN γ patch". (b) Proposed model for extracellular free ISG15 recognition

by the LFA-1 membrane receptor on NK-92 cells. While IL-12 induces expression of IFNγ and IL-10, ISG15

significantly enhances the secretion of these cytokines upon interaction with LFA-1.
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After publishing their work identifying LFA-1 as an ISG15 receptor, Swaim et al. (2020)

went a step further and studied the determinant ISG15 residues required for its secretion

from cells. This time, they used HEK293T cells to transfect a subset of the mutated ISG15

variants they used to find LFA-1 to try to identify mutants specifically defective for release

of ISG15. They identified three different variants to be defective (L72, S83 and L85), all of

which were competent for receptor binding and retained the ability to ISGylate intracel-

lularly. These residues are located at the surface of ISG15 close to the hinge of the protein,

with S83 and L75 being on the C-lobe and L-72 in the N-lobe (Figure 1.10). None of them

are in the IFNγ patch, consistent with the fact that the variants were still able to induce

secretion of IFNγwhen added directly to NK-92 cells. Experiments with transfected ISG15

alone or ISG15 with is conjugating system components (UBE1L, UbcH8 and either WT

HERC5 or inactive mutant HERC5) lead to the conclusion that intracellular ISGylation in-

hibits ISG15 secretion and signalling, which could be just a result of the unavailability of

free ISG15 to be secreted instead of a direct inhibition. To date, the exact secretion pathway

of ISG15 remains unclear.

Figure 1.10: Figures by Swaim et al. (2020). ISG15 structure highlighting the surface residues of ISG15 required

for IFNγ signalling (IFNγ patch, shown in blue) and the residues required for ISG15 secretion (shown in red).

1.3.1 ISG15 in virology

The involvement of ISG15 in the immune response was implied by its discovery as an

IFN stimulated protein. Conclusions by Kunzi & Pitha in 1996 indicated that ISG15 played

a role in inhibiting the expression of HIV-1 by trapping HIV-1 transcripts in the nucleus,

resulting in low cytoplasmic HIV-1 RNA and a decrease in HIV-1 protein synthesis. Since

then, the role of ISG15 in antiviral immunity has been its most studied function and has

been widely reviewed (Harty et al., 2009; Skaug & Chen, 2010; Morales & Lenschow, 2013;

Perng & Lenschow, 2018; Freitas et al., 2020b) as one of the most highly expressed proteins

upon IFN treatment and viral infection (Der et al., 1998; Johnston et al., 2001; Labrada et

al., 2002). This section will review some of the studies performed to analyse the role of
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ISG15 in the immunity against a variety of viruses.

Evidence that ISGylation could have a key role in antiviral immunity was published in

2004, when Ritchie et al. observed that USP18-/- mice were resistant to LCMV and vesic-

ular stomatitis virus (VSV) infections when compared with wild-type mice which devel-

oped lethal infections, showing a significantly increased inhibition of viral RNA that corre-

lated with increased protein ISGylation. They also observed type I mediated IFN resistance

to VSV and Sindbis virus on Mouse Embryonic Fibroblasts (MEF) derived from USP18-/-

mice, which also showed higher amounts of ISGylated proteins than the MEFs derived

from wild-type mice. Shortly after, Lenschow et al. (2005) used a chimeric recombinant

version of the Sindbis virus system to express ISG15 in mice lacking the IFNα/β receptor

(IFNα/βR-/-) in order to analyse the antiviral properties of ISG15. Their results showed

that the reconstitution by overexpression of ISG15 in mice unable to trigger the IFN re-

sponse was enough to attenuate Sindbis viral infection, manifested by lower viral titres

and antigen levels as well as decreased lethality. Using mutant versions of ISG15, they

also concluded that the antiviral activity was largely dependent on the ubiquitin homolog

C-terminal motif 152LRLRGG, essential for the ISGylation process, suggesting that the con-

jugating role of ISG15 is the responsible for the antiviral protection observed here. In 2007,

Lenschow et al. (2007) published another piece of research in which they tested the sus-

ceptibility of ISG15-/- mice to a variety of double-stranded DNA and single-stranded RNA

viruses. Their experiments showed that ISG15 deficient mice were more susceptible to

both influenza A and B, herpes simplex type I, murine gammaherpesvirus 68 and, again,

Sindbis virus. When they used recombinant viruses expressing wild-type ISG15, the sus-

ceptibility to Sindbis virus was rescued, but this was not the case when expressing a mu-

tated version of ISG15 uncapable of conjugating (C-terminal mutated to 152LRLRAA).

Further investigations using human embryonic kidney (293T) cells revealed that

R153A mutation on ISG15 impaired the binding to the E1 enzyme UBE1L and the conse-

quent transthiolation of the E2 enzyme UbcH8 (Giannakopoulos et al., 2009). IFNα/βR-/-

and ISG15-/- mice infected with Sindbis virus expressing the R153A mutated ISG15 showed

a significant decrease in viral protection when compared to mice infected with virus ex-

pressing wild-type ISG15 (Figure 1.11). At the same time, UBE1L-/- also showed increased

susceptibility to Sindbis infection and a higher lethality rate compared to wild-type mice.

Altogether, this data shows that Arg153 on ISG15 and its interaction with UBE1L are essen-

tial for the antiviral immunity observed, demonstrating again that the protein conjugation

plays a key role in the antiviral function of ISG15 against Sindbis virus. Nevertheless, ISG15

does not seem to be the most efficient antiviral protein to fight Sindbis infection. After as-

sessing 44 different antiviral protein candidates, Zhang et al. (2007) selected and analysed

the properties of a range of proteins, including ISG15, against Sindbis virus both in vitro

and in vivo. Their findings on infected neonatal mice, proven to be defective in IFNα/β
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antiviral activities, showed that although ISG15 did indeed protect the animals from mor-

tality, other proteins like zinc-finger antiviral protein (ZAP) and ISG20 had greater antiviral

protection. Nevertheless, recent publications have established that ISG15 deficient pa-

tients do not exhibit the viral susceptibility observed in mice, challenging the central role

of ISG15 in antiviral immunity in humans, further discussed in subsection 1.3.4.

Figure 1.11: Survival rate of mice upon infection with Sindibis virus expressing wild-type or mutated ISG15,

by Giannakopoulos et al. (2009). a) IFNα/βR-/- mice infected with Sindibis virus (5x 106 PFU) using the virus

vector dsTE12Q. The unaltered version was used as a control, while altered versions were produced to express

wild-type (LRLRGG) and mutated versions of ISG15 (LRLRAA, uncapable of conjugating to target proteins and

R151A, uncapable of binding to the E1 enzyme UBE1L). b) Survival rates on ISG15−/− mice infected intrac-

erebrally with Sindibis virus vector dsTE12Q (1x 103 PFU) either unaltered or altered to express the different

versions of ISG15.

ISG15 and COVID-19

While the focus on the study of ISG15 as an antiviral molecule slightly faded over the

last decade to focus on the identification of new potential targets and roles for this pro-

tein, the quick spread of the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-

2) (also known as COVID or COVID-19) re-kindled research on ISG15 regarding its role in

fighting viral infection. This disease shook the world in 2019 causing a worldwide pan-

demic and infecting millions of people. The main symptoms of this RNA betacoronavirus,

at the time of its discovery, were fever (presented by 88.7% of patients) and cough (67.8%),

while nausea or vomiting and diarrhoea were rare (5.0% and 3.8% respectively) (Guan et

al., 2020). The median incubation period was of four days and severe illness developed

in 15.7% of the patients after hospitalisation, this situation being more common among

those patients with at least one coexisting condition such as hypertension and chronic ob-
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structive pulmonary disease (23.7% of all the patients) (Guan et al., 2020). An early COVID

study by Hadjadj et al. (2020), which included 50 COVID-19 patients (15 mild to moderate,

17 severe and 18 critical patients) and 18 healthy controls, showed that IFN type I response

characterised by lack of IFNβ and low production and activity of IFNα highly correlated

with severe and critical COVID-19 disease. This phenomenon exacerbated inflammatory

response, while mild to moderate patients presented a high IFN response.

Papain-like proteases (PLpro) are responsible for cleaving pp1a and pp1ab viral

polypeptides to form replicase complexes essential for successful viral replication. Nev-

ertheless, these proteases have also been found to be involved in host innate immune re-

sponse suppression in some coronaviruses by reversing the ubiquitin and ISG15 post tran-

lational modifications. Freitas et al. (2020a) found that the PLpro in SARS-CoV-2 (SCoV2-

PLpro) has a reduced activity when it comes to cleaving K48 linked ubiquitin compared

to SARS-CoV, although it shows a higher specificity towards ISG15, potentially inhibit-

ing its antiviral effects. On top of this, Shin et al. (2020) showed that SCoV2-PLpro also

cleave ISG15 from the interferon regulatory factor 3 (IRF3). The ISGylation of IRF3 en-

hances its activity resulting in a positive regulation of the IFN pathway (Shi et al., 2010).

Therefore, as described by Shin et al., cleaving ISG15 from IRF3 in SARS-CoV-2 resulted

in attenuated type I IFN response. Similarly, the ISGylation dependent activation of the

MDA5 mediated antiviral state gets compromised by the deISGylation activity carried out

by SCoV2-PLpro (Liu et al., 2021). Moreover, Munnur et al. (2021) confirmed in their study

the strong deISGylating activity of SCoV2-PLpro when compared to their deubiquitylat-

ing activity and showed that the increased levels of free ISG15 generated as a result of en-

hanced deISGylation dysregulated macrophage response, suggesting that the unbalanced

free to ISGylated ISG15 ratio contributed to the pro-inflammatory cytokine storms some-

times observed in SARS-CoV-2 patients. In order to examine if protein ISGylation is exac-

erbated in SARS-CoV-2 infected cells, causing an unproportioned level of free ISG15 when

cleaved, Schwartzenburg et al. (2022) measured the levels of ISGylation in peripheral blood

mononuclear cells from symptomatic COVID-19 patients and compared them to those

found in asymptomatic and uninfected patients. Their results revealed that the infected

patients with symptoms did indeed show increased levels of ISGylation, even when com-

pared to infected patients with no symptoms. Here again, they proposed that that these

increased level of ISG15 conjugation and consequent elevated levels of free ISG15 upon

deISGylation by SCoV2-PLpr could be partially responsible of the cytokine storms. These

conclusions could have promising therapeutic implications for the most severe unrespon-

sive patients presenting pro-inflammatory cytokine storms.
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1.3.2 ISG15 in cancer

The role of ISG15 as part of the IFN stimulated antiviral immune response has been

broadly reviewed. However, ISG15 has also been related with the progression, prognosis

and treatment response of human cancers. The study of this role in the last two decades

has been quite contradictory - many studies conclude that ISG15 exhibits anti-tumour and

pro-immune system properties, while many others maintain the expression of ISG15 is

directly related with bad prognosis, therapy resistance and advanced metastatic level. This

section will critically discuss some of the literature published describing the involvement

of ISG15 in cancer development and treatment response.

One of the earliest studies on the role of ISG15 in cancer progression was performed by

Andersen et al. (2006), who identified ISG15 as being significantly upregulated in a stage

associated manner in bladder cancer samples when compared to healthy samples. Their

results showed no IFN or inflammatory response related gene expression, suggesting that

the overexpression of ISG15 transcripts found in 93% of Ta, 100% of Ta and 98% of T2-T4

samples was not a product of the general immune and inflammatory response. The mea-

surements of protein expression also showed a significant upregulation of ISG15, with a

mean 4.1 fold expression in Ta and T1 samples and a mean 12.1 fold expression in T2-

T4 samples. Similarly, Satake et al. (2010) found that ISG15 was highly expressed only in

high-grade prostate cancer samples and not in the normal prostate tissue. Silencing of

ISG15 in 22Rv1 cells (human prostate carcinoma epithelial cells) using shRNA resulted in

decreased colonies and reduced number of viable cells survival, while overexpression of

ISG15 promoted cell growth suggesting its involvement in carcinogenesis. Overexpres-

sion of ISG15 in breast cancer both at the mRNA and protein level was reported by Bektas

et al. (2008), who described ISG15 as overexpressed in breast carcinoma cells when com-

pared with healthy breast samples. Results from the study showed that ISG15 mRNA levels

were low in non-cancerous breast cell lines HMEC and MCF12A, but significantly elevated

in breast malignant cell lines BT20, MDAMB468, MDA-MB231, T47D and MCF7, with a

median fold change of 2.5. The analysis of cancerous and healthy primary samples also

revealed significantly increased ISG15 mRNA levels in the malignant samples, with a me-

dian fold change of 10.3. Protein expression studies by immunohistochemistry of TMAs

also revealed ISG15 to be upregulated in breast carcinoma samples, revealing a significant

correlation between increased expression level and unfavourable prognosis. Research of

oral squamous cell carcinoma reported that ISG15 was significantly overexpressed, which

was again related to poor prognosis. Although the knock-out of ISG15 did not result in

significant changes in growth rate, it did reduce tumour lymphangiogenesis and cell mi-

gration (Chen et al., 2019).
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ISG15 in cancer cell stemness

Very recent studies have linked the overexpression of ISG15 with the progression of

other types of cancer such as glioblastoma (Tecalco-Cruz et al., 2022), cervical cancer

(Tao et al., 2022) and solitary fibrous tumours (Mondaza-Hernandez et al., 2022), the lat-

ter proving the relation between the increased expression of ISG15 and the upregulation

of cancer stem cell related genes and subsequent stem cell-like properties. Other stud-

ies have also reported ISG15 to promote cancer stem cell like phenotypes. Sainz et al.

(2014) found that tumour associated macrophages (TAMs) polarized towards an M2 pro-

tumour state promote self-renewal, migration, and tumorigenesis in pancreatic adeno-

carcinoma models by secreting ISG15 and USP18. Co-culturing pancreatic adenocarci-

noma cells with recombinant ISG15 resulted in increased self-renewal capacity, migration

and expression of pluripotency-associated genes, as well as in the activation of the acti-

vation of the p44/42 MAPK (ERK1/2) signalling pathway, known to be important for neo-

plastic cells (Figure 1.12). To confirm these findings, they analysed the tumorigenic effect

of pancreatic adenocarcinoma cells injected with ISG15-/- TAMS into ISG15-/- mice, which

showed to be reduced in comparison with the effect observed in mice co-injected with tu-

mour cells and wild-type TAMs. Further research by the same group studying the role of

ISG15 in pancreatic cancer stem cells (Alcalá et al., 2020) revealed increased ISG15 mRNA

and protein levels, both free and ISGylated, in these tumour stem cells when compared

to the control cells. At the same time, they identified increased mRNA levels of IFN regu-

lators pSTAT1 and IRF9, indicating a pancreatic cancer stem cell specific upregulation of

the type I IFN pathway. The evaluation of the ISG15 transcriptional levels across public

databases revealed that the expression of ISG15 is significantly increased in tumour sam-

ples and metastases compared to adjacent normal tissue, the higher levels correlating with

worse disease prognosis. The knock-out of ISG15 using CRISPR in pancreatic cancer stem

cell lines resulted in reduced self-renewal and in vivo tumorigenic capacity. Interestingly,

the addition of recombinant free ISG15 to the cell cultures did not restore these properties

nor the intracellular ISGylation, suggesting that the latter is responsible for the enhanced

cancer stem cell like phenotypes. This hypothesis was supported by the partial rescue of

the tumourgenic potential of one of the cell lines they used in their study through the over-

expression of intracellular ISG15 transfecting a V5-tagged ISG15 construct.
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Figure 1.12: Model proposed by Sainz et al. (2014) of ISG15 promoting pro-tumour effects in pancreatic ade-

nocarcinoma. M1 macrophages infiltrated within the tumour microenvironment are polarised towards a M2

pro-tumour state by tumour secreted factors like TGFβ1. Tumour cell secreted type I IFN stimulates TAMs

to upregulate ISG15 and USP18. Secretion of free ISG15 acts on tumour cells promoting stem-like properties,

such as self-renewal, migration, tumorigenesis and activation of the p44/42 MAPK (ERK1/2) signalling path-

way.

Another example of ISG15 driven cell stemness in cancer is the research by Chen et

al. (2016), who identified ISG15 as being significantly overexpressed in both nasopharyn-

geal carcinoma biopsy samples and cell lines. They found it to promote cancer stem cell-

like properties in these tumours, including increased ability to form colonies and tumour-

spheres, both in number and size, and enhanced expression of pluripotency associated

genes. These phenotypes were attenuated upon knock down of ISG15. Similar to many

of the studies previously described, the overexpression of ISG15 also correlated with more

frequent disease recurrence and lower disease-free and overall survival rates in nasopha-

ryngeal carcinomas. An expansion of this study published in 2020 (Chen et al.) reported

that ISG15 is also expressed in nasopharyngeal carcinoma associated macrophages induc-

ing a M2 state, consistently with the data published by Sainz et al. and Alcalá et al. They

proved that this response is dependant on the interaction of ISG15 with LFA-1, resulting

in the secretion of CCL18 and subsequent promotion of tumour cell migration. Dai et al.

(2022) also proved that ISG15 positively regulated stem-like phenotypes in glioma samples

and proposed the ISGylation and subsequent enhanced stability of Oct4, a transcription

factor critically involved in stemness, as a possible mechanism. Due to the significant ev-

idence on the involvement of ISG15 in carcinogenesis, aggressiveness and therapy resis-

tance, ISG15-targeting cancer vaccines have been developed and tested.
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Anti-ISG15 vaccines in cancer

Wood et al. (2012) developed an anti-ISG15 vaccine and proved that its use in primary

and metastatic breast cancer mouse models resulted in significant CD8 mediated tumour

reduction. After confirming that ISG15 mRNA and protein was also significantly upreg-

ulated in breast different cancer mouse models when compared to normal mouse mam-

mary tissue, they showed that the anti-ISG15 vaccine generated an ISG15 specific IFNγ

response and a significant CD8 dependant regression of the primary tumour burden and

metastatic spread with good epitope spreading. These findings are particularly meaning-

ful since most of the immunotherapy advances at the time were HER2 related, while the

ISG15 overexpression identified the breast cancer samples were HER2, progesterone re-

ceptor, and oestrogen receptor status independent, meaning that this therapy could ben-

efit a wider range of patients. More recently, Nguyen et al. (2022) developed a listeria-

based vaccine targeting ISG15 to be tested in renal cell carcinoma mouse models over-

expressing it. The treatment resulted in a significant polyfunctional T cell immune and

anti-tumour response, comparable to the one obtained with the current frontline anti-

PD1 immunotherapies used in patients suffering from this disease. However, the use of

this vaccine promoted PD1 expression, and its combination with anti-PD1 therapy did not

result in a synergistic effect. Although further research is required to find the best therapy

combination, the results presented by this group set a promising background for the use

of anti-IS15 vaccines as treatment in renal cell carcinoma.

ISG15 in drug resistance

As detailed in section 1.2, Weichselbaum et al. (2008) described the relation between

the overexpression of the IRDS and cellular resistance to DNA-damaging therapies. They

also identified ISG15 as one of the members of this group, which they found to be one

of top overexpressed proteins in a series of human tumour samples (Figure 1.13). Be-

cause STAT1 was identified as a member of the IRDS as well, they experimentally tested

if ISG15 was able to mediate the treatment resistance by itself or was just a marker of the

STAT1 activity. Their results showed that knock down of ISG15 resulted in cells being re-

sensitised to DNA-damaging drugs. As part of the research on nasopharyngeal carcinoma

described earlier in this section, Chen et al. also found that the overexpression of ISG15

promoted resistance to DNA-damaging treatments such radiation and the chemotherapy

agent cisplatin. Other studies, however, have described ISG15 to be involved in sensitising

cancer cells to DNA-damaging treatments as well as in repair upon DNA damage. Desai

et al. (2008) established a relation between high ISG15 expression and sensitivity to the

chemotherapeutic drug camptothecin (CTP) in several cancer types including glioblas-

toma, colorectal cancer and breast cancer. They tested this premise analysing the ISG15
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expression levels in ZR-75-1 and BT474 breast cancer cell lines, the first one being much

more sensitive to CTP than the second one (>50 fold). After proving that the expression

of ISG15 and ISGylated proteins were indeed very high in ZR-75-1 cells and very low in

BT474 cells, they used shRNA targeting ISG15 in ZR-75-1 cells, which resulted in signifi-

cant resistance to CTP. They also proved the relation between the sensitivity/resistance to

CTP and the expression of topoisomerase I, and proposed that ISG15 could be antagonis-

ing its ubiquitination and consequent downregulation (required to mediate resistance) as

a possible working mechanism. Huo et al. (2017) also presented ISG15 as a mediator of

sensitivity to chemotherapeutic drugs, as they found it downregulated in cisplatin resis-

tant lung carcinoma cells (A549/DDP) when compared to sensitive A549 cells, and ISG15

knock down in the latter cell model resulted in increased resistance to cisplatin. Here,

they suggested that the cell cycle arrest induced by the silencing of ISG15 allowed time

to repair the DNA-damage caused by the chemotherapeutic drug. Consistent with this

data, Zhang et al. (2021b) also demonstrated that ISG15 was significantly downregulated

in other cisplatin-resistant cell lines, SKOV3/DDP and A2780/DDP, compared to the sen-

sitive partner cell lines. Expression of wild-type ISG15 in the resistant cell lines upon cis-

platin treatment lead to reduced cell viability and increased apoptosis, but the expression

of a mutated version incapable of ISGylating did not restore drug sensitivity. On top of

this, the expression of both wild-type and mutated ISG15 in the resistant cell lines led to

reduced cancer stem cell like phenotypes such as colony formation ability, migration, in-

vasion and spheroid formation. Interestingly, the knock down of ISG15 in the sensitive

cell lines did not result in cisplatin resistance, but it did enhance these cancer stem like

properties.

Figure 1.13: Heat map showing the expression of different IRDS genes (rows) in five different types of tumours

(columns) using their expression on Nu61 vs SCC61 (radiation resistant vs radiosensitive) cell lines as a refer-

ence. ISG15, one of the top overexpressed genes in all the tumour types, is marked with a red arrow. Yellow

indicates high expression and blue indicates low expression. Figure by Weichselbaum et al. (2008).
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ISG15 as an anti-cancer and pro-immunity protein

A proposed mechanism by which ISG15 aids DNA repair was described by Park et al.

(2014), who showed how the ISGylation of the Proliferating Cell Nuclear Antigen (PCNA), a

DNA replication machinery element crucial for translesion DNA synthesis, helped regulate

its activity by terminating the process after DNA repair had taken place. The impairment

this modification either by mutating residues essential for the ISGylation of PCNA or by

knocking down any of the elements required for the adequate processing of the modifi-

cation, resulted in the faulty termination of the repair process and subsequent increase

in mutation frequency upon UV-mediated DNA-damage. The same group also investi-

gated the effects of the tumour suppressor activities of ISG15 by studying the effect of the

ISGylation on p63 and p53. Particularly, they showed how the treatment of cells with a

chemotherapeutic drug induced ISGylation of an alternative splicing of p63 (∆Np63α) ca-

pable of suppressing p53 family members and found to be significantly upregulated in

many human epithelial tumours, leading to its inhibition (Jeon et al., 2012). On the other

hand, the ISGylation of p53, also DNA-damage induced, leads to significantly enhanc-

ing its tumour suppressor activity (Park et al., 2016). The ISGylation of CHIP, an E3 ligase

responsible of the ubiquitination of c-Myc among other roles, has also been reported to

promote its activity upon IFN type I treatment, leading to growth inhibition in A549 lung

cancer cells (Yoo et al., 2018). Another example of the tumour suppressive role of ISG15

through target modification was reported by Yeung et al. (2018), who showed that ISGyla-

tion of ERK in high grade serous ovarian cancer lead to growth suppression and apoptosis

induction. They also showed an association between elevated ISG15 protein expression in

the tumour with increased CD8+ lymphocyte count and with improved overall and pro-

gression free survival.

Conclusion

The data presented here paints a confusing picture. ISG15 has been proved to be

pro- and anti-tumourgenic in different cancer backgrounds and conditions. Although it

seems clear that both free ISG15 and ISGylation have immune boosting properties under a

healthy environment, the first as a cytokine and the second by targeting different proteins

to inhibit or enhance their functions, the link of an altered or uncontrolled ISG15 pathway

with tumour progression and aggressiveness is undeniable. To study the role of ISG15 in

cancer, understanding the IFN signalling state of tumour cells (mutation or dysregulation)

as well as the level and ratio of free versus conjugated protein seems crucial. Some studies

have suggested that ISG15 promotes cancer through its conjugation and consequent sta-

bilisation of pro-tumour proteins, but performs as a tumour suppressor when acting free

as a cytokine (Burks et al., 2015; Desai, 2015). While there is not much known regarding the
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expression levels of free vs conjugated ISG15 and in human cancers, Desai et al. (2006) did

find that some of the tumour samples they analysed expressed significantly different free

to conjugated ISG15 ratios (very high levels of ISGylation and low levels of free ISG15 and

vice versa), although they could not explain the reason. On the other hand, Tecalco Cruz

& Mejía-Barreto (2017) suggested that the balance of free and conjugated ISG15 and their

roles in cancer were highly dependent on the cell and tumour type. Further research to

investigate if the difference in protein state ratios correlate with better or worse prognosis

and the tumour specific patterns is needed.

1.3.3 ISG15 and USP18 as negative regulators of the IFN pathway

As described in Figure 1.8, USP18 is the isopeptidase responsible of removing ISG15

from its target proteins in a process known as deISGylation. However, USP18 has shown

to have a role independent of its isopeptidase activity. Malakhova et al. (2003) were the first

to identify USP18 as a novel negative regulator of the IFN signalling pathway, and demon-

strated that it binds to the IFNAR2 receptor subunit blocking the interaction between the

receptor and JAK1, consequently downregulating the JAK-STAT pathway described in Fig-

ure 1.1 (Malakhova et al., 2006). The ISGylation/deISGylation process does not play a role

in the negative regulation of the IFN pathway, as demonstrated by Kim et al. (2006) who

using UBE1L-/- USP18-/- mice demonstrated that it was the absence of USP18 and not the

accumulation of ISGylated proteins what caused the hypersensitisation to type I IFNs, pro-

longed STAT1 phosphorylation and increased expression of ISGs. However, Zhang et al.

(2015) showed that ISG15 deficient patients also showed immunological and clinical signs

of enhanced IFNα and β response, leading to the question of whether there was a deISGy-

lating activity independent link between free ISG15 and USP18 that resulted in the nega-

tive regulation of the IFN pathway. Further experiments by Zhang et al. (2015) showed that

the absence of intracellular free ISG15 prevented the accumulation of USP18, resulting in

the enhanced IFN pathway in ISG15 deficient patient’s cells and proving that ISG15 plays

an important role in the negative regulation of IFN signalling stabilising USP18. On top of

this, it has been proven that ISG15 prevents the S-phase kinase associated protein 2 (SKP2)

mediated proteasomal degradation of USP18, further discussed in section 4.5 (Vuillier et

al., 2019), supporting its role as a USP18 stabiliser.

Vasou et al. (2021) determined recently that, although the ISG15-mediated stabilisa-

tion of USP18 is necessary for the regulation of the IFN pathway, it is not sufficient, showing

that the non-covalent interaction between these two proteins also enhances the regulatory

function of USP18 (Figure 1.14). To prove such claim, they used wild-type (152LRLRGG) and

mutated (152LRLRAA or 152LRLR) ISG15, placed under the control of the native ISG15 pro-

moter, in ISG15-/- A549 lung carcinoma epithelial cells. By these means, they confirmed
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that the diGly moiety essential for ISGylation is also crucial for the interaction between

USP18 and ISG15 which, at the same time, is necessary for USP18 to act as a negative reg-

ulator of the IFN pathway. Although the mutated versions of ISG15 did inhibit ISGylation,

they did not significantly reduce the levels of USP18. This proves that the teamwork of

both ISG15 and USP18 is required for the regulation of the IFN signalling, crucial to avoid

the overinduction of the pathway and its consequences, such as autoinflammatory dis-

ease, and that the C-terminal of ISG15 has a dual role that is independent of the ability of

ISG15 to stabilise USP18.

Figure 1.14: Model of the USP18/ISG15 interaction dependant negative regulation of the type I IFN pathway,

by Vasou et al. (2021). Binding of IFNα to the IFNAR receptor results in the induction of ISGs, including ISG15

and USP18. ISG15 promotes the stabilisation of USP18 by preventing it from being degraded through SKP2

and by non-covalently interacting with it to promote its inhibitory function upon blocking INFAR2.
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1.3.4 Other roles of ISG15

ISG15 in other diseases

In 2012, Bogunovic et al. (2012) found that patients with inherited ISG15 deficiency

were more prone to mycobacterial infections, but not to viral infections. This was a sur-

prising finding since ISG15 had been strongly linked with antiviral immunity (subsec-

tion 1.3.1). Their investigations in several ISG15 deficient human patients led to conclu-

sion that the lack of secreted free ISG15 resulted in reduced production of IFNγ in immune

cells and consequent increased susceptibility to these infections, leading to the inclusion

of ISG15 to the list of genes known to cause MSMD. On the other hand, the absence of

intracellular ISG15 or ISGylation did not lead to susceptibility to viral infections, neither

at cellular nor at whole system level. This was later supported by Speer et al. (2016), who

also reported cases of human ISG15 deficient patients that did not display the enhanced

susceptibility to viruses observed in mice in vivo. Recently, other medical case studies

have been published describing the effects of inherited ISG15 deficiency. Increased type I

IFN signalling is linked to more SLE flares, more aggressive disease and tissue damage. Al-

Mayouf et al. (2021) reported the case study of a female patient with autosomal recessive

ISG15 deficiency presenting type I interferonopathy with SLE and inflammatory myositis,

with history of encephalitis, ulcers, inflammatory skin lesions and autistic spectrum disor-

der features among others. Other cases have also been described with similar symptoms.

Martin-Fernandez et al. (2020) reported the cases of five patients also presenting type I in-

terferonopathy with skin lesions and inflammation, and Buda et al. (2020) reported the less

severe auto-inflammatory case of a patient with recurrent ulcerative skin lesions, cerebral

calcification and lung disease. Because the lack of ISG15 prevents accumulation of USP18

by stabilisation and consequent upregulation of the IFN type I pathway, the inflammatory

and autoimmune symptoms described here are not surprising. However, skin lesions are

not a common symptom of interferonopathy. Hayat Malik et al. (2022) also presented the

cases of two ISG15 deficient siblings with chronic inflammation and skin ulcers, but they

found that the cells lacking ISG15 downregulated expression of elements essential for epi-

dermis integrity such as collagen and adhesion proteins, revealing a key role of ISG15 in

skin and connective tissue homeostasis.

The overexpression of ISG15 has been found to cause detrimental effects in neurode-

generative disorders like Ataxia-telangiectasia (A-T) (Desai et al., 2013), and ISGylation

levels have also been found increased in the lumbar spinal cords of amyotrophic lateral

sclerosis patients (Schwartzenburg et al., 2019). Interestingly, this phenomenon was sig-

nificantly higher in patients with a history of traumatic brain injury. Although the overex-

pression of ISG15 was not detected in the occipital lobe samples acquired from the same

patients, they did find increased ISGylation levels in cerebral spinal fluid and derived lym-
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phocytes. These results suggest that increased ISG15 expression is somehow linked to

neurodegenerative conditions. ISG15 has also been related to vascular damage associ-

ated with hypertension through oxidative stress and inflammation (González-Amor et al.,

2022), colonic inflammation and malignant progression (Fan et al., 2015b), and inflam-

mation mediated maternal immune activation, which can lead to psychiatric disorders

in offspring (Hu et al., 2019). Some of the latest implications of the altered expression of

ISG15 reported are the identification of downregulated ISG15 expression, among other

altered genes, in blood samples of children with autism spectrum disorder compared to

neurotypical children (Voinsky et al., 2022) and the identification of ISG15 as a potential

biomarker for sepsis (Ma et al., 2023), although the latter is still pending peer review at the

time of writing.

ISG15 in autophagy and proteosomal degradation

ISG15 also has a role in autophagy and the ubiquitin pathway, and it has been sug-

gested that the former of these gets activated to compensate for the ISG15 dependent sup-

pression of the proteasome mediated protein degradation, which leads to overinduction of

autophagy and consequent aberrant autophagic flux. The silencing of ISG15 in A-T cells,

a neurodegenerative neurological disorder, resulted in restoring of these functions (De-

sai et al., 2013). Animal and cell models with enhanced ISGylation also showed enhanced

increased basal and infection-induced autophagy following Listeria monocytogenes infec-

tion (Zhang et al., 2019). Similarly, Bhushan et al. (2020) found ISG15 to be a link between

the autophagy pathway and the defensive anti-parasitic properties of IFNγ following Tox-

oplasma gondii infection. In the contrary, Falvey et al. (2017) found ISG15 to be a negative

regulator of the autophagy pathway in oesophageal cancer cells, and established that its

knock down led to increased autophagic flux following treatment with cytotoxic drugs,

which allowed cell recovery and treatment resistance. This seems to be a two-way regula-

tion process, since Kong et al. (2020) found recently that knocking down ATG5 and ATG7

(essential proteins for the autophagy pathway) in mouse embryonic fibroblast resulted in

the activation of type I IFN signals and increased ISG15 expression, this time promoting

tumour associated phenotypes such as proliferation, migration and invasion. Altogether,

it seems that ISG15 expression induces autophagy upon pathogenic attack to help clear

the infection, but overexpression of ISG15 and consequent overinduction of this pathway

can lead to aberrant autophagy flux. In a cancer background, ISG15 dependent autophagy

can also be altered leading to different responses upon cytotoxic drug treatment and pro-

motion of tumour-associated phenotypes. The effects of ISG15 in proteasomal degrada-

tion were first described by Desai et al. (2006), who showed that the increased levels of

ISGylation in different tumours correlated with reduced levels of polyubiquitinated pro-

teins. The silencing ISG15 or UbcH8 through targeted siRNA resulted in rescued levels of
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polyubiquitinated proteins, suggesting that ISG15 antagonises ubiquitin mediated protein

turnover. UbcH8 also works as an E2 enzyme for ubiquitin, as mentioned in section 1.3.

This potentially overlaps the two pathways resulting in competition for E3 ligases, which

could enhance the inhibition of the proteasome-mediated degradation pathway. Further-

more, as described in section 1.3, ubiquitin has been proved to be ISGylated, which can

form ISG15-ubiquitin mixed chains that lock ubiquitin onto the substrate inhibiting its

degradation (Fan et al., 2015a). Even though there are studies reporting that ISGylation

can promote specific substrate degradation (Im et al., 2016; Yoo et al., 2018), the broad

image seems to suggest that ISG15 is capable of inhibiting proteasome-mediated protein

degradation resulting in the stabilisation of tumorigenesis promoting proteins.

ISG15 in mitochondrial processes

ISGylation is also known to regulate basic mitochondrial functions, and its downreg-

ulation or overexpression can cause dysfunction of these mechanisms. Baldanta et al.

(2017) analysed the proteome of ISG15 KO vs wild-type IFN treated bone marrow derived

macrophages and found out that IFN treatment in the absence of ISG15 lead to disrupted

oxidative phosphorylation and mitochondrial pathways. On the other hand, Juncker et al.

(2021) proved that high expression of ISG15 alters mitochondrial distribution in A-T cells,

increases the level of damaged mitochondria and disrupts its degradation process by at-

tenuating polyubiquitylation, while the suppression of ISG15 restored these defects.

Conclusion

The evidence presented in this section proves the great variety of biological functions

that somehow involve ISG15. Altogether, it can be concluded that although ISG15 plays a

protective role in healthy individuals, the dysregulated ISG15 pathway plays an important

role in disease by mediating inflammation, altering essential pathways such as autophagy,

mitochondrial functions, epithelial integrity and protein degradation, and stabilising tu-

mourgenic proteins. Nevertheless, there seems to be a lot of context and cell type variabil-

ity, and further research is required to better elucidate in what conditions ISG15 targeting

therapies could be beneficial.
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Materials and Methods

2.1 Chemicals and solutions

All chemicals used were purchased from Fisher Chemicals (ThermoFisher) or Sigma

Aldrich unless stated otherwise in text.

2.2 Cell culture

2.2.1 Cell lines

The cell lines used throughout this project are listed in Table 2.1. Genetic modifications

performed in each of them can be found in subsection 3.3.1. All the cell lines used in were

regularly checked to ensure that they were not infected by mycoplasma infection.
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Table 2.1: Different cell lines used throughout the project’s development, indicating the their source, genetic

edition if any, media required and supplementation.

Cell line Source Media Supplementation

SiHa Human

cervical

carcinoma

Gibco RPMI

1640

(#21875-

034)

Removed 50 mL of media and added 50 mL of

FBS (Gibco, #10437-028)

Caki-1 Human

renal car-

cionoma

Lonza

RPMI 1640

(#BE12-

702F)

Removed 50 mL of media and added 50 mL of

FBS (Gibco, #10437-028)

5 mL MEM NEAA (Sigma-Aldrich, #M7145)

2.5 mL ultra glutamine (Lonza, #BE17-605E)

GSC Patient

derived

glioblas-

toma stem

cells

Sigma

DMEM

F-12 Ham

(#D8437)

7.25 mL Glucose (Sigma #G8644)

5 mL MEM NEAA 100x (Gibco, #11140-035)

5 mL Pen-Strep (Gibco, #15140-122)

800 µL BSA 7.5% (Gibco, #15260-037)

1 mL β-mercaptoethanol 50mM (Gibco,

#31350-010)

5 mL B27 Supplement 50x (Gibco, #17504-044)

2.5mL N2 Supplement 100x (Gibco,

#17502-048)

50 µL mouse EGF (Peprotech, #315-09)

50 µL human FGF (Peprotech,#100-18b)

1 mL laminin Cultrex Laminin, #3446-005-01)

NSC Fetal

neuronal

stem cells

Sigma

DMEM F-12

Ham liquid

(#D8437)

Supplemented as for the GSC cell line

2.2.2 Cell line maintenance and subculture

Cells were cultured in the appropriate supplemented media as shown in Table 2.1. All

cells were maintained in a humidified incubator at 37 °C and 5% (v/v) CO2. SiHa and Caki-1

cells were kept in vented CELLSTAR® culture plates and flasks respectively (Greiner), while

stem cells, both NSC and GSC, were kept in Corning® vented flasks.

Cells were regularly monitored using a bright-field inverted microscope and, when

grown to a high confluence, they were passaged into new plates or flasks in a sterile lami-
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nar flow cabinet and using single-use sterile plasticware. For this purpose, the media was

first aspirated and the cells were gently washed with room temperature sterile phosphate-

buffered saline (PBS). The appropriate dissociating reagent (0.05% or 0.25% (w/v) Trypsin-

EDTA (Gibco) for SiHa and Caki-1 cells, incubating at 37 °C for 5 minutes, and StemPro™

Accutase (Gibco) for stem cells with incubation at 37°C for 3 minutes) was used to de-

tach the cells from the plates or flasks. Cells were collected on fresh media and gently

centrifuged either at 1000 rpm for 5 minutes (SiHa and Caki-1 cells) or at 1300 rpm for 3

minutes (stem cells) to remove any remains of dissociating reagent. When working with

stem cells, DMEM F-12 supplemented only with pen-strep and BSA was used (henceforth

F12 wash media) to collect the cells after dissociation to avoid wasting fully supplemented

media. At this point, cells could be collected for assays and experiments or resuspended

in clean fresh media to transfer a fraction of cell suspension to new sterile plates or flasks,

usually at a 1:10 dilution.

2.2.3 Cell counting

Certain experiments require a consistent number of cells in each well/dish. To count

them, cells were dissociated following the procedure detailed in subsection 2.2.2. After

centrifugation, the supernatant was discarded and the pellet was resuspended in 1 mL of

fresh media / F12 wash media and 10 µL of this were mixed with 10 µL 0.4% Trypan Blue

stain (Labtech). 10 µL of the resultant mixture were loaded in each side of a Luna™ Cell

Counting Slide (Labtech) and introduced on a Luna Automated Cell Counter (Labtech).

An average of both reads was used to calculate the number of cells per mL of media and

the volume of cell suspension required for each experiment.

2.2.4 Cryopreservation

For cell line storage, cells were prepared for cryopreservation and frozen at -80 °C. For

this, cells were dissociated and centrifuged as described in subsection 2.2.2. Cell pellets

were resuspended in cryopreservation media and 1 mL of the suspension was aliquoted

in 1.8 mL Nunc® Cryotubes®. Cryovials were then inserted into a Cryo 1 °C Freezing Con-

tainer (NalgeneTM) and stored at -80 °C for at least two hours before taking them out of the

container. For long-term preservation vials were transferred to liquid nitrogen, but they

could be kept at the -80 °C freezers in appropriate boxes for short-term storage. The com-

position of the cryopreservation media depended on the cell line to be preserved. For SiHa

and Caki-1 cells, a 50% (v/v), 40% (v/v), 10% (v/v) mixture of FBS, unsupplemented media

and dimethyl sulfoxide (DMSO) respectively was prepared to the required volume, while

stem cells required a 90% F12 wash media and 10% (v/v) DMSO mixture. Usually, one 10
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cm plate or T75 flask gathered enough cells for three cryovials, but the exact amount could

be decided upon observing the size of the cell pellet after centrifugation.

2.2.5 Cell recovery

To recover the cells from the liquid nitrogen storage, they were thawed quickly in a

water bath at 37 °C and mixed gently with 9 mL of fresh media or F12 wash media and

centrifuged as required by the cell-line to remove the DMSO, which can be toxic to cells.

The cell pellet was resuspended in 1 mL of supplemented media and transferred to a new

sterile plate or flask carefully integrating the suspension in the full media volume. The

plates or flasks were then maintained at the humidified incubator at 37 °C and 5% (v/v)

CO2.

2.2.6 Cell treatment

Throughout the project, cells were treated with IFN as per the following guides:

• Commercial Human Recombinant Interferon α2 (Merck, #407294) purified from E.

coli was used to a final concentration of 100 U/mL, unless otherwise stated in the

text.

• Commercial Human Recombinant Interferon γ (Gibco, #PHC4031) purified from E.

coli was used to a final concentration of 100 ng/mL.

• A series of secreted Recombinant Interferon α subtypes (1, 2, 4, 5, 6, 7, 8, 10, 14, 16,

17 and 21) were used at approximate final concentrations of 0.3 ng/mL, 0.9 ng/mL

and 3 ng/mL. These IFNs were kindly provided by colleague Ashita Singh, who ex-

pressed them in HEK293 cells using a mammalian expression system and collected

the secreted protein in DMEM media.

2.2.7 DNA transfection

For successful plasmid DNA transfection into SiHa cells, confluency had to be between

60% and 80% at the time of transfection. At the right time, DNA was mixed with Attractene

Transfection Reagent (Qiagen) in fresh unsupplemented media following the volumes de-

tailed in Table 2.2. Mixture was incubated for 15 minutes at room temperature before

pipetting it onto the cells. Plates were then incubated at 37 °C and 5% (v/v) CO2.
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Table 2.2: Reactants and conditions for DNA transfection.

Plate type DNA

(µg)

Attractene

(µL)

Media volume

(µL)

Total well volume

(µL)

92 well plate 0.2 0.75 50 100

24 well plate 0.4 1.5 60 500

12 well plate 0.8 3.0 80 1000

6 well plate 1.2 4.5 100 2000

1 well plate 4.0 15.0 300 10000

2.3 Microbiological techniques

All work involving living bacterial cells was carried out in sterile conditions.

2.3.1 Antibiotic concentration

All media used for microbiological techniques was prepared with either kanamycin or

ampicillin depending on the resistance gene present in the plasmid of interest, allowing

for positive selection. Ampicillin was used at a final concentration of 100 µg/mL while

kanamycin was used at a final concentration of 50 µg/mL. If preparing LB-agar plates, the

broth was heated until liquefied and the antibiotic was added only when the temperature

dropped at 55 °C to avoid degradation.

2.3.2 Bacterial cultures

Bacterial cultures were grown in Lysogeny broth (LB, a.k.a. Luria-Bertani broth) in a

shaking incubator at 37 °C and 220 rpm, the volume of the culture being 1/5 of the total

volume of the flask to allowing proper oxygenation.

Compositions of the culture media used for bacterial growth are listed in Table 2.3.

Liquid media was autoclaved after preparation, before adding the antibiotic. The agar

was then poured into Sterilin™ Standard 90 mm Petri Dishes and left to solidify at room

temperature. Once solid, plates could be either pre-warm for an hour at 37°C before use

or stored upside down in the fridge for a couple of weeks. To avoid contamination and

dehydration while stored, the plates were sealed with parafilm.
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Table 2.3: Composition of the media used for bacterial culture growth. Liquid media was autoclaved after

preparation, before adding the antibiotic. Agar plates were prepared with autoclaved agar broth before adding

antibiotic and pouring into plates.

LB broth LB agar plates SOC

1% (w/v) Tryptone 1% (w/v) Tryptone 2% (w/v) Tryptone

0.5% (w/v) yeast extract 0.5% (w/v) yeast extract 0.5% (w/v) yeast extract

1% (w/v) NaCl 1% (w/v) NaCl 10 mM NaCl

1.5% (w/v) granulated agar 2.5 mM KCl

10 mM MgCl2

10 mM MgSO4

20 mM glucose

2.3.3 Glycerol stocks

For long-term storage, bacterial cultures could be frozen in glycerol stocks. For this, 10

mL of LB with antibiotic were inoculated with a single colony of bacteria and incubated

over-night with gentle shaking. Cultures were centrifuged the following day at 3000 rpm

using a table top centrifuge (Eppendorf) and the pellet was resuspended in filter-sterilised

(0.22 µm Miller®GP sterile filter unit, Merck) solution composed of 0.5 mL of LB broth

with antibiotic and 0.5 mL of 50% glycerol in Milli-Q water. Suspension was transferred to

cryotubes, snap-frozen in liquid nitrogen and stored at -80 °C in appropriate boxes.

2.3.4 Preparation of competent cells

DH5α bacterial cells from commercial glycerol stocks (Invitrogen) were used to pre-

pare small 5 mL cultures that were incubated with shaking at 37 °C over-night. The fol-

lowing day, 500 µL of this culture were transferred into 100 mL of fresh LB and incubated

with shaking at 37 °C while monitoring the optical density measured at a wavelength of

600 nm (OD600) using a Lambda Bio UV/VIS spectrophotometer (Perkin Elmer). Once

the right density was reached (0.4 - 0.6), the culture was centrifuged at 4000 rpm at 4 °C

for 15 minutes. Keeping the tube on ice at all times, the supernatant was discarded and

the pellet was resuspended in 32 mL of ice cold filter-sterilised (0.22 µm Miller®GP sterile

filter unit, Merck) buffer I (see Table 2.4) and incubated on ice for 10 minutes. The suspen-

sion was then centrifuged again at 4000 rpm at 4 °C for 15 minutes. After discarding the

supernatant, the pellet was resuspended in 4 mL of ice cold buffer II (see Table 2.4) and

incubated on ice for another 10 minutes. Cells were aliquoted in pre-chilled sterile 1.5 mL

Eppendorf tubes, each containing 50 µL of suspension, immediately snap frozen in liquid
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nitrogen and stored in a -80 °C freezer.

Table 2.4: Composition of the buffers needed for the preparation of competent cells.

Buffer I Buffer II

100 mM RbCl 10 mM RbCl

100 mM CaCl2 · 2H2O 75 mM(CaCl2 · 2H2O

15% (v/v) glycerol 15% (v/v) glycerol

40 mM MgCl2 · 6H2O 10 mM MOPS

60 nM CH3COOK pH 6.5 (adjusted with NaOH)

pH 5.8 (adjusted with HCl)

2.3.5 Transformation of chemically competent cells

A frozen tube containing competent E. coli cells (see subsection 2.3.4) was thawed on

ice. In the meantime, concentration of the plasmid DNA was measured using a Nano-

Drop 2000c spectrophotometer (Thermo Scientific). Once thawed, 100 - 200 ng DNA were

added into the tube containing the competent cells. If using a pT-REX-Dest30, which con-

tains a gene encoding a toxic protein (ccdB), commercial One ShotTM ccdB SurvivalTM (In-

vitrogen) competent cells were used instead. Once the DNA was added, the cells were in-

cubated on ice for 30 minutes, heat shocked right after by placing the tubes in a heat-block

at 42°C for 45 seconds, and immediately placed on ice for 5 minutes to recover. 500 µL of

super optimised broth with catabolite repression (SOC, see Table 2.3) were then added to

the tube to resuspend the cells, which were then incubated with shaking at 37°C for 1 hour.

After the incubation time, 40 - 100 µL of bacterial culture were plated onto LB-agar plates

with the appropriate selection antibiotic and incubated at 37°C over-night.

2.3.6 Amplification and purification of plasmid DNA

After transformation, single bacterial colonies were picked for inoculation of 10 mL

LB cultures, which were incubated with shaking at 37°C. After over-night incubation, 1

mL of the culture was transferred to new 200 mL LB subcultures for over-night incubation

as before. The bacterial pellet was collected the following day by centrifugation at 4000

rpm and the plasmid DNA was extracted and purified using a Qiagen® Plasmid Maxi-prep

kit (#12163), following supplier’s protocol. If smaller quantities were required quicker, an

extraction and purification could be done straight from the 10 mL culture using a Qiagen®

Plasmid Mini-prep kit (#12123).
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2.4 Molecular and cellular biology techniques

2.4.1 DNA extraction and purification

Plasmid DNA extraction and purification from bacterial cells is described in subsec-

tion 2.3.6. To purify whole genome DNA from mammalian cultured cells, the Puregene®

Core Kit B (Qiagen), collecting the amount of cells indicated and following the suppliers

protocol.

2.4.2 Agarose gel electrophoresis of DNA

In order to separate the DNA fragments by size, samples were run in an agarose gel. To

prepare the gels, electrophoresis-grade UltraPureTM Agarose (Invitrogen) was dissolved to

1 - 2% (w/v) (depending on the resolution required) in 1x TAE buffer (10 mM EDTA, 40 mM

Tris-base, 20 mM glacial acetic acid, pH 8.5). Solution was heated up until full dissolution

and left to cool down enough to safely add SYBR™ Safe DNA Gel Stain (Invitrogen, #S33102)

to a 1: 10,000 dilution before pouring it into a gel mould. Once solidified, the required

amount of sample was mixed with 6x DNA-loading dye (New England BioLabs, #B7024S)

at a 5:1 dye-sample ratio and loaded into the gel. If DNA was to be purified by excision

and gel extraction, the whole PCR reaction was loaded, but if bands were to be visualised

before PCR product purification, loading 5-10 µL of the reaction was enough. Both these

purification procedures were carried out with commercial kits from Qiagen (QIAquick®

Gel Extraction kit (#28704) and QIAquick® PCR Purification kit (#28104)). Along with the

samples, Quick-Load 100 bp DNA ladder, 1 kb DNA ladder or both (in different wells) were

loaded as standards in order to help with the size identification of the fragments (both from

New England BioLabs). The gel was run in 1x TAE buffer at 80 - 100 V until the bands were

separated to the resolution required. The DNA bands were visualised by either placing the

gel into a UV lamp (for gel excision) or into a Bio-Rad ChemiDoc MP imaging system with

a built-in camera (for image capturing).

2.5 Biochemical techniques

2.5.1 Cell harvesting and pellet lysis

Cells were collected either by dissociation, as described in subsection 2.2.2, or by me-

chanical scraping. For the latter, plates or flasks were placed on ice, had the media aspi-

rated and were washed three times with ice cold sterile PBS. 1-2 mL of PBS were used to
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collect the cells with a disposable sterile plastic scraper and they were transferred to an

appropriate collection tube to be centrifuged at 1000-1300 rpm for 3-5 minutes. The su-

pernatant was discarded and the pellet was either frozen in liquid nitrogen for storage at

-80°C or lysed for immediate use. To lyse, pellets were resuspended in 50 µL to 150 µL of

lysis buffer (25 mM HEPES pH8, 7 M urea, 25 mM NaCl, 0.05% Triton x-100) depending

on the pellet size and they were left on ice for 30 minutes. For mass spectrometry experi-

ments, a compatible lysis buffer (50 mM HEPES pH8, 0.2% Triton-x, 150 mM NaCl, 10 mM

NaF, 0.1 mM EDTA, 2 mM DTT, 1x protease inhibitor mix) was used. After 30 minutes, the

tubes were centrifuged at 13,200 rpm for 30 minutes and the supernatant containing the

soluble protein phase was transferred to new clean tubes.

2.5.2 Protein quantification

To quantify the protein in the lysate, two different techniques were used depending on

the sensitivity required. For immunoblotting (see section 2.5.3, where the aim is a rough

determination of protein content and the normalisation of the samples, a Bradford assay

was carried out. When experiments required a higher precision, such as when preparing

samples for mass spectrometry, a bicinchoninic (BCA) assay was used.

Bradford assay

First, a series of standards were prepared by dissolving bovine serum albumin (BSA)

in Milli-Q water to a final concentration of 0.1 mg/mL, 0.2 mg/mL, 0.5 mg/mL, 1 mg/mL,

2.5 mg/mL, 5 mg/mL, 8 mg/mL and 10 mg/mL. 200 µL of diluted Bradford reagent were

placed per well in a 96-well plate, prepared by dissolving the concentrated reagent (Protein

Assay Dye Reagent Concentrate, Bio-Rad #5000006) in Milli-Q water at 1:4 ratio. 1 µL of

each standard and sample were added to the reagent each in one well, leaving one for the

blank where 1 µL of Milli-Q water was added as a control. The plate was gently shook at

a low frequency to mix the reagent with the standard / sample and the absorbances were

measured at 595 nm on a Spark® 20M Multimode Microplate Reader (TECAN). The read-

ings were normalised with the reference reading and the values obtained from the stan-

dards were used to make a curve by plotting the concentration (x axis) vs the absorbance (y

axis) on Excel (Microsoft). Finally, the concentration values of the unknown samples were

extrapolated from the equation of the trend line of the standard curve.
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BCA

When requiring a more sensitive protein quantification method, a Micro BCATM Pro-

tein Assay Kit (ThermoFisher) was used following the suppliers protocol unless otherwise

stated in the text.

2.5.3 SDS-PAGE and immunoblotting

All gels set up for sodium dodecyl sulphate – polyacrylamide gel electrophoresis (SDS-

PAGE) were 15% (w/v) acrylamide 1.5 mm gels. They were prepared by mixing the reagents

and volumes stated in Table 2.5, adding the ammonium persulfate (APS) and the tetram-

ethylethylenediamine (TEMED) before pouring the gel into the mould to crosslink. The

resolving solution was added to the mould first, followed by a couple drops of isopropanol

to get rid of any bubbles, and left to polymerase before adding the stacking solution. After

adding the stacking solution, the 1.5 mm comb (either 10 or 15 well) was added and the gel

was left to solidify completely. If the gel was not to be used immediately, it was wrapped

in clean damp tissue and plastic film to keep it moist, and was stored in the fridge with the

comb on for up to 10 days.

Table 2.5: Reagents and their volumes used to prepare 15% 1.5 mm acrylamide SDS-PAGE gels.

Volumes (mL) for one gel Volumes (mL) for two gels

Resolving gel Stacking gel Resolving gel Stacking gel

Milli-Q H2O 2.3 2.7 3.5 4.1

30% (w/v) acrylamide 5.0 0.67 7.5 1.0

1.5 M Tris (pH 8.8) 2.5 0.5 3.8 0.75

10% (w/v) SDS 0.1 0.04 0.15 0.06

10% (w/v) APS 0.1 0.04 0.15 0.06

TEMED 0.004 0.004 0.06 0.006

Having quantified the protein present in the samples of interest, the right volume of

each sample was pipetted into a new clean tube so all samples would have the same pro-

tein amount. Unless otherwise stated in the text, 20 ng of protein were loaded per sample.

The same volume (1:1 (v/v) ratio) of 2x sample loading buffer, which consists of 3 parts of

protein buffer (5% SDS, 25% glycerol, 0.3M Tris-HCl pH6.8, a dash of Coomassie Brilliant

Blue until electric blue coloured) and 1 part 1 M DTT, was added to each tube prior to load-

ing. Samples were boiled at 85°C for 5 minutes and loaded into the gel along with 5 µL of

Page Ruler Prestained Protein Ladder (ThermoFisher). The gel was submerged in a tank
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with running buffer (14.4 g glycine, 3.02 Tris and 1 g SDS on Milli-Q water per litre) and

run at 85 V for the first 15 minutes before increasing to 150 V until the standard marker of

lowest molecular weight and the remains of loading buffer reached the bottom of the gel.

The protein, now vertically separated by size, was either stained with Coomassie Bril-

liant Blue R-250 Dye (Thermo Scientific™, #20278) for protein band visualisation or trans-

ferred from the gel into a piece of pure nitrocellulose blotting membranes (0.2µm, Bio-Rad

#1620112) for immunoblotting.

Gel staining

SDS-PAGE gels were stained to visualise the protein ladder formed after running the

samples. For this, gels were fixed by submerging them in fixing buffer for 10 minutes at

room temperature and were then stained with a Coomassie Brilliant Blue solution for 1

hour. Stained gels could be de-stained if necessary by leaving them on de-staining solu-

tion over-night. Composition of all the buffers used can be found in Table 2.6 and were

prepared in distilled water. To visualise the gels, they were rinsed in Milli-Q water and

placed in an Odyssey® Imaging System (LI-COR).

Table 2.6: Solutions used for SDS-PAGE gel staining.

Fixing solution Staining solution De-staining solution

50% (v/v) methanol 50% (v/v) methanol 7.5% (v/v) methanol

10% (v/v) glacial acetic

acid

10% (v/v) glacial acetic acid 10% (v/v) glacial acetic

acid

0.2% (w/v) Coomassie Brilliant

Blue

Immunoblotting

For immunoblotting, a western-blot system was prepared. The tank was filled with

transfer buffer (3.03 g Tris, 14.4 g glycine, and 200 mL methanol per litre in Milli-Q water)

and the gel was transferred at 110 V for 70 - 90 minutes at room temperature or at 25 mA

over-night at 4°C, with gentle stirring of the magnet.

The membranes were dyed with PBST (PBS + 1% Tween 20) and a couple drops of ink

(Pelikan, black) for 15 minutes with gentle shaking and washed once with PBST for a cou-

ple of minutes to remove ink excess. They were then blocked with 5% (w/v) dried skimmed

milk (Marvel Original) dissolved in PBST for 1 hour with gentle shaking to prevent the an-
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tibodies from binding non-specifically. The selected antibodies were diluted in 5% (w/v)

dried skimmed milk dissolved in PBST at the appropriate ratio (see Table 2.7) and poured

over the membranes to incubate them for the required time. All primary antibodies were

incubated over-night at 4°C except β-actin, which was incubated at room temperature for

1 hour.

Table 2.7: Antibody conditions for immunoblotting and fluorescence-activated cell sorting (FACS).

Protein

target

Clonality Species

of origin

Dilution Use Company

ISG15 Polyclonal Rabbit 1:500 WB Cell Signaling Technology

(#2743S)

ISG15 Monoclonal Mouse 1:1000 WB Santa Cruz Biotechnology

(#166755)

V5 Monoclonal Mouse 1:1000 WB Abcam (#ab27671)

β-actin Monoclonal Mouse 1:1000 WB Sigma (#A2228)

IFIT1 Polyclonal Rabbit 1:2000 WB ThermoFisher Scientific

(#PA3-848)

MX1 Polyclonal Rabbit 1:1000 WB Abcam (#ab95926)

UBE2K Monoclonal Rabbit 1:10,000 WB Abcam (#ab52930)

USP18 Polyclonal Mouse 1:1000 WB Abcam (#ab168478)

GAPDH Monoclonal Mouse 1:1000 WB Abcam (#ab9484)

HLA-ABC Monoclonal Mouse 1:50 FACS Invitrogen (#11-9983-42)

HRP anti-

mouse

Polyclonal Rabbit 1:1000 WB Dako (PO260)

HRP anti-

rabbit

Polyclonal Swine 1:1000 WB Dako (PO217)

After the incubation, membranes were washed in PBST with shaking three times for

5 - 10 minutes each time before adding the solution containing the secondary antibody.

Membranes were washed again another three times in PBST with shaking before adding

enough 1:1 mixture of Enhanced Chemiluminescence (ECL) solutions I and II prepared

in Milli-Q water (see Table 2.8 to cover the membrane and incubate it for 1 minute. Fi-

nally membranes were gently tapped dry with clean tissue and visualised. During most

of the project’s duration, this was done by covering the membranes with X-Ray Film (SLS)

or Hyperfilm ECL (Amersham) in a dark room, exposing them for different amonuts of

time, before developing them on a Konica Medical Film Processor (SRX-101A). However,

throughout the last year of this project immunoblots were visualised using a Amersham™

ImageQuant™ 800 biomolecular imager (Cytiva).
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Table 2.8: Composition of the ECL I and ECL II solutions used in the immunoblotting procedure.

ECL I solution ECL II solution

100 mM Tris-HCl pH 8.5 100 mM Tris-HCl pH 8.5

2.5 mM luminol from stock in DMSO 0.02% (v/v) H2O2

0.4 mM p-coumaric acid from stock in DMSO



Chapter 3

Generation of isogenic ISG15

knock-out cell models

3.1 Introduction

The CRISPR genome-editing tool has revolutionised medical and biological research.

This technology has its roots in an acquired immune mechanism found in many bacte-

ria and archaea that protects the prokaryotic cell against invading foreign nucleic acids,

such as bacteriophage and plasmid DNA. The base of this immune system is the Clustered

Regularly-Interspaced Short Palindromic Repeat locus, whose defensive function was first

described nearly simultaneously by three different groups in 2005 (Bolotin et al., 2005;

Mojica et al., 2005; Pourcel et al., 2005). These groups reported that the non-repetitive

sequences, or spacers, found between the DNA repeats in the CRISPR locus derive from

past invasions of extrachromosomal nucleic acids. Research conducted in this area in the

following decade resolved the mechanistic process behind such immune response, con-

sisting of three events defined as acquisition, expression and interference (Haft et al., 2005;

Barrangou et al., 2007; Sontheimer & Barrangou, 2015; Marraffini, 2015). Once the foreign

DNA or RNA enters the host prokaryotic cell, the acquisition process begins in order to

obtain a piece of the invading sequence and insert it in the CRISPR locus (Figure 3.1). To

this end, a group of Cas proteins encoded from a set of associated genes usually found ad-

jacent to the CRISPR locus, cut the invading DNA by recognising characteristic target se-

quences known as protospacer adjacent motif (PAM) elements. Different organisms have

different Cas genes, ranging from Cas1 to Cas13, that take part in different steps of the im-

mune response, but Cas1 and Cas2, responsible for cleaving invading DNA in the acquisi-

tion event, are considered universal in genomes that contain the CRISPR loci (Makarova

& Koonin, 2015; Butiuc-Keul et al., 2022). The newly generated spacer sequence is inte-
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grated into the locus flanked by two CRISPR repeat sequences, and this library of immune

markers gathered from previous invaders allows for their recognition and targeting if the

intrusion ever happens again. Upon a repeated infection, the expression of the locus takes

place generating unique CRISPR RNAs (crRNAs) that specifically target the invading nu-

cleic acid. The crRNA forms a complex with the Cas protein responsible of cleaving the

foreign nucleic acid sequence during the interference event, usually Cas8, Cas9 or Cas13,

and targets it by binding to the sequence complementary to the crRNA. When the target is

DNA, the cleaving occurs specifically adjacent to the PAM sequence, whereas if it is RNA

this specificity does not occur (Sontheimer & Barrangou, 2015).

Figure 3.1: The CRISPR immune system. a) When invading nucleic acids enter the host prokaryotic cell, spe-

cific Cas enzymes cleave it to integrate a piece in the CRISPR locus, flanked by repeat sequences, in a process

known as acquisition. b) Upon infection, the cell reaches to this library of immune markers gathered from

previous invaders and expresses unique CRISPR RNAs (crRNAs, also known as single guide RNAs or sgRNAS)

complementary to the sequences they came from. c) The crRNAs form a complex with another specific Cas

enzyme and targets the intruder’s sequence for its destruction by binding to the sequence complementary to

the crRNA in a process known as interference.
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Shortly after the molecular details of this prokaryotic immune response were unrav-

elled, a race to prove that an engineered version of the system could be used in eukaryotic

cells began. The collaboration between Emmanuelle Charpentier’s group at the Labora-

tory for Molecular Infection Medicine of Sweden and Jennifer Doudna’s group at University

of California led to the first design of a programmable gene editing CRISPR/Cas9 system,

published in 2012 (Jinek et al., 2012). In January 2013, the Doudna group published the

first paper proving that such system could be used to easily generate site-specific double-

strand DNA breaks (DSBs) in human cells (Jinek et al., 2013). This publication was closely

followed by others that, independently, proved the same point (Mali et al., 2013; Cong et

al., 2013; Hwang et al., 2013; Cho et al., 2013).

Since these studies were published, the CRISPR/Cas9 gene editing tool has been ex-

tensively used to edit genomes in a wide range of organisms. Upon insertion of Cas9

protein and a single gRNA complementary to the specific gene region of interest, the

technique allows for gene knock-out (KO), gene knock-in (KI) and transcriptional activa-

tion/repression (Figure 3.2) (Graham & Root, 2015). Gene KO occurs when the indel mu-

tations resulting from the non-homologous end-joining (NHEJ) endogenous DNA repair

mechanism of the cell lead to frameshifts in the open reading frame, which at the same

time result in gene loss of function. Gene KI can be achieved when using a DNA tem-

plate with the desired sequence modification in the form of single-stranded oligodeoxynu-

cleotide (ssODN). Once the Cas9 complex has nicked the DNA, the endogenous DNA re-

pair machinery can use the provided DNA template for homology-directed repair (HDR),

although this process is more complicated and usually results in a lower success rate than

when trying to KO a gene. For gene transcriptional interference (CRISPRi) or activation

(CRISPRa), a catalytically inactivated (D10A and H840A) or dead Cas9 enzyme (dCas9)

fused with a transcriptional repressor or activator can be targeted to the promoter region

of the gene of interest via sequence specific sgRNAs (see Figure 3.2c and d) (Gilbert et al.,

2013; Gilbert et al., 2014).
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Figure 3.2: Different genetic alterations enabled by the CRISPR/Cas9 system, by Graham & Root (2015). a)

Gene knock our or loss of function results from the indel mutations caused by the non-homologous end-

joining (NHEJ) endogenous DNA repair mechanism of the cell trying to repair the double-strand DNA breaks

(DSBs) caused by the sgRNA/Cas9 complex. b) Gene knock in can be achieved by using a single-stranded

oligodeoxynucleotide (ssODN) sequence containing the modification of interest, so the endogenous DNA re-

pair machinery can use it as a template for homology-directed repair (HDR). c) and d). A catalytically inac-

tivated or dead Cas9 enzyme (dCas9) fused to a transcriptional repressor or activator can be delivered to the

promoter region of the gene of interest using sequence specific sgRNAs for transcriptional inhibition or acti-

vation (CRISPRi and CRISPRa respectively).

In the field of cancer research, CRISPR has been widely used to generate disease mod-

els both in vivo and in vitro, to perform genome-wide screens and to explore potential

treatments by targeting genes in the cancer genome linked to disease progression and

treatment resistance (Zhao et al., 2021). In this chapter, different CRISPR approaches were

used to knock-out ISG15 from the genome of different cell models in order to study the cel-

lular behaviour of cancer cells lacking ISG15 upon different assays and treatments.
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3.2 Aim and strategy

The aim of this work was to use CRISPR/Cas9 gene editing, a simplified protocol of

which is shown in Figure 3.3, to study cellular behaviour in the absence of ISG15 and to per-

form immunofluorescence imaging experiments with V5 (MGKPIPNPLLGLDST) tagged

cells. To this end, ISG15 was knocked out from several cancer cell models and V5 tag

knock in was attempted at the N terminus of ISG15 in SiHa cells. crRNAs, Cas9 protein (Alt-

R© S.p. Cas9 Nuclease V3, #1081058) and universal tracrRNA (Alt-R© CRISPR-Cas9 tracr-

RNA, #1072532) were ordered from IDT (https://www.idtdna.com) and an AmaxaTM 4D-

NucleofectorTM was used for cellular nucleofection, providing an ssODN of the sequence

containing the tag flanked by fractions of the ISG15 gene.

Figure 3.3: Simplified protocol for DNA nucleofection using Amaxa™ SG/SF Cell Line 4D-Nucleofactor™ Kit

for CRISPR/Cas9 gene editing and clone sorting.
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3.3 Methods

3.3.1 CRISPR gene editing

Design of crRNA and oligos for sequence repair

The gRNAs, shown in Table 3.1, were designed using a web tool for selecting target

sites for CRISPR/Cas9 directed mutagenesis. This tool (https://chopchop.cbu.uib.no/)

has been developed by the Computational Biology Unit of the University of Bergen (Labun

et al., 2019).

Table 3.1: gRNAs designed and used for CRISPR/Cas9 directed gene edition. The four of them were withing

the open reading frame (ORF).

Name Sequence 5’-3’ PAM Location

Knock-in ISG15 gRNA CACGGCACAAGCTCCTGTAC TGG Exon 5

1st ISG15 knock-out gRNA GATGCTGGCGGGCAACGAAT TCC Exon 6

2nd ISG15 knock-out gRNA CCTGACGGTGAAGATGCTGG CGG Exon 6

3rd ISG15 knock-out gRNA TTCATGAACACGGTGCTCAG GGG Exon 6

The templates for Homology Directed Repair (HDR) for the insertion of the V5 tag was

designed as a ssODN for repair following double strand break with the "knock-in ISG15

gRNA" (see Table 3.1). The ssODN sequence, shown below, has the start codon highlighted

in light pink and the sequence for V5 highlighted in dark pink. The gRNA is underlined

and highlighted in blue, with the mutated protospacer adjacent motif (PAM) sequence in

a darker shade of blue, altered to avoid repeated cuts by Cas9 complex.

ssODN for V5 insertion on the ISG15 gene:

5’ CAG GGA CAC CTG GAA TTC GTT GCC CGC CAG CAT CTT CAC CGT CAG GTC CCA

GCC CGT AGA ATC GAG ACC GAG GAG AGG GTT AGG GAT AGG CTT ACC CAT GGC TGT

GGG CTG TGG GCT GTG GGC CAC GGC ACA AGC TCC TGT ACT GCC AAA GAT GAG TTC

GCT GCC TCT CAG CCG CCG GCT TCG GCA GGC AGC ACC GGC CC 3’

Ligation of tracrRNA-crRNA and nucleofection of cas9/gRNA

For the formation of the tracrRNA-crRNA-Cas9 complex, the crRNA and the tracrRNA

were first mixed by pipetting 1.2 µL of each (from 0.1 mM stocks) in a sterile microcen-

trifuge tube. The mixture was heated up to 95°C in the thermocycler for 5 minutes to dena-
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ture the oligos and left at room temperature for 30 minutes to anneal. Once cooled down,

10 µg of recombinant Cas9 protein were added to the mixture, which was incubated for

10 minutes at room temperature to form the cas9/gRNA ribonucleoprotein complex. The

mixture was then kept on ice until transfection.

The cells to be edited were harvested as described in subsection 2.2.2, counted (see

subsection 2.2.3) and 2x105 cells were transferred to a sterile Eppendorf tubes to be cen-

trifuged at 1000 rpm for 3 minutes. The cell pellet was resuspended in 20 µL of supple-

mented P3 buffer from the AmaxaTM SG/SF Cell Line 4DNucleofactor™ X Kit S (Lonza) and

gently added to the tubes containing the ribonucleoprotein complex, mixing very carefully

to avoid the formation of bubbles that could negatively affect the transfection efficiency.

When required, 30 pmol of ssODN were added at this point along with the 20µL of cell sus-

pension. The full mix was very gently combined by softly flicking the tubes and was then

quickly dispensed into one of the micro cuvettes from the kit to be inserted in the Amaxa™

4D-Nucleofector™, where the appropriate program was used for nucleofection. After the

pulse, 200µL of pre-warmed media were added to the well to collect the cells, mixing care-

fully and avoiding pipetting up and down. The full content of the well was transferred to a

6-well plate with pre-warmed fresh media for the cells to recover for three days.

3.3.2 Single cell sorting - FACS and manual sorting

Once the cells were recovered from nucleofection, they could be either left in hetero-

geneous cell pools or be single cell sorted to obtain isogenic cell lines from single clones.

Two different methods could be used for single cell sorting depending on the needs and re-

quirements of the cell line. Resistant cells like SiHa cells were automatically sorted through

Fluorescence-Activated Cell Sorting (FACS) either on a BD FACSAria™ Cell Sorter or on a

BD FACSJazz™ Cell Sorter. More delicate cells, like GSCs, did not withstand growing iso-

lated as single cells, so small numbers of cells were seeded in Corning® vented 10 cm plates

(i.e.: 500, 1000 and 1500 into three different plates) making sure to spread them properly

over the plate. Once the cells grew enough to form colonies, healthy looking and properly

isolated ones grown from single cells were selected to be transferred to 24 well plates. For

this, the plates were gently washed with sterile PBS and 8-10 µL of warm media were used

to pipette up and down right above the selected colony to aspirate it along with the media,

without tilting the plate. If media was not enough to detach and collect the cells, the same

volume of accutase could be used instead. This process was repeated as required until all

or most of the cells in the colony were transferred to a new well, checking both the old and

the new plate under the microscope to make sure the selected colony had been completely

removed.
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3.3.3 Validation of clones and mixed population pools

Immunoblotting was used as the first line of validation in both the heterogeneous cell

pools and the isogenic clone cell lines (see subsection 2.5.3), using lysate from untreated

and IFNα treated cells. For expression analysis, 100 U/mL of commercial recombinant

IFNα2 (see subsection 2.2.6) were used for a 24h treatment unless otherwise stated in the

text.

Polymerase Chain Reaction (PCR) was used as a second line of validation, for band size

determination and to prepare samples for Sanger sequencing in some selected cell lines.

To this end, a zero Blunt™ TOPO™ PCR Cloning Kit (ThermoFisher Scientific) was used to

clone individual alleles into kanamycin resistant pCR™Blunt II-TOPO™ vectors. The plas-

mid DNA was used to transform DH5-Alpha E. coli competent cells, which were plated in

LB agar plates with kanamycin (see subsection 2.3.1). Ten single colonies were picked the

following day and grown in 10 mL LB cultures with kanamycin over-night before pellet-

ing them for plasmid harvesting using a QIAprep Spin Miniprep Kit (Qiagen). The con-

centration of the obtained pure plasmids was determined using a NanoDrop 2000c spec-

trophotometer (Thermo Scientific). Samples to be sequenced were sent to either Source

BioScience (https://www.sourcebioscience.com/sanger-sequencing/) or to the sequenc-

ing service available at the Institute of Genetics and Cancer (Edinburgh, UK), following

sample concentration and volume requirements stated by the external service.

Primers designed to be used for PCR and sequencing purposes were ordered from

Sigma-Aldrich (Table 3.2). PCR reactions were prepared by mixing the appropriate

reagents (Table 3.3), keeping the tubes on ice at all times. Once ready, the reactions were

transferred to a SureCycler 8800 thermocycler (Agilent Technologies) and the program de-

scribed in Table 3.4 was run.

Table 3.2: Primers used for PCR / Sanger Sequencing and their features.

Oligo name Sequence (5’-3’) GC % Tm Annealing T°

Forward ISG15 GTTTCTTCCGCTCACTCTGG 55 63.9°C
63.5°C

Reverse ISG15 GGGTTCTCCCTCCTGACTTC 60 64°C
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Table 3.3: Reagents and concentrations for Polymerase chain reaction (PCR).

Reagent Volume per 50µL reaction Final

concentration

2x Pfu Master Mix (R551, Rovalab) 25 µL 1x

Forward Primer (10 µM) 2.5 µL 0.5 µM

Reverse Primer (10 µM) 2.5 µL 0.5 µM

Template DNA 100 ng dsDNA 2 ng/µL

Nuclease free H2O Top up to 50 µL

Table 3.4: PCR cycling conditions.

PCR step Temperature Time

Initial Denaturation 95°C 2 minutes

Denaturation 95°C 20 seconds

Cycle (x35) Annealing Primer dependent* 45 seconds

Elongation 72°C 1 minute

Final Elongation 72°C 3 minutes

*See Table 3.2

3.4 Results

3.4.1 ISG15 null SiHa cells

The aim of this chapter was to obtain ISG15 knock-out cells in order to study the role

of ISG15 in cancer. At the same time, the knock in of the V5 tag was also attempted for

subsequent validation experiments. Even though the first attempt to generate knocked

out clones using the 1st gRNA (Table 3.1) was unsuccessful and no V5 positive cells were

recovered, the single cell sorted clones obtained from the V5 insertion protocol gave rise

to an ISG15 negative cell line, as determined by the lack of ISG15 expression analysed by

immunoblotting (Figure 3.4).
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Figure 3.4: Immunoblotting for ISG15 on attempt to insert V5 on the N-terminus of ISG15 gene (clone #1).

An equal amount of protein (40 µg) from whole cell lysate was loaded per lane in an 15% SDS-PAGE followed

by immunoblotting. The membrane was developed using anti-ISG15 antibody (Santa Cruz Biotechnology

(#166755) at 1:1000 in milk) followed by anti-β-actin antibody (Sigma (#A2228) at 1:1000 dilution). Lysate from

untreated and 24 or 48 hour IFNα treated SiHa WT cells were used as controls. IFNα treatment concentration

was 100 U/mL in both WT and clone #1 samples. These results are representative of at least two experiments.

The analysis of this clone, henceforth clone #1, and the identification of a phenotype

of interest (chapter 4) lead to the decision of repeating the gene-editing procedure in or-

der to identify additional ISG15 KO cells. Since clone #1 was obtained as the off-target

result of a knocked-in attempt, a new strategy to obtain ISG15-/- clones to test the iden-

tified phenotype of interest was developed. Due to the low efficiency of the first attempt

using a single gRNA, a double gRNA approach with newly designed gRNAs was chosen (2nd

and 3rd gRNAs, seeTable 3.1). The two gRNAs were used independently to form tracrRNA-

crRNA-Cas9 ribonucleoprotein complexes, and were mixed with the cell suspension prior

to the nucleofection. Single cell sorting by FACS resulted in several putative ISG15-/- clones

being identified by immunoblot analysis (see Figure 3.5).



Chapter 3 - Generation of isogenic ISG15 knock-out cell models 61

Figure 3.5: Immunoblots of four independent SiHa ISG15 KO clones (#3, 4, 9 and 10) obtained using a double

gRNA approach. An equal amount of protein (50 µg) from whole cell lysate was loaded per lane in an 15%

SDS-PAGE followed by immunoblotting. The membrane was developed using anti-ISG15 antibody (Santa

Cruz Biotechnology (#166755) at 1:1000 in milk) followed by anti-β-actin antibody (Sigma (#A2228) at 1:1000

dilution). Lysate from SiHa WT cells treated with IFNα for 48 hours was used as a control. IFNα treatment

concentration was 100 U/mL in both WT and clone #1 samples. These results are representative of at least

two experiments.

Figure 3.6: PCR product of ISG15 KO SiHa clones #3, 4, 9 and 10 amplifying the ISG15 region in a 1.5% agarose

gel. The expected size for the WT reference is 1278 bp. These results are representative of at least two experi-

ments.

In order to confirm that gene editing lead to the loss of ISG15 as determined by im-

munoblotting, PCR was used to amplify the edited section of the ISG15 gene (Table 3.2).

The use of these primers in the unedited WT should amplify a sequence of 1278 bp. Com-

paring the size of the amplified band from the WT cells unedited DNA with the size of the

band or bands obtained from amplifying DNA from the edited clones can help identify any

significant insertions or deletions that could lead to loss of gene expression. At the same
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time, the amplified PCR product can be sent for Sanger sequencing to characterise the ex-

act editions occurred in each clone. After performing PCR, the resultant products were run

on agarose gels (1-1.5%). As seen in Figure 3.6, several bands were detected in most of the

clones. The band observed for the WT sample matches the 1278 bp expected size, and so

does the single band observed in #clone 10. Samples run for clones #3, 4 and 9 on the other

hand present three different bands each - the highest band matches the WT band size, the

middle band is slightly above the 1000 bp size reference and the lower one is slightly above

the 800 reference band. A very faint band can also be observed above the highest of the

three main bands in clone #9, which could be unspecific. After several failed attempts

to excise and purify the bands using QIAquick Gel Extraction Kit (Qiagen), a zero Blunt™

TOPO™ PCR Cloning Kit was used to clone single alleles of each clone into plasmid vectors.

The plasmids were used to transform bacterial cells as described in the methods section

to isolate, amplify and purify them before DNA sequencing. Using this method, several

different edits were identified in each clone using the reverse primer, which is closer to

the edited site. In a few cases, sequencing using the forward primer was used to complete

the sequence. The sequence obtained from WT SiHa cells can be found below followed by

the sequences obtained from each clone, showing the different edits identified. The gRNA

sites are shown in blue, with the PAM sequence in a darker shade of blue. Insertions are

shown in bright red, while deletions are shown with the number of bp deleted between

bars, also in red. The ligation of an inverted sequence without loss of bp is expressed us-

ing double red bars. For easier illustration, the 395 bp found in between both gRNAs has

been shortened, but the full sequences can be found in Appendix A.

SiHa WT

5’...GCAGATTCATGAACACGGTGCTCAGGGGCTTGAGGCCG...

375 bp

...AATTCGTTGCCCGCCAGCATCTTCACCGTCAGGTCCCA...3’

ISG15 KO clone #3

Edit 1

5’...GCAGATTCATGAACACGGTGCT|407 bp|GCATCTTCACCGTCAGGTCCCA...3’
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Edit 2

5’...GCAGATTCATGAACACGGTGC|2 bp|AGGGGCTTGAGGCCG...

375 bp

...AATTCGTTGCCCG|4 bp|CATCTTCACCGTCAGGTCCCA...3’

Edit 3

5’...GCAGATTCATGAACACGGTGCTTCAGGGGCTTGAGGCCG...

368 bp

...CACCTGGAAT|26 bp|CAGGTCCCA...3’

ISG15 KO clone #4

Edit 1

5’...GCAGATTCATGAACACGGTGGTCAGGGGCTTGAGGCCG...

367 bp

...ACACCTGGAA|19 bp|TTCACCGTCAGGTCCCA...3’

Edit 2

5’...GCAGATTCATGAACACGGTGCTTCAGGGGCTTGAGGCCG...

375 bp

...AATTCGTTGCCCGCCAAGCATCTTCACCGTCAGGTCCCA...3’

Edit 3

5’...GCAGATTCATGAACACGGTG|2 bp|CAGGGGCTTGAGGCCG...

375 bp

...AATTCGTTGCCCGCCACGCATCTTCACCGTCAGGTCCCA...3’
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Edit 4

5’...GCAGATTCATGAACACG|4 bp|TCAGGGGCTTGAGGCCGTACT

CCCCCAGCGGGAGCTGG|373 bp|TCTTCACCGTCAGGTCCCA...3’

ISG15 KO clone #9

Edit 1

5’...GCAGATTCATGAACACGGTGCTTCAGGGGCTTGAGGCCG...

375 bp

...AATTCGTTGCCCGCCAGGCATCTTCACCGTCAGGTCCCA...3’

Edit 2

5’...GCAGATTCATGAACACGGTGCTTCAGGGGCTTGAGGCCG...

375 bp

...AATTCGTTGCCCGCCA|3bp|TCTTCACCGTCAGGTCCCA...3’

Edit 3

5’...GCAGATTCATGAACACGGTGC|408 bp|CGCATCTTCACCGTCAGGTCCCA...3’

Edit 4

5’...GCAGATTCATGAACACGGTGCTTCAGGGGCTTGAGGCCG...

375 bp

...AATTCGTTGCCCGCCAG||TCAGGGGCTTGAGGCCG...

375 bp

...AATTCGTTGC|8bp|ATCTTCACCGTCAGGTCCCA...3/
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ISG15 KO clone #10

Edit 1

5’...GCAGATTCATGAACAC|7bp|AGGGGCTTGAGGCCG...

375 bp

...AATTCGTTGCCCGCCAGGCATCTTCACCGTCAGGTCCCA...3’

Edit 2

5’...GCAGATTCATGAACACGGTGCT||TGGCGGGCAACGAATT...

375 bp

...CGGCCTCAAGCCCCT||GCATCTTCACCGTCAGGTCCCA...3’

Three different edits were found for clone #3. Edit 1 has a ligation of the two gRNAs,

having lost the full sequence between them (- 407 bp). The amplification of this allele

should result in a 871 bp band, which matches the lower band of the three observed in

Figure 3.6. Edit 2 has a 2 bp deletion in the gRNA2 site and a 4 bp deletion in the gRNA1

site (-6 bp), which should result in a 1272 bp amplification matching the upper band of

the three. The third edit should also match the highest band, having a 1 bp insertion in

the gRNA2 site and a 26 bp deletion in the gRNA1 site (-25 bp), which should result in an

amplification of 1253 bp.

The analysis of clone #4 revealed four different edits. Edits 1 to 3 should amplify bands

of 1260, 1280 and 1277 bp (-18 bp, +2 bp and -1 bp) respectively, matching the highest of

the three bands observed in Figure 3.6. Edit 4, on the other hand, has a 4 bp deletion in

the gRNA2 site and a big 373 bp deletion in the gRNA1 site (-377 bp), resulting in most of

the sequence between the gRNAs being absent. The band resultant from the amplification

of this allele should be of 901 bp, matching the lowest of the three bands detected for this

clone.

Four different edits were found for clone #9. Edit 1 (+ 2 bp) and 2 (- 2 bp) should result

in an amplification of 1280 and 1276 bp respectively, matching the upper of the three main

bands at the same level as the WT band. Edit 3 has a ligation of the two gRNAs, having lost

all the sequence between them (- 407 bp), and should therefore have an amplification of

871 bp. This edit matches the lower of the three main bands. Edit 4 shows a duplication

of all the sequence between the gRNAs, with a fusion of gRNAs in the middle (+ 402 bp).

This should result in the amplification of 1680 bp. Interestingly, no band matching this
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edit was detected on the agarose gel, since even the very light faint line above the highest

of the three main bands would be too low for this edit.

Only two different edits were identified in clone #10, both matching the only band ob-

served in the gel (Figure 3.6). The first one, with a 7 bp deletion in gRNA2 and 1 bp insertion

in gRNA1 (- 6 bp) should results in an amplification of 1272 bp. The second one did not

have any insertions or deletions, but the sequence between the two gRNAs had been in-

verted after the DSBs in both editing points, ligating the first half of one gRNA with the last

half of the other and vice versa. This edition should result in an amplification of 1278 bp.

Table 3.5: Summary table of editions identified in ISG15-/- SiHa clones. Three edit types were identified: inser-

tions and deletions either in the gRNA1 and gRNA2 separately or as one edition in between the gRNAs (indel),

the inversion of the in between sequence upon incision (inversion) or a mix of both (mixed).

Edition type Insertions Deletions Size*

(gRNA1/gRNA2) (gRNA1/gRNA2)

WT None - - 441 bp

#3

Edit 1 Indel - 407 bp 34 bp

Edit 2 Indel - 2 bp/4 bp 435 bp

Edit 3 Indel 1 bp/0-0 0-0/26 bp 416 bp

#4

Edit 1 Indel 1 bp/0-0 0-0/19 bp 423 bp

Edit 2 Indel 1 bp/1 bp - 443 bp

Edit 3 Indel 0-0/1 bp 2 bp/0-0 440 bp

Edit 4 Indel - 4 bp/373 bp 64 bp

#9

Edit 1 Indel 1 bp/1 bp - 443 bp

Edit 2 Indel 1 bp/0-0 0-0/3 bp 439 bp

Edit 3 Indel 1 bp 408 bp 34 bp

Edit 4 Mixed
1 bp/0-0

409 bp**
0-0/8 bp 843 bp

#10
Edit 1 Indel 0-0/1 bp 7 bp/0-0 435 bp

Edit 2 Inversion - - 441 bp

*Start of gRNA1 to end of gRNA2
**Insertion of a second copy of the sequence in between gRNAs
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3.4.2 ISG15 null Glioblastoma cells

After successfully recovering several ISG15-/- SiHa clones using a double gRNA ap-

proach, the generation of a new ISG15 KO cancer cell model was attempted to validate

and further research any phenotype of interest identified in the SiHa cells (see chapter 4).

To this end, a patient-derived glioblastoma primary stem cell line (GSC) was selected, and

the same two gRNA approach was used to obtain ISG15 KO GSC clones. Because of the

delicate nature of these neural stem cells, the methodology to isolate clones grown from

single cells had to be adapted. The few GSC cells that survived the process of mechanically

single cell sorting would not withstand growing in isolation. To overcome this issue, small

numbers of cells were seeded in 10 cm plates and the properly isolated colonies grown

from single cells were collected by aspiration (subsection 3.3.2). Using this method, sev-

eral ISG15 KO cell clones were identified by immunoblotting. Figure 3.7 shows the lack

of detectable expression of ISG15 in the six clones. Again, to confirm that gene editing

lead to the loss of ISG15 protein as suggested by immunoblotting, PCR was performed on

whole DNA isolated from cell lysate. The resultant PCR products were run on an agarose

gel (Figure 3.8). These results show a variety of edits, all of them with a very similar pattern

to the one observed in the SiHa ISG15 KO clones. GSC clone #1 has a single lower band,

matching the edit in which the sequence between the gRNAs is removed. GSC clones #2

and 3 have the three band pattern observed in SiHa ISG15 KO clones #3, 4 and 9, with the

very faint band above the highest of the three also observed in #9. GSC clones #4, 5 and 6

have a single band around the size of the WT band, as observed in SiHa ISG15 KO clone

#10.

Figure 3.7: Immunoblotting for ISG15 on six different GSC ISG15 KO clones (#1-6) obtained through a double

gRNA CRISPR approach after 24 hours of IFNα treatment. An equal amount of protein (40µg) from whole cell

lysate was loaded per lane in an 15% SDS-PAGE followed by immunoblotting. The membrane was developed

using anti-ISG15 antibody (Cell Signaling Technology (#2743S) at 1:500 in milk) followed by anti-β-actin an-

tibody (Sigma (#A2228) at 1:1000 dilution). Lysate from GSC WT cells treated with IFNα for 24 hours was used

as a control. IFNα treatment concentration was 100 U/mL in both WT and clone #1 samples. These results

are representative of at least two experiments.
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Figure 3.8: PCR product of ISG15 KO GSC clones #1-6 amplifying the ISG15 region in a 1.5% agarose gel. These

results are representative of at least two experiments.

All these edits, except the band of around 1000 bp, had been characterised in the SiHa

clones. In an effort to identify the uncharacterised band, GSC clone #2 was selected for

TOPO cloning and sequencing along with GSC WT. Sequences obtained with the reverse

primer are shown with the gRNA sites in blue, the PAM sequence coloured in a darker

shade of blue. Insertions are shown in bright red and deletions are shown with the number

of bp deleted between bars, also in red. The ligation of the two gRNAs is expressed using

double red bars. Again, for easier illustration, the 395 bp found in between both gRNAs

has been shortened, but the full sequences can be found in Appendix A.

GSC WT

5’...GCAGATTCATGAACACGGTGCTCAGGGGCTTGAGGCCG...

375 bp

...AATTCGTTGCCCGCCAGCATCTTCACCGTCAGGTCCCA...3’

GSC ISG15 KO clone #2

Edit 1

5’...GCAGATTCATGAACACGGTGCT||TGGCGGGCAACGAATT...

375 bp

...CGGCCTCAAGCCCCTG||AGCATCTTCACCGTCAGGTCCCA...3’
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Edit 2

5’...GCAGATTCATGAACACGGTGCT||GCATCTTCACCGTCAGGTCCCA...3’

Edit 3

5’...GCAGATTCATGAACACGGTGC|2bp|AGGGGCTTGAGGCCGTA

CTCCCCCAGCGGGAGCT||GGTCTTCACCGTCAGGTCCCA...3’

Three different edits were identified in GSC clone #2 : edit 1 with the sequence between

the two gRNAs inverted at the cut points (matching the highest of the three bands), edit

2 with the sequence between the two gRNAs removed (matching the lowest of the three

bands), and edit 3 with a 2 bp deletion in gRNA2 and most of the sequence between the

gRNAs removed, leaving gRNA1 incomplete and only 29 bp between them.

While the GSC colony sorted clones grew for validation, a sample of the edited mixed

population pool was analysed by immunoblotting to get an idea of the efficiency level of

the editing process. The level of expression of ISG15 right after the genome editing proce-

dure is below the detection threshold, proving a very high efficiency of the double gRNA

editing method (Figure 3.9).

Figure 3.9: Immunoblot for ISG15 on GSC ISG15 KO mixed population pool. An equal amount of protein (40

µg) from whole cell lysate was loaded per lane in an 15% SDS-PAGE followed by immunoblotting. The mem-

brane was developed using anti-ISG15 antibody (Cell Signaling Technology (#2743S) at 1:500 in milk) followed

by anti-β-actin antibody (Sigma (#A2228) at 1:1000 dilution). Lysate from GSC WT cells treated with IFNα (100

U/mL) for 24 hours was used as a control. These results are representative of at least two experiments.

In order to edit different cell lines in a time efficient manner, and since no expression

of ISG15 was detected, mixed population cell pools were used for some of the experiments

(see chapter 4 and chapter 6).
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3.4.3 ISG15 null Caki-1 cells

As part of a collaboration with Dr. Christine Tait-Burkard and Ms Alison Daniels at the

The Roslin Institute (Edinburgh, UK), ISG15 KO Caki-1 cells were generated in order to

test the response of these cells upon SARS-COVID-2 infection. After successfully obtain-

ing a mixed population GSC cell pool with an ISG15 expression level below the detection

threshold by immunoblotting, even when loading large amounts of protein (up to 50 µg),

the whole pool of edited Caki-1 cells was also analysed before single cell sorting. Results

in Figure 3.11 show that the level of ISG15 in the mixed population pool was again below

detection threshold, suggesting that the efficiency of the method is indeed very high. PCR

products of Caki-1 WT and ISG15 deficient heterogeneous cell pool were run on an agarose

gel, a scan of which can be seen in Figure 3.10. Although two of them are very light, this

figure shows the same three bands observed in SiHa ISG15-/- clones #3, #4 and #9 and in

GSC ISG15-/- #2 and #3.

Figure 3.10: Immunoblotting for ISG15 on ISG15 KO Caki-1 mixed population cell pool obtained through a

double gRNA CRISPR approach, untreated and treated with IFNα for 24 hours. 40 µg of protein were loaded

in each line. Lysate from Caki-1 WT cells treated with IFNα for 24 hours and re-blotting of the membrane for

β-actin were used as control.

Figure 3.11: PCR product of ISG15 deficient Caki-1 mixed population pool amplifying the ISG15 region in a

1.5% agarose gel. Gel scan has been cropped to remove the non-relevant samples run between the ladder

and the samples of interest. Because of the natural curve formed after running the gel, the sizes shown in

the ladder are not representative of the sample band size, so the corrected numbers have been included at

the right side of the sample columns. Full uncropped figure can be found in Appendix A. These results are

representative of at least two experiments.
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To make the most of the work performed as part of this collaboration, the obtained

ISG15 KO Caki-1 cells were also used to test the phenotype of interest described in chap-

ter 4, proving it is consistent in at least three different cancer cell models.

3.5 Discussion

ISG15 knocked-out cells and mice have been successfully generated before (Kim &

Kim, 2019; Merkert et al., 2020; Alcalá et al., 2020; Martin-Fernandez et al., 2020; Jurczyszak

et al., 2022). The immunoblots performed on the SiHa and GSC sorted clones show that

the expression of ISG15 upon IFNα treatment is below the detection threshold. The char-

acterisation by sequencing of all the editions identified showed that the generated muta-

tions should result in truncated expression of ISG15. According to the multidisciplinary

data base canSAR.ai, SiHa cells have a relative copy number of 1.05 (log2(copy number

relative to ploidy + 1)) for chromosome 1 and the ISG15 gene (1p36.33), meaning they

have two copies of this chromosome and gene. Therefore, a maximum of two different

edits (one per allele) would be expected in SiHa cells edited for ISG15. Surprisingly, most

of the clones presented more than two different edits, suggesting more than two copies

of the ISG15 gene both in SiHa and GSC cell lines. Maintenance of cells in culture over a

long period of time has been proven to lead to mutations that cause changes in cell be-

haviour, compared to the same cells at an early passage, resulting in extensive genomic

variation between strains evolved from the same cell line (Ben-David et al., 2019). A study

by Ben-David et al. (2018) performed genetic analysis in 106 human cell lines to determine

the consequences and the extent of the genetic and transcriptional heterogeneity found

in cell lines that have evolved as a consequence of prolonged culture, grown in two in-

dependent laboratories in different countries. Their results exposed a significant genetic

variation between strains that belonged to the same cell line, with around a 20% chance

that a certain mutation would be found only in one of strains, and showed that even the

cell culture maintenance under standard conditions lead to genomic evolution and diver-

sification. Similarly, the research by Wenger et al. (2004) compared the karyotypic differ-

ences between two samples of a breast adenocarcinoma (MCF-7) and two samples of an

endometrial adenocarcinoma cell line (Ishikawa), obtained from different places at differ-

ent passages. One of the MCF-7 samples was obtained from the American Type Culture

Collection (MCF-7-ATCC) at passage (p) 149 and they subcultured them another 16 times,

while the other one (MCF-7-RIDC) was obtained from a partner laboratory at an unknown

passage and it was subcultured 95 times. They also obtained a sample of Ishikawa cell line

from the European Collection of Cell Cultures at p3, which they subcultured 130 times, and

obtained another sample of the same cell line from another partner institution at an un-

known passage before subculturing it for another 132 times. Their results showed that the
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MCF-7-RIDC cell line had an extra chromosome 9 along with many chromosome arm du-

plications and other chromosomal abnormalities when compared to MCF-7-ATCC. With

regard to the Ishikawa cell lines, the only similarity was a missing X chromosome. Again,

an extra chromosome 2 and many chromosome arm duplications were identified when

comparing the two samples.

Even in its natural microenvironment, chromosome instability is a near-universal fea-

ture of cancer, which can result in an unbalanced number of chromosomes, known as

aneuploidy (Holland & Cleveland, 2009). The GSC primary cell line was obtained from

patient-derived tissue after tumour excision surgery, which means that comparison with a

database is impossible. Nevertheless, structural aberrations and aneuploidy in brain can-

cers are not uncommon events, and they have been characterised in human brain tumours

for over 30 years. Griffin et al. (1988) analysed 21 primary paediatric brain tumours and

found numerical abnormalities and structural aberrations in 6 and 12 tumours respec-

tively. They identified indels and/or translocations in the p arm of chromosome 1 in five

of the tumours, and most of them showed some form of aneuploidy, with some extreme

cases being close to tetraploidy (Figure 3.12). Although the karyotypes of paediatric tu-

mours often differ from the ones in adults tumours, a study published in the same year

(Bigner et al., 1988) showed that 42 of the 54 analysed tumours had abnormal karyotypes,

and 6 out of the 38 cases that were fully characterised were near triploid or near tetraploid.

The molecular heterogeneity of glioblastoma brain tumours was reviewed in 2014 by Eder

& Kalman, and Keane et al. (2021) also reviewed brain tumour heterogeneity more recently.
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Figure 3.12: Karyotype of two paediatric brain tumours, by Griffin et al. (1988). Upper karyotype belongs to a

newly diagnosed anaplastic astrocytoma from a 7 year old male, and the lower karyoptype belongs to recurring

anaplastic astrocytoma from a 13 year old male. Arrows mark chromosomes with structural abnormalities,

and markers are small fragments of chromosomes that could not be characterised.

It must also be borne in mind that, when a tumour is removed from its natural microen-

vironment to be cultured or implanted as xenografts, the cells undergo a radical change of

environment and selective pressures, which can lead to adaptation and evolution result-

ing in a completely different karyotype than the one found in the primary tumour (Fig-

ure 3.13). In conclusion, although immortalised and patient-derived cell lines have been

and are undeniably useful in the biomedical and cancer research field, these model sys-

tems might not always reflect the biology of actual human tumours. Therefore, new sys-

tems that reflect the right microenvironment should be used to avoid differences in selec-

tive pressures that lead to chromosome instability and variation.
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Figure 3.13: Karyotypic differences in cancer depending in the cellular microenvironment, by Ben-David &

Amon (2020). Cancers that are removed from their natural microenvironment to be cultured as cell lines,

organoids or patient-derived xenografts undergo selection pressure changes that can result in adaptation by

gaining or losing chromosomes, shown in red and blue respectively. At the same time, cancer cells that travel

to become metastatic also evolve to adapt to their new conditions and selection pressures, different to those

found in the primary tumour environment.

The editions observed in the SiHa and GSCs clones can be categorised in three groups

- edits with point mutations in the gRNA sites, cut an inversion of the sequence be-

tween the gRNAs and total or almost total deletion of the sequence between the gR-

NAs. Interestingly, no edition matching the middle band identified in SiHa ISG15 KO

clones #3, #4 and #9 or GSC ISG15 KO clones #2 and #3 was characterised. This band

could be a non specific target of the primers used, although they were checked us-

ing the "Primer-Blast" tool available on the National Library of Medicine web page

(https://www.ncbi.nlm.nih.gov/tools/primer-blast/) and passed the multiple checks of

the IDT primer designing tool (https://eu.idtdna.com/pages/tools/). Even if the band was

specific, the significant decrease in bp found in this edition when compared to the WT

(1278 bp against slightly above 1000 bp) would ensure the expression ablation of the WT

protein.
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It seems clear that the combined use of the two gRNAs selected results in a specific

edition pattern, even in different cell lines, which results in a similar band arrangement

when running the PCR products in agarose gels. The only exception seems to be the edit 4

in SiHa clone #9, where the sequence between the two gRNAs seems to have been dupli-

cated. The hypothesis in this case is that the piece of DNA cut from another allele, such as

the one sequenced in clone #9 edit 3, could have been inserted in the allele sequenced as

clone #9 edit 4, since the cuts match perfectly. It would be of interest to find out exactly how

many copies of chromosome 1 and ISG15 each of these clones and the parental WT cell

line have - information that analysis of the edit patterns cannot provide. In order to find

this out, Fluorescence In Situ Hybridization (FISH) could be performed. This technique

uses fluorescent probes to allow for the detection and localisation of DNA sequences of

interest. Selection of probes specific to a certain chromosome can provide information

on the number of copies present in the sample (Cui et al., 2016).

The high efficiency of the two gRNA editing approach lead to the decision of using

ISG15 deficient mixed population cell pools, which was shown to have an ISG15 expres-

sion level below the detection threshold by immunoblotting, even when using high protein

amounts for the validation. This technique has proved to have many advantages but also

some disadvantages. On one hand, this approach is very time efficient since it does not

require single cell sorting the edited pool. Growing and validating single cell sorted clones

is very time consuming, and not having to do it on every edited cell line was much more

time efficient. Using a variety of knock-out edits in the same pool can also be beneficial

to avoid the effects of any potential unintentional off target. On the other hand, the het-

erogeneity of editions in the mixed population genes makes genetic characterisation by

PCR very difficult, specially in the cell lines with high number of allele copies. This edit-

ing approach must be used with caution in these cell lines, as it can result only in partial

knock-out. To counteract some of the more important disadvantages, the following mea-

sures were taken: 1) the edits in the single cell clones obtained were characterised to make

sure all of them had open reading frame shifting mutations even with a high number of al-

lele copies, which suggests high efficiency in the pool, 2) experiments were only performed

in heterogeneous cells right after the cells recovered from nucleofection to avoid the po-

tential overcoming of unedited WT cells over passages, 3) a sample of the pool was taken

at the same time the experiment was set up for validation by immunoblotting to ensure

sufficient reduction of protein expression.



Chapter 4

Identification of phenotypic

differences between wild-type and

ISG15-/- cells in cancer cell models

4.1 Introduction

IFNs have been shown to have potent antimitogenic and growth inhibiting properties.

They have an important role in triggering and coordinating both the innate and adap-

tive immune responses. Because of this, recombinant IFNs have been used for decades

in treatment of viral infections, some types of cancer and other diseases such as multiple

sclerosis (Friedman, 2008). Research to understand such properties took off in the early

90s and still goes on today. In 1990, Salzberg et al. published a study focused in the role of

IFN in cell growth and differentiation, in which they showed the growth inhibition caused

by murine type I IFN in NIH 3T3 mice fibroblasts. They performed several experiments

treating Moloney-murine sarcoma virus infected cells with different IFN concentrations

for 72 hours, after which each sample was divided into two groups: one maintained at

the same concentration of IFN and the other one IFN free. Their results showed a strong

dose-dependent cell growth inhibition in IFN treated cells. When treating the cells with

lower doses of IFN (90-450 IU/mL), cells fully recovered after treatment retirement, but

when treating them with higher doses (1200-1800 IU/mL) treatment removal resulted in al-

most no recovery. Subramaniam & Johnson (1997) also investigated the role of IFNα andτ

(not naturally produced in humans, but functionally and structurally homologous to type I

IFNs capable of signalling through human IFNAR) in cellular growth arrest, examining the

events that regulate cell cycle in Daudi cells (human Burkitt lymphoma). They observed

that both IFNs repressed cell proliferation causing cell cycle arrest at G1 phase through p21
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mediated inhibition of the cyclin-dependent kinase 2 (cdk2), IFNα being more active than

τ. These results are consistent with the ones presented by Sangfelt et al. (1999), who stud-

ied the role of IFNα on cell cycle progression in three different lymphoid cell lines, includ-

ing Daudi cells. They proved that IFNα treatment on Daudi and U-266 cells arrested at G0

and G1 phases respectively in a p21 and p15 mediated manner, while the third lymphoid

cell line, H9, was completely resistant to IFNα. The continuous studies proving the anti-

proliferative properties of IFNs in different cancer cell lines sparked the research on these

cytokines as cancer treatments. A few examples include research by Zhang et al. (2010),

who performed gene expression profiles on IFNα treated mice with metastatic hepatocel-

lular carcinoma xenografts, and by Shi et al. (2016) that studied the effect of IFNα in HeLa

cells as a model of cervical cancer. Both investigations concluded that the IFN treatment

inhibited the growth of cancerous cells and increased apoptosis. Nevertheless, IFNs can

also cause pro-tumour effects, as detailed in chapter 1. For instance, the intrinsic upregu-

lation of the IFN pathway in tumours has been previously related with IFN and radiation

treatment resistance (Khodarev et al., 2007). Recent research by Abt et al. (2022) investi-

gated the IFN response of pancreatic ductal adenocarcinoma, concluding that it caused

the cells to arrest and survive by relying on stress-response signalling, and that interrupt-

ing this pathway by targeting a mediator (ATR) led to DNA damage and apoptosis.

Whether as anti-proliferative elements or as treatment resistance mediators, the un-

derstanding of ISGs and the IFN pathway in cancer seems crucial to develop more ef-

fective IFN-based therapies. ISG15 is a key element of the IFN pathway regulation and

one of the first ISGs to be expressed upon IFN treatment. On top of this, hundreds of

ISG15 targets have been identified by mass spectrometry, some of which are IFN response

downstream effector ISGs, such as PKR, MxA, Hup56, and RIG-I (Zhao et al., 2005), and

others are involved in the regulation of type I IFN signalling, like PLC1, JAK1, ERK1, and

STAT1 (Malakhov et al., 2003). Although interferons are not the miraculous drug that was

hoped for when they were first identified as anti-proliferative cytokines, its combination

with novel therapies has proved to be helpful in the treatment of different cancers (Fer-

rantini et al., 2007; Ningrum, 2014; Tarhini et al., 2012), and the identification of new tar-

gets like ISG15 can help boost IFN treatments even in resistant cells. To this end, further

researching the role of ISG15 beyond its implication in antiviral immunity in the cancer

background is necessary.
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4.2 Aim and strategy

The aim of this chapter was to identify any behavioural differences caused by the loss

of ISG15 in terms of cell growth. For this, the clones obtained and validated in chapter 3

were tested versus the wild-type cells through several analysis, such as cell cycle and cell

growth assays, with different IFN treatments in order to identify any phenotypic difference

in the ISG15-/- cells.

4.3 Methods

4.3.1 Cell cycle analysis

For cell cycle analysis, 2·105 cells were grown in six well plates and, once at the right

confluence, treated if required. 24 hours after treatment, if any, cells were collected appro-

priately and transferred to 1.5 mL Eppendorf tubes. Cell pellet was washed with 1 mL ice

cold PBS and centrifuged for 5 minutes at 2000 rpm. After discarding the PBS, cells were

fixed with very slow addition of ice cold 70% ethanol in PBS and tubes were very gently

vortexed to avoid the formation of cell clumps. Fixed cells were left at 4°C for a minimum

of two hours and preferably over-night before the analysis, although they could be stored

for up to a week if necessary. When ready to analyse, cells were centrifuged again and

washed with PBS twice. The cell pellet was resuspended in 500 µL of a 1:1000 solution of

4,6-diamidino-2-phenylindole (DAPI) in PBS, which binds to the DNA in the cells stoichio-

metrically. The cell suspension was then injected into a BD LSRFortessa™ Cell Analyser,

where the cells were funneled through a nozzle that allowed only one cell at a time, guid-

ing them to pass by a laser ray. In these kind of instruments, the individual cells are hit by

the laser and sensors in the analyser detect the scattered light along with any fluorescence

emitted by the stained DNA. The light scattered along the path of the laser, the forward

scatter or FSC, allows for the discrimination of cells or particles by size as the light diffracts

around the cell, as seen in Figure 4.1. The same figure illustrates the light scattered at 90°

from the path of the laser, the side scatter or SSC, which allows for discrimination of cells

by their intracellular structure or granularity. When analysing cell cycle phases in a homo-

geneous cell population, FSC and SSC are used to distinguish single cells from doublets,

cell clumps or debris.
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Figure 4.1: Forward scatter (FSC) measurement in cell cycle analysis allows for cell population discrimination

by size as the light diffracts around the cell, while side scatter (SSC) can discern intracellular complexity or

granularity. Figure by BD Biosciences.

The fluorescence emitted by the DAPI stain is also measured at 90° from the direction

of the laser, which is directly proportional to the amount of stain and therefore propor-

tional to the amount of DNA in the analysed cell. Since the DNA content and distribution

changes as G0 (non-cycling) cells enter and move through the cell cycle, the measurement

of the DNA content on the cells allows for classification of the cell population across the

three major phases of the cell cycle (G0/G1, S and G2/M) at the moment of fixing (Fig-

ure 4.2a). Results are plotted in graphs representing the count of cells (events analysed)

vs the fluorescence intensity (DNA amount). As shown in Figure 4.2b, cells with two full

sets of chromosomes (DNA= 2N) are classified in G0/G1. As the cells enter the S phase and

DNA replication begins (2n<DNA< 4n), the fluorescent intensity increases until the DNA

content doubles (DNA = 4N) at phases G2/M. During cell death, cells undergo chromatin

fragmentation resulting in DNA loss (DNA< 2n), which can also be detected to determine

the apoptotic population (phase subG1).
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(a) DNA content and distribution changes as non-cycling cells

(G0) enter the cell cycle. The amount of DNA increases in each

phase as the cycle begins at G0/G1, goes through DNA replica-

tion in phase S and reaches phases G2/M when the replication

is complete.

(b) The phase at which each cell is at the time of fixing can be determined by analysing the fluorescence intensity in each cell

after DAPI staining. As the count of cells (events analysed, Y axis) are plotted against the fluorescence intensity (dependant

on the stain amount in each cell and proportional to the DNA content, X axis) cells at phases G0/G1 (DNA = 2N) will peak

at the left of the graph while the cells at phases G2/M (DNA = 4N) will peak at the right of the graph. Those cells in the DNA

replication process at the S phase (2n <DNA < 4n) will lie in between these two peaks. Cells undergoing DNA degradation

(DNA <2N) will lie at the leftmost of the graph.

Figure 4.2: Cell cycle analysis by FACS
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4.3.2 Live cell proliferation analysis

To measure real time cell proliferation, an Incucyte® Live-Cell Analysis System was

used, consisting of a humidified incubator at 37°C and 5% CO2 with an integrated camera

capable of continuously monitoring the living cells for as long as required. The system

enables detection and quantification of cells by automatically taking magnified pictures of

the immobilised plates. The Incucyte software is capable of analysing the gathered images

estimating the occupied area and thus determining the cell confluence over time. Unless

otherwise stated in the text, 24 well plates were used for cell proliferation analysis, plating

30k cells per well in triplicates, and the system was programmed to take images every 2 to

3 hours for 5 days.

4.3.3 Colony formation assay

Clonogenic assays were performed by seeding 500 - 1000 cells per well in 24 well plates.

24 hours after seeding, cells were treated as required and left in the incubator for 10 to 14

days. If cells were to be treated in two different ways (i.e.: transfection and IFN treatment),

24 hours were also left between treatments to allow cells to recover. Media was then aspi-

rated and wells were gently washed with room temperature PBS. The cells were fixed inside

a fume hood by adding 400µL of a 0.5% gluteraldehyde solution in PBS and the plates were

incubated with gentle shaking for 20 minutes. The solution was discarded appropriately,

also in the fume hood, and the wells were washed with water properly discarding at least

the first wash. After shaking the plates to remove as much water as possible, they were

left to dry upside down over clean paper tissue over-night. The following day, the colonies

were stained with either a 1:20 Giemsa stain (GS500 Sigma-Aldrich) solution in PBS or a

0.2% Crystal Violet (C6158 Sigma-Aldrich) solution in PBS for one hour. The staining solu-

tion could be then collected and saved for future colony formation assays. The plates were

washed again with water until the water ran clear, making sure to remove any residual dye,

and were left to dry over-night. Quantitative measurement of the formed colonies could

be achieved by destaining them on 1 mL of 10% acetic acid in water for 1 hour with gentle

shaking and transferring 200 µL of each well into a 96 well plate to measure absorbance at

595 nm wavelength. Once destained, plates could be re-stained if necessary.

4.3.4 Generation of stable cell lines

Recovery of the expression of ISG15 in ISG15 knock-out isogenic cell lines obtained

from single clones was attempted by transfection of the cell lines with pT-REX-Dest30 plas-

mids containing V5 tagged wild-type and mutated ISG15 (see section 4.3.4). Since this
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plasmid contains a neomycin-resistance gene as a selectable marker, a neomycin analog

called Geneticin™, also known as G418 Sulfate (Gibco, #10131035), was used for selective

pressure to ensure proper insertion of the plasmid into the genome. The transfection of

the pT-REX-Dest30 empty vector was used as a control.

Before transfecting the cells, a killing curve was prepared to find the optimal Geneticin

concentration to use by treating untransfected SiHa cells with different concentrations

of the selective marker (0, 150, 300, 450, 600, 750, 900, 1050, 1200, 1350, 1500 and 1650

µg/mL) and monitoring them over 10 days. The media with Geneticin was changed every

3 days approximately. Once ready to proceed with the transfections, cells were seeded in

five wells of a 6 well plate. When 70 - 80% confluent, the cells in four of the wells were

transfected each with either the pT-REX-Dest30 empty vector (henceforth EV), the plas-

mid containing the V5 tagged wild-type version of ISG15 (henceforth WT), the plasmid

containing the V5 tagged mutated version of ISG15 (henceforth AA) or a pmaxGFP™ vec-

tor used as a transfection control. The fifth well was left untransfected as a control for the

selective marker. 24 hours post-transfection, the cells in each one of the wells were trans-

ferred carefully to 10 cm plates with the appropriate media and Geneticin concentration

and grown for 3 to 4 weeks. The expression of the new stable cell lines was validated by

immunoblotting.

Plasmids used for ISG15 recovery

Two different versions of the pT-REx™-DEST30 plasmid (map shown in Figure 4.3)

cloned to contain cDNA encoding for V5 tagged ISG15 were used for transfection and gen-

eration of stable cell lines. One contained the wild-type version of ISG15, while the other

one contained a mutated version incapable of ISGylating. Such mutation consisted in

the replacement of the last two amino acids of the mature carboxyl terminus 152LRLRGG,

which is essential for the ligation of ISG15 to the target proteins as described in section 1.3.

These two glycines were replaced for two alanines, resulting in a 152LRLRAA C-terminal.

Both versions were tagged with V5 in the N-terminus, as shown in the sequences in Fig-

ure 4.4. These plasmids were prepared by me during my MScR project using the Gateway

Cloning System, a diagram of which can be found in Appendix B (also originally prepared

for my MScR thesis).
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Figure 4.3: Map for the pT-REx-DEST30 plasmid, where the V5 tagged wild-type ISG15 and V5 tagged mutant

ISG15 were cloned.

Figure 4.4: Designed sequences synthesised by GeneArt®(Invitrogen) encoding for V5 tagged wild-type (WT)

and mutated (AA) ISG15, being the later incapable of ISGylating. Start and stop codons are highlighted in

bright blue, while the V5 sequence and the ISG15 sequence are highlighted in green and muted yellow re-

spectively. The nucleotides corresponding to the last two amino acids of the mature carboxyl terminus are

highlighted in orange, showing where the mutation occurs. The Kozak sequence for the protein translation

initiation is highlighted in grey and the attB1 and attB2 sequences for Gateway Cloning are highlighted in

bright yellow.
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4.4 Results

4.4.1 Cell cycle analysis

At the time this project started, most of the published studies focused on the effects

of ISG15 on antiviral signalling and sensitivity to viral infection. In order to study the role

of ISG15 in different cancer models, CRISPR gene editing technology was used to gener-

ate ISG15-/- clones, as detailed in chapter 3. Once the first ISG15-/- isogenic cell line was

obtained (clone #1), a cell cycle analysis on IFN treated and untreated WT and clone #1

cells was performed to try to detect any difference caused by the deletion of ISG15. After

fixing and staining the cells with DAPI as described in subsection 4.3.1, cells were sorted

with FSC and SSC and the cells on the resultant population were allocated in the appro-

priate phase of the cell cycle (G1, S or G2/M) depending on their DNA content and dis-

tribution. The percentage of the analysed cells in each stage of the cycle was calculated

for each sample and condition. Results revealed that the distribution of the cells across

the three main cell cycle phases did indeed change when comparing the WT cell line with

the ISG15 deficient cell line under different concentrations of IFNα treatment. A signifi-

cant shift in phase G2/M is appreciated in Figure 4.5 when comparing clone #1 ISG15 KO

cells to WT cells regardless of IFN treatment concentration. When plotting the percent-

age of cells in each condition and phase (see Figure 4.6), it can be observed that WT cells

showed mostly consistent results across the different conditions, suggesting that the IFN

treatment did not cause a significant change in the cell cycle profile in SiHa cells. On the

other hand, ISG15 deficient cells showed a clear increase of cells in G1 phase, which seems

to be an IFN dependent event with the percentage of cells in G1 increasing with the addi-

tion of IFN, suggesting the cells may be undergoing cell cycle arrest in G1 phase. At the

same time, the amount of cells in S phase notably decreased as the concentration of IFN

increased, which could explain the downturn in the amount of cells in G2/M. However,

although there is a slight decrease in the percentage of cells in the G2/M phase as the IFN

concentration increases, it is not as noticeable as in the other two phases, which could be

the result of the cells not being able to bypass the S checkpoint and dying before entering

G2/M phase. This could explain the increased amount of ISG15-/- cells in subG1 compared

to WT cells in the same phase, although this increase is not steady and proportional as it

would be expected from the results observed in the three major phases.
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Figure 4.5: Cell cycle analysis on WT (left) and clone #1 isogenic ISG15-/- (right) SiHa cells stained with a 1:1000

DAPI solution. Histograms show single cell count (events analysed, Y axis) vs stain fluorescence (DNA con-

tent, x axis) at the time of fixing. The gates representing each cell cycle phase (G0/G1, S or G2/M) are labelled

and show the percentage of cells in each phase, including the subG1 phase to determine the percentage of

apoptotic cells. The top row of histograms belongs to the untreated WT and ISG15-/- samples, and the treat-

ment increases (50 U/mL, 100 U/mL and 500 U/mL) from the second row to bottom row. These results are

representative of at least two experiments.



Chapter 4 - Identification of phenotypic differences between wild-type and ISG15-/- cells
in cancer cell models 86

Figure 4.6: Clustered column graph showing the percentage of single cell events in each cell cycle phase

(G0/G1, S or G2/M) as the IFNα treatment increases (0 u/mL, 50 U/mL, 100 U/mL and 500 U/mL) in WT

(left) and clone #1 isogenic ISG15-/- (right) samples.

In addition to the cell cycle assay, an analysis to detect activated apoptotic caspases 3

and 7 was carried out by FACS to explore if the amount of ISG15-/- cells gated in the subG1

phase were the result of an increase of apoptotic cells in ISG15 deficient cells. For this,

the Vybrant™ FLICA Caspase Apoptosis Assay Kit for flow cytometry (Invitrogen, V35118)

was used on WT and clone #1 ISG15 KO SiHa cells, untreated and treated with commer-

cial IFNα, following the suppliers protocol. This assay uses a fluorescent inhibitor of the

caspases that interacts with the enzymatic reactive centre of the activated caspases as an

affinity label. The green fluorescent signal, detected by FACS at excitation-emission peaks

of 488-525 nm, are a direct measure of the amount of active caspases present in the cells at

the moment the reagent is added, while the unbound reagent diffuses out of the cells and is

removed at the washing steps. Single particles were gated using the forward scatter (FSC)

and living cells were gated using the side scatter (SSC) as explained in subsection 4.3.1,

followed by determination of the percentage of fluorescent cells. Results presented in Fig-

ure 4.7 showed that the amount of apoptotic cells in the ISG15 deficient cells in clone #1

did not increase after the addition of IFNα, and neither it did as the concentration of IFN

increased. Only 1.4% of the single living cells gated were positive for activated caspases in

the untreated ISG15-/- sample, and 1.4%, 1.0% and 1.3% of the cells were positive in the

IFNα treated samples, 50 U/mL, 100 U/mL and 500 U/mL respectively. WT cells did not

reveal a significant difference between the samples either - 1.0% of the single living cells

gated were positive in the untreated sample, and 0.9%, 1.2% and 1.5% were positive as the

IFNα treatment increased.
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Figure 4.7: FACS analysis to detect activated apoptotic caspases 3 and 7 on IFNα treated and untreated WT

and clone #1 ISG15 KO SiHa cells using the Vybrant™ FLICA Caspase Apoptosis Assay Kit for flow cytometry

(Invitrogen, V35118). The FLICA fluorescent inhibitor interacts with the enzymatic reactive centre of the acti-

vated caspases as an affinity label, which is detected as a green fluorescent signal at excitation-emission peaks

of 488-525 nm. No significant differences were observed on ISG15 KO vs WT cells upon addition of IFNα, nor

as the treatment concentration increased.
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4.4.2 Cell growth analysis

As part of the investigations of the detected IFN dependant G1 phase arrest, a real time

cellular proliferation assay was carried out on wild-type and isogenic ISG15-/- SiHa cells

with and without IFN. Cells were grown in an Incucyte® Live-Cell Analysis System as de-

scribed in subsection 4.3.2. The same amount of cells were seeded per well, having tripli-

cates per condition, and magnified images were captured every 3 hours for around 5 days

(120 hours). Figure 4.8 shows a graph were each point reflects the average confluence

value of each of the triplicates in each cell line (WT or clone #1 ISG15-/-) and each con-

dition (untreated or treated with 50 U/mL, 100 U/mL or 500 U/mL commercial IFNα). It

can be observed that although the treatment did not make a difference in the growth rate

of the wild-type cells, knocked out cells showed a treatment dependant decrease in cell

proliferation over time. A significant difference starts getting noticeable after 40 hours,

when ISG15 deficient cells show a greater proliferation reduction the higher the dose of

IFN treatment. By the end of the experiment all wild-type cells grew to 85-90%, and while

the untreated knocked out cells also grow to around 84%, proliferation in treated cells de-

creased approximately a 10% as the IFN concentration increased (around 70% for cells

treated with 50 U/mL, 60% for those treated with 100 U/mL and 50% for the ones treated

with 500 U/mL). Interpreting these results along with the ones obtained from the cell cycle

analysis, the data suggests that the increase of cells observed in G1 phase could be due to

cell cycle arrest.

Figure 4.8: Real time cell proliferation assay in WT (left) and clone #1 isogenic ISG15-/- (right) samples as

the IFNα treatment increases (0 U/mL in lighter blue, 50 U/mL in darker blue, 100 U/mL in pink and 500

U/mL in purple). Cells were grown in an Incucyte® Live-Cell Analysis System for 5 days, having triplicates

per condition, and taking magnified every 3 hours. Each point represents the mean and standard deviation

of the estimated cell confluency (measured in percentage, Y axis) of each of the triplicates at each time point

(measured in hours, X axis). These results are representative of at least two experiments.
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4.4.3 Colony formation assays

SiHa cells

To further research the IFNα dependent cell growth arrest detected via cell cycle and

cell growth assays on clone #1 isogenic ISG15-/- cells, a clonogenic assay was performed

to analyse the capability of single cells to grow into colonies. Only 500 cells were seeded

per well, as described in subsection 4.3.3, and they were treated the following day before

leaving them to grow for 10 to 14 days. In order to test if the cells also became sensitive to

type II IFN, cells were also treated with IFNγ. Consistent with the results obtained in the

cell cycle and cell growth experiments. Upon fixing and staining the colonies, a significant

decrease in colony number as the IFNα treatment increased from x1 (1 U/mL) to x500 (500

U/mL) was observed when compared to the WT cells, which seem not to be affected by the

treatment (Figure 4.9). The effect of IFNγ on ISG15-/- cells, however, is not significantly

different to that seen in the WT cells, suggesting that the depletion of ISG15 only causes

sensitivity to IFNα and not IFNγ.

Figure 4.9: Colony formation assay on WT and clone #1 ISG15-/- SiHa cells, in duplicates for each condition

- untreated (upper row), IFNα treated (middle row) and IFNγ treated (lower row). x1 of treatment equals to

1 U/mL commercial IFNα and 0.2 ng/mL commercial IFNγ. These results are representative of at least two

experiments.

To verify these results and be able to quantify the colonies in each well, the experiment

was repeated and the dye in each well was dissolved as described in subsection 4.3.3 in

order to measure the absorbance, which directly correlates to the amount of dye in the

well, representing the number/size of the colonies. The results of this replica (shown in
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Appendix B) were consistent with the data from the first colony formation experiment and

also showed a significant sensitivity to IFNα of ISG15-/- cells, but not to IFNγ. Quantitative

measurement is shown in Figure 4.10, which confirms that the number of colonies formed

in ISG15-/- cells decreased as the IFNα increased.

Figure 4.10: Quantitative measurement of formed colonies in IFNα and γ treated WT and clone #1 isogenic

ISG15-/- SiHa cells. Colonies were destained with a 10% acetic acid solution and absorbance was read at 595

nm in each sample. The mean and standard deviation of each pair of duplicates are shown for each treatment

condition and concentration, where x1 of treatment equals to 1 U/mL IFNα and 0.2 ng/mL IFNγ. Error bars

equal to standard deviation. Linear regression statistical analysis performed on WT SiHa cells under different

IFN treatments revealed no significant difference between untreated and IFNα treated samples (p-value >

0.05), and a significant difference between WT and IFNγ treated samples (p-value< 0.0001). Analysis on ISG15

KO SiHa cells revealed a significant difference between WT and IFNα (p-value< 0.0001) and between WT and

IFNγ treated samples (p-value < 0.0001). Complete analysis results are available in Table B.1 and Table B.2.

To ensure that the observed phenotype occurred due to the lack of ISG15 and not due

to off-target editions caused as a consequence of the failed insertion of the V5 tag in clone

#1, colony formation assays were performed in another four successful ISG15-/- clones -

#3, 4, 9, and 10. As seen in Figure 4.11 and Figure 4.12, all of the clones had an increased

sensitivity to IFNα when compared to the WT, although clone #4 seems to be much more

resistant than the other three. Interestingly, immunoblots for this clone showed ISG15
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expression to be below the detection threshold and the allele screen by PCR described in

chapter 3 did not detect silent mutations in any of the four edits identified, all of which

should result in truncated expression.

Figure 4.11: Colony formation assay on SiHa WT and ISG15KO clones #3, 4, 9, and 10 in duplicates for each

condition. Upper row of each cell line is untreated, while the lower one is treated with increasing concentra-

tions of commercial IFNα where x1 equals to 1 U/mL. These results are representative of at least two experi-

ments.
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Figure 4.12: Quantitative measurement by absorbance reading of formed colonies in untreated and IFNα

treated SiHa WT and ISG15 KO clones #3, 4, 9 and 10. Colonies were destained with a 10% acetic acid so-

lution and absorbance was read at 595 nm in each sample. The mean and standard deviation of each pair

of duplicates are shown for each treatment condition and concentration, where x1 of treatment equals to 1

U/mL IFNα. Linear regression statistical analysis performed on untreated and IFNα treated SiHa samples

revealed no significant difference between untreated and IFNα treated WT samples (p-value = 0.2657), and a

significant difference between untreated and IFNα treated samples in all clones (p-value< 0.0001). Complete

analysis results are available in Table B.5, Table B.6, Table B.7, Table B.8 and Table B.9.

Altogether, the data presented here suggests that the lack of ISG15 in SiHa cells does

indeed cause a significant dose dependent IFNα sensitivity that results in cell growth arrest

at G1 phase.

GSC cells

To test if the sensitivity to IFN upon deletion of ISG15 was observed in SiHa cells is

more generally applicable, GSC cells were selected since, as discussed in subsection 1.3.2,

the IRDS has been shown to be upregulated in a high percentage of glioblastoma samples

(see Figure 1.13) ISG15 being one of the top overexpressed genes, which is linked to treat-
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ment resistance. Single cell sorted ISG15-/- GSC clones (obtained using the same double

gRNA approach used to obtain ISG15 KO SiHa clones #3, 4, 9 and 10) were used for colony

formation assays. As in the assays performed on SiHa cells, 500 cells were seeded per well,

which turned out to be a too low confluence for GSC cells. Due to their morphology, these

cells are harder to dye than the SiHa cells, and grow much slower especially at very low

confluences. Even though results presented in Figure 4.13 show very few lightly stained

colonies, it can be observed that the IFNα ISG15 KO clones #1, 2 and 3 are much more

sensitive to the treatment than the WT GSC cells. In this case, quantification by dissolu-

tion with acetic acid was not successful due to the low number of colonies and the weak

staining of the cells.

Figure 4.13: Colony formation assay on WT and ISG15 KO GSC clones #1, 2 and 3 untreated and treated with

commercial IFNα in duplicates for each condition. Upper row of each cell line is untreated, while the lower one

is treated with increasing concentrations of IFNαwhere x1 equals to 1 U/mL. GSC cells grow much slower than

SiHa cells, specially when seeded at very low confluences, and are also harder to dye due to their morphology.

Seeding only 500 cells per well resulted in a low amount of colonies with a very faint staining, but the sensitivity

of the ISG15 KO clones can still be appreciated when compared to the WT cells. Quantification by dissolution

with acetic acid was not successful due to the weak dying of the cells. This mistake was amended in subsequent

clonogenic assays performed with GSCs.

While the GSC clones were expanded from single cells, the entire edited GSC pool was

also tested by immunoblot. The editing efficiency of the double gRNA approach was good

enough to ensure ISG15 expression levels below detection threshold by immunoblotting,

even when loading large amounts of protein lysate (up to 50 µg). The ISG15 deficient het-

erogeneous cell pool was used to perform new clonogenic assays, this time seeding 1000

cells per well and monitoring cell growth on the microscope after 10 days. A series of se-

creted recombinant IFNα subtypes (1, 2, 4, 5, 6, 7, 8, 10, 14, 16, 17 and 21) were used in order

to test if the ISG15 deficient cells were equally sensitive to each of the subtypes. These IFNs

were kindly provided by my colleague Ashita Singh, who expressed them in HEK293 cells
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using a mammalian expression system and collected the secreted protein in DMEM me-

dia. Final concentrations of 0.3 ng/mL, 0.9 ng/mL and 3 ng/mL were achieved by adding 1

µL, 3µL and 10µL of the media containing the secreted IFNs to each well containing 1 mL

of standard media. As seen in Figure 4.14, the new seeding confluence led to much bet-

ter colony formation rate and subsequent cellular staining than the ones obtained when

seeding only 500 cells. This aided the appreciation in the subtle differences between the

effects of the different IFNα subtypes. The higher concentrations of some of the most ac-

tive ones greatly inhibited cell growth even in the WT cells, such as IFNα8, 10 and 14, while

the least active ones turned out to be IFNα1 and 21.

Figure 4.14: Colony formation assay on WT and ISG15-/- GSC mixed population pools untreated and treated

with different secreted IFNα subtypes with triplicates of each condition. First row of each group represents an

example well of the untreated samples, while second to fourth rows represent an example well of the treated

wells. 1, 3 and 10 µL treatments translate to final concentrations of 0.3 ng/mL, 0.9 ng/mL and 3 ng/mL re-

spectively.

Seeding inaccuracies and differences in cell growth rate could led to different densities

even in untreated KO vs WT wells, making the comparison between the IFNα effect in WT

vs KO more difficult specially on the samples treated with the most active subtypes. To

overcome this issue, the mean absorbance of each triplicate treated sample (0.3, 0.9 and 3

ng/mL) was divided by the mean absorbance of the triplicate untreated sample. This way,

a ratio between the untreated baseline and each treated sample was obtained in both WT

and KO in each IFNα subtype group. Plotting these ratios together, when the untreated

ratio of both cell lines is 1 (untreated baseline/untreated baseline) made the comparison

of the effect of each different interferon in WT vs KO much easier (Figure 4.15).
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Figure 4.15: Treated sample to untreated baseline (triplicates’) mean absorbance ratios for each treatment

concentration on GSC ISG15 KO mixed population pools treated with IFNα subtypes. These absorbances

were obtained at 595 nm after dissolving the colony formation assays shown in Figure 4.15. The untreated

ratio in both WT and KO samples is 1 (the triplicate’s mean absorbance of the untreated baseline divided by

the triplicate’s mean absorbance of the untreated baseline), making comparison between the effect of each

IFNα subtype in the WT and ISG15 KO GSC cell lines easier.
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Caki-1

In collaboration with Dr. Christine Tait-Burkard and Alison Daniels (see subsec-

tion 3.4.3), the generated ISG15 KO mixed population Caki-1 pool was also used to further

test if the growth sensitivity to IFNα observed in ISG15 KO SiHa and GSC cells was consis-

tent across other cancer model cell lines. The use of IFNα14, one of the most active IFNα

subtypes (Figure 4.15), was requested by collaborators. Results seen in Figure 4.16a show

that indeed, the ISG15 KO mixed population pool was more sensitive to IFNα than the WT

Caki-1 cells. The absorbance readings after dissolving the stained colonies and the treated

sample to untreated baseline ratios are shown in Figure 4.16b, quantitatively confirming

the sensitivity of the ISG15 KO cells.

(a) (b)

Figure 4.16: a) Colony formation assay on the Caki-1 WT and ISG15 KO mixed population cells treated with

1, 3 or 10 µL secreted IFNα14, resulting in an approximate final concentration of 0.3 ng/mL, 0.9 ng/mL and 3

ng/mL. Each condition was plated in technical triplicates. b) Quantification of the colony formation assay by

stain dissolution and absorbance reading at 595 nm. Upper graph shows the mean absorbance of each con-

dition’s triplicates. The error bars equal to standard deviation. The lower graph shows the absorbance ratios

of each treated sample to the untreated baseline (using the mean absorbance of each triplicated condition).

4.4.4 Restoring the expression of ISG15 in isogenic cell lines

After confirming the sensitivity of ISG15 KO cells to IFNα in three different cancer

model cell lines, the reinsertion of ISG15 in the genome of knocked out cells was attempted

to test if the resistance to IFNαwas rescued once the expression of ISG15 was restored. To
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this end, ISG15 KO SiHa clone #1 was first selected for transfection with pT-REX-Dest30

plasmids containing V5 tagged wild-type (WT) and mutated ISG15 (AA), as described

in subsection 4.3.4. Positively transfected cells that had integrated the plasmid in their

genome were selected using Geneticin for 3 to 4 weeks, as described in subsection 4.3.4.

The control plates containing the untransfected and GFP transfected cells died at day 6. An

additional control was generated by transfecting the cells with the pT-REX-Dest30 empty

vector (EV). Expression of the stable cell lines was validated by immunoblotting with and

without IFNα treatment. For this, protein from the same samples was loaded in two dif-

ferent SDS-PAGE gels, resulting in two identical membranes. One of these was blotted for

ISG15 and the other one was blotted for V5. Figure 4.17 shows that the cell lines generated

with pT-REX-Dest30 WT and AA successfully expressed ISG15 even in the absence of IFN

treatment. As expected, the cell lines generated with the empty vector did not show any

ISG15 expression. Thanks to the higher affinity of the V5 antibody, a protein ladder can

be seen in the line corresponding to the samples transfected with the wild-type version

of ISG15, showing that it is capable of ISGylating. The absence of a protein ladder in the

samples generated with the mutated cDNA proved that the expressed ISG15 was incapable

of conjugating to other proteins. Although both the ISG15 variants were expressed regard-

less of treatment, it can be observed that the intensity of the ladder in the treated wild-type

sample is slightly higher in the IFN treated samples.

Figure 4.17: Immunoblots on stable cell line generated by transfecting pT-REX-Dest30 plasmids containing

cDNA encoding ISG15 on isogenic ISG15-/- SiHa clone #1. Two different cell lines were generated by transfect-

ing the cells with cDNA encoding wild-type ISG15 (WT) and a mutated version of ISG15 incapable of ISGy-

lating (AA). An additional control cell line was generated by transfecting the cells with the pT-REX-Dest30

empty vector (EV). Equal amounts of protein (40 µg) from whole cell lysate were loaded per lane in two

15% SDS-PAGE gels followed by immunoblotting. One of the membranes (left) was developed using anti-

ISG15 antibody (Santa Cruz Biotechnology (#166755) at 1:1000 in milk) followed by anti-β-actin antibody

(Sigma (#A2228) at 1:1000 dilution) and the other one (right) was developed using anti-V5 antibody (Abcam

(#ab27671) at 1:1000 dilution) followed by anti-β-actin antibody (Sigma (#A2228) at 1:1000 dilution). IFNα

treatment concentration was 100 U/mL in all treated samples for 24 hours.
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Once wild-type and mutated ISG15 expression was validated by immunoblotting in

clone #1, the three stable cell lines (empty vector (EV), wild-type (WT) and mutated (AA))

were used for a colony formation assay in the presence of Geneticin (800 µg/mL), treating

the cells with IFNα14. This subtype was selected for a preliminary study due to its higher

activity level (Figure 4.15). Results in Figure 4.18 show that the recovery of ISG15 in the

ISG15-/- did not rescue any resistance to IFNα14.

Figure 4.18: Colony formation assay on validated stable cell lines expressing wild-type and mutated ISG15.

The stable cell lines were generated transfecting clone #1 with the pT-REX-Dest30 empty vector (EV), used as

a control, and the same vector containing cDNA for a wild-type ISG15 (WT) and a mutated version of ISG15

(AA) incapable of ISGylating. Cells were grown in media containing 800 µg/mL Geneticin and treated with 1,

3 or 10 µL secreted IFNα14, resulting in an approximate final concentration of 0.3 ng/mL, 0.9 ng/mL and 3

ng/mL. Each condition was plated in technical triplicates.

Since the knocking out of ISG15 in clone #1 was the result of the off-target effect of a

failed tag insertion, the generation of a new range of stable cell lines was attempted using

an ISG15-/- clone whose edits had been characterised. For this, ISG15 KO clone #10 was

selected. Following the same method described in subsection 4.3.4, three new cell lines

(EV, WT and AA) were obtained from the transfection and selection of clone #10. Again,

expression of ISG15 was confirmed by immunoblotting using anti-ISG15 and anti-V5 an-

tibodies (see Figure 4.18), and the higher affinity of the V5 antibody allowed the detection

of ISGylated proteins in the WT cell line regardless of IFN treatment.
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Figure 4.19: Immunoblots on stable cell line generated by transfecting pT-REX-Dest30 plasmids containing

cDNA encoding ISG15 on isogenic ISG15-/- SiHa clone #10. Two different cell lines were generated by trans-

fecting the cells with cDNA encoding wild-type ISG15 (WT) and a mutated version of ISG15 incapable of IS-

Gylating (AA). An additional control cell line was generated by transfecting the cells with the pT-REX-Dest30

empty vector (EV). Equal amounts of protein (50 µg) from whole cell lysate were loaded per lane in two 15%

SDS-PAGE followed by immunoblotting. The membranes was developed using anti-ISG15 antibody (Santa

Cruz Biotechnology (#166755) at 1:1000 in milk) followed by anti-β-actin antibody (Sigma (#A2228) at 1:1000

dilution). IFNα treatment concentration was 100 U/mL in all treated samples.

Once wild-type and mutated ISG15 expression was validated by immunoblotting in

clone #10, the three stable cell lines (empty vector (EV), wild-type (WT) and mutated (AA))

were used for colony formation assays. Although IFNα14 had been chosen before due to

its high activity level, its potent growth inhibitory properties also affect the growth of wild-

type cells fully expressing ISG15. In order to be able to better discern the effect caused in

WT vs ISG15 KO cells, another two subtypes were selected to make sure that the results

shown in Figure 4.18 were not just the effect of IFNα14 being excessively active. At the

same time, SiHa WT and clone #10 cells were used as control. Results in Figure 4.20 show

that indeed, the recovery of the ISG15 expression in the ISG15-/- clone #10 did not rescue

the resistance to any of the three IFNα subtypes tested, regardless of the ability of ISG15

to conjugate. To compare the effect of each subtype on each of the stable cell lines and

the controls, the stain in the colonies was dissolved using a 10% acetic acid solution and

absorbance was measured at 595 nm. As before, the treated sample to untreated baseline

ratios were calculated and plotted, using the mean absorbance of the triplicated samples

(Figure 4.20b).
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(a) (b)

Figure 4.20: Colony formation assay on stable cell lines generated on clone #10 expressing wild-type and mu-

tated ISG15, treated with secreted IFNα2, 14 and 16. The stable cell lines were generated transfecting clone

#10 with the pT-REX-Dest30 empty vector (EV), used as a control, and the same vector containing cDNA for

a wild-type ISG15 (WT) and a mutated version of ISG15 (AA) incapable of ISGylating. a) Cells were grown

in media containing 800 µg/mL Geneticin and treated with 1, 3 or 10 µL (final concentration of 0.3 ng/mL,

0.9 ng/mL and 3 ng/mL respectively) of either secreted IFNα2, IFNα14 or IFNα16. SiHa WT and untrans-

fected clone #10 cells were used as controls. Each condition was plated in technical triplicates. b) The stained

colonies were dissolved in a 10% acetic acid solution and the absorbance was read at 595 nm. The treated

sample to untreated baseline ratios were calculated and plotted, using the mean absorbance of the triplicated

samples, for easier comparison of the effect of each IFNα subtype in the controls vs the stables.

Finally, because most of the initial experiments and clonogenic assays were performed

with commercial IFNα2, a last set of colony formation assays were performed in both sta-

ble cell line groups (generated from clone #1 and generated from clone #10) to confirm that

the recovery of the expression of ISG15 does not rescue the resistance to IFNα. As seen in

Figure 4.21 and Figure 4.22, the recovery of the expression of ISG15, both in its wild-type

and mutated forms, does not rescue the resistance to IFNα observed in the SiHa WT cells

(see Figure 4.9 and Figure 4.11).
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Figure 4.21: Colony formation assays on stable cell lines generated on clone #1 expressing wild-type and

mutated ISG15 treated with commercial IFNα2. The stable cell lines were generated transfecting clone #1

with the pT-REX-Dest30 empty vector (EV), used as a control, and the same vector containing cDNA for a

wild-type ISG15 (WT) and a mutated version of ISG15 (AA) incapable of ISGylating. a) Upper row of each cell

line is untreated, while the lower one is treated with increasing concentrations of commercial IFNα where

x1 equals to 1 U/mL, with each condition plated in duplicates. b) The stained colonies were dissolved in a

10% acetic acid solution and the absorbance was read at 595 nm. The mean and standard deviation of each

pair of duplicates are shown for each treatment condition and concentration. Linear regression statistical

analysis performed on untreated and c.IFNα2 treated EV, WT and AA stable cell lines in clone #1 showed highly

significant differences between the samples (p-value < 0.0001). Complete analysis results are available in

Table B.10, Table B.11 and Table B.12.
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Figure 4.22: Colony formation assays on stable cell lines generated on clone #10 expressing wild-type and

mutated ISG15 treated with commercial IFNα2. The stable cell lines were generated transfecting clone #10

with the pT-REX-Dest30 empty vector (EV), used as a control, and the same vector containing cDNA for a

wild-type ISG15 (WT) and a mutated version of ISG15 (AA) incapable of ISGylating. a) Upper row of each cell

line is untreated, while the lower one is treated with increasing concentrations of commercial IFNα where

x1 equals to 1 U/mL, with each condition plated in duplicates. b) The stained colonies were dissolved in a

10% acetic acid solution and the absorbance was read at 595 nm. The mean and standard deviation of each

pair of duplicates are shown for each treatment condition and concentration. Linear regression statistical

analysis performed on untreated and c.IFNα2 treated EV, WT and AA stable cell lines in clone #10 showed

highly significant differences across the samples (p-value < 0.0001). Complete analysis results are available

in Table B.13, Table B.14 and Table B.15.

4.5 Discussion

The results presented in this chapter suggest that ISG15 is related with cellular resis-

tance to the anti-proliferative properties of IFNα. The results of the cell cycle experiments

combined with the real-time growth assays performed on SiHa WT and ISG15-/- cells show
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that this is due to a significant IFNαdose dependant G1 cell cycle arrest, with a consequent

inversely proportional decrease in the percentage of cells in S phase. Seeing these results

(Figure 4.6), it would be expected that G2/M also showed the same escalated decrease as

the concentration of the treatment increased, but this is not as noticeable as in G1 and S

phases. It could be argued that some of the cells could not bypass the S checkpoint and

died before entering G2/M, resulting in an increased number of cells in the subG1 phase.

However, the increased amount of cells in subG1 phase in ISG15-/- cells when compared to

WT cells does not follow the steady and directly/inversely proportional shift observed in

the G1 and S phases respectively. Results of the detection of activated apoptotic caspases

showed no significant increase or IFN dependent change on the number of apoptotic cells

in ISG15 deficient cells compared to the WT cells, suggesting that the results observed in

the subG1 gating of the ISG15-/- are not caused by the depletion of ISG15 or the increase of

IFN concentration. The percentage of apoptotic cells in all the samples analysed for acti-

vated caspases 3 and 7, regardless of cell line or treatment, ranged between 0.9% and 1.5%.

Although the WT cells showed a slight steady increase of apoptotic cells of 0.3% as the IFNα

treatment increased, results from cell proliferation, cell cycle and colony formation assays

suggest that this increase is not significant and more likely to be a casualty, since no differ-

ence was appreciated in the WT cells across treated samples in any of these assays. These

results are consistent with the subG1 gating in the cell cycle assay, which showed simi-

lar percentages with 1% of the cells falling in this gate in the untreated WT sample, and

0.8%, 1.4% and 1.2% of the cells being in the subG1 gate as the treatment increased (50

U/mL, 100 U/mL and 500 U/mL respectively). Results by Rosewicz et al. (2004), who stud-

ied the effect of IFNα on the proliferation of WT human neuroendocrine tumour cell lines,

show the same dose dependant cell growth inhibition seen in the experiments presented

in this chapter. They treated WT QGP1 and BON cells with 100, 500 and 1000 U/mL IFNα,

concentrations very similar to the ones used here (50, 100 and 500 U/mL). Similarly, Pinto-

Fernandez et al. (2021) analysed cell growth rate of USP18-/- HAP1 cells (derived from hu-

man chronic myelogenous leukaemia cell line) with and without IFNα treatment (1000

u/mL) and described very similar results to the ones presented here. While both the WT

and USP18-/- cells showed the same growth rate when untreated, IFN treatment resulted in

a significant growth rate decrease in USP18-/- cells, but not in WT cells. This suggests that

the responsible for the phenotypes described in this chapter is the loss of ISG15 and the

subsequent instability of USP18, resulting in the amplification of the IFN pathway. Though

the antiproliferative effects of IFNα have been widely described, the data presented here

shows that IFN resistant cancer cell lines could benefit from ISG15 and USP18 targeting

drugs to re-sensitise cells to treatment.

Effects of ISG15 in cellular proliferation were described by D’Cunha et al. in 1996, when

they tested if the addition of ISG15 to B-depleted peripheral blood lymphocytes promoted

proliferation. Their results suggested that addition of human ISG15 increased cell pro-



Chapter 4 - Identification of phenotypic differences between wild-type and ISG15-/- cells
in cancer cell models 104

liferation in a dose dependant manner, while the use of antibodies specifically targeting

ISG15 or heat denaturing the added ISG15 resulted in the proliferation level going back

to the baseline levels. Further research showed that this increase was mainly the result of

expansion of NK cell levels, recording no significant proliferation level in T cells, but they

did not further research the mechanistic origin of these events and their relation with the

cell cycle progression. More recent work by Vuillier et al. (2019) suggests that ISG15 and

USP18 have an important role in regulating SKP2, the substrate recognising subunit of a

larger E3 ligase complex (known as SCFSKP2), responsible of promoting the entry of cells

into S phase by targeting several elements that negatively regulate cell cycle progression.

According to their results, these three proteins form a three way regulating pathway: SKP2

is capable of targeting USP18 for its degradation, free ISG15 is capable of interfering in this

interaction binding to USP18, which destabilises SKP2 and accumulates USP18, and over-

expressing ISG15 results in SKP2 (which they also proved can be weakly ISGylated) being

more prone to proteasomal-mediated degradation. They showed that the levels of both

ISG15 and USP18 were highest at G1 to S phase and decreased as cells progressed to G2/M,

but when analysing USP18-silenced cells they arrested at G1, also had a reduced level of

SKP2 and presented twice to three times the level of apoptotic cells compared to the con-

trols. After rescuing USP18, expression of SKP2 increased again, showing that USP18 has a

key role on cell cycle progression stabilising SKP2. Having shown that free ISG15 is capable

of stabilising and accumulating USP18, they concluded that that the level of these two pro-

teins in the cell are a key elements in the determination of the reduction of SKP2, and thus

in cell cycle progression. Consistent with the results presented here, they reported that

the silencing by siRNA of either ISG15 or USP18 (independently) lowered the expression

of SKP2 under IFNβ treatment, which would result in G1 arrest. It would be interesting to

check the levels of SKP2 on ISG15 deficient cells with and without IFN type I treatment to

further research if it is involved in the mechanistic of the G1 arrest presented in ISG15-/-

SiHa cells upon IFNα treatment.

G1 arrest resulting from the silencing of USP18 had been described before - Cai et al.

(2017) observed that human hepatocellular carcinoma cells showed a significant prolifer-

ation reduction when transfected with shRNA targeting USP18, while overexpression pro-

moted proliferation. Further investigation unveiled that the silencing of USP18 lead to cell

cycle arrest at G1 and increased the number of apoptotic cells. The difference in the level

of apoptotic cells following cell growth arrest in USP18-/- and ISG15-/- cells could be due

to an ISG15-independent role for USP18. To check this, the levels of activated caspases

could be analysed in WT and ISG15 KO cells with and without siRNA targeting USP18,

or knocking out USP18 in already ISG15 knocked out cells. Upregulation of both ISG15

and USP18 in liver tissue samples has been repeatedly observed in patients with chronic

hepatitis C virus (HCV) infections that do not respond to IFN based therapies (Chen et

al., 2011). Chen et al. (2005) used gene expression profiling to study liver biopsy samples,
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taken before treatment, to be compared between responders and non-responders. Us-

ing this method, they were able to identify 18 genes whose expression significantly varied

between the two groups, most of which were IFN responsive genes. Further analysis iden-

tified a subset of these that allowed treatment response prediction in 30 of 31 patients,

regardless of their viral load, disease activity, or fibrosis state, which included ISG15 and

USP18. Further studies of this team (Chen et al., 2010; Li et al., 2019) led to the conclusion

that the upregulation of these two proteins results in non-responsiveness to IFNα treat-

ment, with USP18 working in an isopeptidase-independent manner. Interestingly, cases

in which the ISGylation of specific substrates enhances the tumour suppressive activity

of type I IFN have been described. Yoo et al. (2018) demonstrated that ISG15 is capable

of conjugating to the carboxyl terminus of Hsp70-interacting protein (CHIP) upon IFNα

treatment, an E3 ligase with an important role in protein homeostasis. They proved that in

A549 lung cancer cells the ISGylation of CHIP stimulates its activity, resulting in decreased

levels of c-Myc due to increased ubiquitination and thus inhibiting tumour growth, which

contrasts with the results shown in this chapter.

Human IFNα has 13 subtypes, all of which have similar sequences and structures and

bind through the type I IFN receptor IFNAR. Nevertheless, the different subtypes have

been shown to trigger different biological responses, which could be explained by the fact

that each of them bind to the receptor subunits with different affinities and activating sub-

tly different downstream signalling cascades (Gibbert et al., 2013). Lavoie et al. (2011) anal-

ysed the binding affinities, antiviral and anti-proliferative activities of the human IFNα

subtypes and compared them to the conventionally used IFNα2, revealing that IFNα7, -α6,

-α17 and -α10 bind with higher affinity to IFNAR2 than IFNα2, and -α5 and -α21 bind with

weaker. When analysing the affinities towards IFNAR1, all of them bind with higher affin-

ity than IFNα2 except -α10 and -α17. They could not accurately determine the binding

affinity of IFNα1 because of the affinity was weak, and unsurprisingly resulted in it being

the one with weaker antiviral and anti-proliferative activities. They also showed that the

binding affinity was related with the anti-proliferative activity of each subtype, conclud-

ing that IFNα1 had the weakest activity and IFNα14 the highest, but not with the antiviral

activity. The difference in receptor binding affinity can be appreciated in the colony for-

mation assays presented in Figure 4.14. Consequent with the results presented by Lavoie

et al., IFNα1 and -α21 are the subtypes with weakest anti-proliferative properties, while

IFNα8, -α10 and -α14 have the highest. It must be born in mind that when very active

IFN subtypes like these completely arrested cell growth in both WT and KO wells (espe-

cially in those treated with higher volumes of IFN), the ratio of these samples divided by

the baseline absorbance would result in the same value. In these cases, the ratios of sam-

ples treated with lowest concentration are the most informative ones. Different type I IFNs

can result in different ISG15 expression levels even though they signal through the same

receptor, as demonstrated by Kunzi & Pitha who showed that the expression of ISG15 was
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indeed higher after treating peripheral blood mononuclear cells with IFNω rather than

with IFNα2. Thus, it would be of interest to analyse the expression level of ISG15 upon

treatment with the different IFNα subtypes.

In order to confirm that the absence of ISG15 is indeed the cause of the sensitivity to

IFNα observed in SiHa, GSC and Caki-1 cells, as suggested by the evidence provided in this

chapter, the restoration of the ISG15 expression was attempted, and expression recovery

was confirmed by immunoblot. The protein ladder observed in the stable cell lines gener-

ated by transfecting WT ISG15 cDNA (Figure 4.17 and Figure 4.19), which are absent in the

EV and AA samples, suggest that the expressed WT ISG15 is able of successfully conjugate

to other proteins, while the mutated version is not. Even though expression of WT ISG15

capable of ISGylating has been restored in two different ISG15-/- cell lines (clone #1 and

#10), the resistance to IFNα presented in SiHa WT cells was not rescued. Figure 4.18, Fig-

ure 4.20, Figure 4.21 and Figure 4.22 all show that the stables cell lines generated transfect-

ing WT ISG15 cDNA did not rescue the resistance to IFNα, nor did the ones generated by

transfecting mutated ISG15 cDNA. Having proven that the restored ISG15 is indeed capa-

ble of conjugating to other proteins and the resistance to IFNα is still not rescued, it could

be hypothesised that the ISGylating role of ISG15 is not involved in the resistance to IFNα,

which is rather mediated by the free ISG15. Since the activity of the free ISG15 could not be

confirmed in the experiments presented in subsection 4.4.4, it cannot be confirmed that

this role is restored in the stable cell lines generated on clone #1 nor #10. Although the V5

tag is a very small peptide of only 14 residues, its presence in the N-terminus of the ISG15

cDNA could be sufficient to impair the proper folding of the protein or to interfere with

the binding sites required to trigger the resistance phenotype. As detailed in section 1.3,

Swaim et al. (2017) identified the key surface residues required for the free ISG15 to inter-

act with NK cells to trigger the induction and secretion of IFNγ, all of which were on the

C-terminal lobe of ISG15. However, later in 2020, the same group studied which residues

were critical for the cellular secretion of ISG15, finding that at least L72, S83 and L85 are

essential for this role (Swaim et al., 2020). As seen in Figure 4.23a, S83 and L85 are located

in the C terminal lobe of ISG15, while L72 is in the N-terminal lobe. The first 9 amino acids

of the ISG15 sequence (MGWDLTVKM) are shown in blue to illustrate the proximity of the

N-terminal, where the V5 tag would be, to one of the residues essential for the secretion of

ISG15 - L72. Figure 4.23b shows a potential interaction between K8 on the first β-strand

and L72. If the insertion of the V5 tag resulted in such missfolding or in the blockade of an

important binding site in the N-terminal lobe that prevented its recognition by the bind-

ing proteins involved in translating the ISG15 signal, it could impair the function of the

free ISG15 without affecting its ability to conjugate to other proteins. Technology to pre-

dict protein folding has come very far in the last couple of years. Artificial intelligence like

the one found in neural network-based models such as AlphaFold can successfully pre-

dicting the three dimensional structure that a protein would take, based exclusively on
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its amino acid sequence (Jumper et al., 2021). AlphaFold includes over 360,000 predicted

structures across the proteomes of many different model organisms, but it does not ac-

cept external sequences to predict their folding at the moment (Varadi et al., 2022). Such

technology could be used to predict if the insertion of the V5 tag in the N-terminus of the

ISG15 sequence affects its folding, or if it blocks any particular site. Another possibility

is that having removed the introns from the transfected cDNA, some essential regulatory

elements had been altered, affecting the way free ISG15 works. At the same time, must be

borne in mind that when the cDNA is transfected into the cells, the exact location in the

genome where it gets reinserted cannot be predetermined, which could also have an effect

in how this protein and its expression get regulated.

(a)

(b)

Figure 4.23: Identification of the surface residues of ISG15 required for its secretion and the potential interac-

tion between K8 and L72 in ISG15 (PDB 1Z2M). a) ISG15 structure highlighting the surface residues required

for its secretion identified by Swaim et al. (2020) (L72 in the N-terminal lobe and S83 and L85 in the C terminal

lobe, shown in red), and the first 9 amino acids (shown in blue) to illustrate the proximity of the N-terminal

(where the V5 tag is in the cDNA used for expression restoration) from one of the residues essential for secre-

tion. b) Potential interaction between K8 in the N terminal and L72, a residue critical for ISG15 secretion, to

demonstrate how the disruption of the correct folding of the N-terminal could potentially affect the secretion

and role of free ISG15 without affecting its ISGylating capacity.
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The inability to restore phenotypes observed in cell-lines expressing WT ISG15 in

ISG15-/- has previously been described. As mentioned in subsection 1.3.2, Alcalá et al.

(2020) knocked out ISG15 from pancreatic cancer stem cells after proving that ISG15 pro-

motes self-renewal, migration, and tumorigenesis in these cells, properties that were mit-

igated in the KO cell line. However, treatment of the cells with free recombinant ISG15 did

not rescue these phenotypes nor the ISGylation capacity, suggesting that conjugated and

not free extracellular ISG15 was responsible for the phenotypes they were studying. They

were able to support this hypothesis with partial restoration of the tumourgenic potential

of one of the cell lines used through the overexpression of intracellular ISG15 transfecting

a V5-tagged ISG15 construct. Although further research would be required to elucidate

what is the reason for the failed phenotype recovery in the experiments presented in this

chapter, the fact that it has been identified in multiple cell lines suggest that the loss of

ISG15 is the responsible for the increased sensitivity to IFN.



Chapter 5

Analysis of the proteomic landscape

of ISG15-/- cervical cancer cells

employing isotopically labelled

amino acids in cell culture (SILAC)

5.1 Introduction

Mass spectrometry (MS) is an analytical technique used to measure the mass to charge

ratio of different ions, which allows for the identification of fragments of thousands

of different proteins within a complex biological sample, thanks to genome sequence

databases. This powerful technique, developed in the 1990s, revolutionised proteomic

analysis in the field of biology. From analysing and identifying gel separated proteins

(Lahm & Langen, 2000) to identifying protein-protein interactions (Ewing et al., 2007), the

coupling of mass spectrometry to different techniques opened a new era for the field.

First described in the early 2000s, stable isotope labelling by amino acids in cell cul-

ture (SILAC) is a MS-based technique in which growth medium containing specific stable

isotope labelled amino acids is used to culture cells (Ong et al., 2002; Ong & Mann, 2006).

As shown in Figure 5.1, cells incorporate these amino acids into proteins during synthesis,

leading to an ultimate protein-mass slightly higher to that in the same protein synthesised

using common (light) medium containing natural isotopes. The complete labelling of the

proteome is achieved after five cell doublings in labelled media. When these proteins get

digested, the fragmented peptides can be precisely identified using MS, allowing separa-

tion of proteins synthesised exclusively with light media and proteins synthesised with la-
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belled media. This allows for a comparative proteomic approach, in which one particular

sample is grown with light media and another one is grown with labelled media and, after

collecting the cells, the samples can be mixed and analysed together. Adaptations from the

standard technique lead to different variants of SILAC, such as pulse SILAC (pSILAC) and

dynamic SILAC (Figure 5.2). While the standard SILAC technique mixes the population

of two samples, labelled and unlabelled, to analyse the relative changes in protein levels,

pSILAC allows the comparison of the relative changes in protein synthesis by growing pre-

viously unlabelled cells in two different labelled medias (medium and heavy) before the

analysis. Dynamic SILAC, on the other hand, collects samples at different timepoints af-

ter changing the media from unlabelled to labelled (or vice versa) to analyse the protein

turnover by determining the degradation and synthesis times.

Figure 5.1: Protein labelling mechanism with SILAC, edited from Ong & Mann (2006). Cells growing in com-

mon light media containing natural isotopes are subcultured in heavy media containing stable isotope la-

belled lysine residues. As cellular reservoir of light lysine gets exhausted, heavy lysine is picked up from the

media for metabolic incorporation into newly synthesised proteins, resulting in the spread of the heavy label

throughout the proteome. The mass shift in the digested fragmented peptides can be precisely analysed my

mass spectrometry, distinguishing and identifying the proteins with the isotope-labels.
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Figure 5.2: Different variants of the SILAC technique for cellular proteomic analysis, by Prof. Matthias Selbach

(Max Delbrück Center for Molecular Medicine, Berlin). The standard SILAC technique mixes the population of

two samples, labelled and unlabelled, to analyse the relative changes in protein levels. Pulse SILAC (pSILAC)

allows the comparison of the relative changes in protein synthesis by growing previously unlabelled cells in

two different labelled medias (medium and heavy) before the analysis. Dynamic SILAC collects samples at

different timepoints after changing the media from unlabelled to labelled to analyse the protein turnover by

determining the degradation and synthesis times.

One of the earliest examples of the application of this powerful technique can be found

in the work published by Everley et al. (2004), in which they used standard SILAC to com-

pare the protein expression levels of a prostate cancer cell line with high metastatic poten-

tial (PC3M-LN4) and another one with low metastatic potential (PC3M). Out of the nearly

1000 proteins they identified, they were able to confidently compare the expression lev-

els of 440 proteins across the two cell lines, 60 of which were overexpressed in PC3M-LN4

by over three-fold compared to PC3M, and 22 were significantly downregulated. Further

analysis along with technique and software optimisations resulted in a much higher quan-

tification rate of proteins distinctly expressed between the cell lines (Everley et al., 2006).

One explanation for this significant increase between the first and second study is the use

of a double labelling approach. While only heavy labelled lysate amino acids were used in

the first study, they decided to use both arginine and lysine isotopic variants for the second

study, resulting in a much greater number of identified and quantified proteins. This ap-

proach allowed them not only to identify possible biomarkers for metastasis and progres-

sion but also potential metastasis suppressor candidates (absent proteins in PC3M-LN4).
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Schwanhäusser et al. (2009) developed the pSILAC variant to measure and compare

protein translation rates between samples. To test the technique, they compared it against

the firefly luciferase reporter assay commonly used to analyse gene expression at the tran-

scriptional level. For this, they used cervical cancer Hela cells with a luciferase gene

under control of tetracycline responsive promoter, heavy media (containing 13C6
15N4 L-

arginine and 13C6
15N2 L-lysine) and medium media (containing 13C6 L-arginine and D4

(deuterium) L-lysine). While one set of cells in medium media was treated with a tetra-

cycline derivative to induce luciferase for different timepoints, another set of control cells

was equally treated in heavy media for 10 hours. At the same time, they used a third set to

measure the expression of luciferase using the standard assay approach for the same time

points as in the first set. The value determined at 10 hours through the heavy control pep-

tides being 100% expression, the relative expression of luciferase in the medium labelled

samples was determined at each time point. Comparison of these results with the ones

obtained from the luminescence quantification in the assay, shown in Figure 5.3, demon-

strate the efficacy of the pSILAC method to determine differences in translation rates in

complex protein mixtures.

Figure 5.3: To evaluate the efficacy of the pSILAC approach to measure the relative changes in protein syn-

thesis on two different samples, Schwanhäusser et al. (2009) compared it against the firefly luciferase reporter

assay. The time course of the induction of luciferase relative to the reference in the control sample measured

by pSILAC are shown along with the luminescence readouts from the assay.

Finally, an example of the use of dynamic SILAC to measure protein turnover (ex-

plained in more detail in Figure 5.4) is the work published by Doherty et al. (2009), in which

they used this technique to determine the degradation rate of proteins in human adeno-

carcinoma A549 cells. To this end, they grew the cells into heavy medium containing 13C6

L-arginine for 13 days before changing the medium to light unlabelled media and collected

samples over a period of 8 h (0, 0.25, 0.5, 1, 2, 4 and 8 hours). By comparing the ratio of

peptides belonging to the same protein containing heavy or light peptides in each sample,

they were able to calculate the turnover rate of nearly 600 different proteins.
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Figure 5.4: Dynamic SILAC, by Welle et al. (2016). Cells grown in light media are moved to labelled media

and, as the proteins are isotopically labelled through the incorporation of heavy amino acids (in orange), un-

labelled proteins (in green) are cleared and replaced. Samples are collected at different time points after the

media change for mass spectrometry analysis and posterior comparison. This process can also be carried out

growing the cells in labelled media first for enough doublings to ensure the whole proteome is isotopically la-

belled before putting the cells back into light media, as in the experiment carried out by Doherty et al. (2009).

SILAC has also been used to study the expression of ISGs. In 2015, Li et al. used stan-

dard SILAC to study the induction of type I IFNs by HIV RNAs in U937 human myeloid

leukaemia cell line monocytic cells. For this, they grew one set of cells in light media (con-

taining 12C6
14N4 arginine) and another one in heavy media (containing 13C6

15N4 arginine)

for six passages to make sure the proteome was labelled (or unlabelled) as appropriate

and they transfected the cells with HIV RNA and GAPDH RNA respectively. Cells were col-

lected at different time points post-transfection and analysed with MS. This allowed them

to identify 281 proteins with high confidence in the cells transfected with HIV-RNA when

compared with cells transfected with control RNA. A variety of ISGs turned out to be up-

regulated in all the time points in viral RNA transfected cells, including IFITs, IFITM1/3,

ISG15, MX1, GBP1 and PKR. In the same year, the first study using SILAC to study ISG15 was

published. Radoshevich et al. (2015), who focused their research in Listeria monocytogenes

infected human cells, performed a SILAC analysis in transduced cells expressing Flag-His

tagged mature ISG15 cultivated in either medium (containing 13C6 L-arginine and D4 L-
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lysine) or heavy media (containing 13C6
15N4 L-arginine and 13C6

15N2 L-lysine). Control

cells expressing the empty vector were grown in unlabelled light media. After treating the

cells grown in heavy media with 1000 U/mL IFNα2 for 40 hours and leaving the medium

labelled and control cells untreated, they lysed the cells and performed a nickel affinity

purification. After ruling out the peptides identified in the unlabelled light samples, resul-

tant of non-specific binding, they identified 30 proteins resultant of the overexpression of

ISG15, and 12 additional proteins resultant of the overexpression plus IFN treatment. A

gene ontology analysis of these 30 targets revealed that 80% of the proteins targeted upon

overexpression of ISG15 were integral membrane proteins, most of them belonging to the

endoplasmic reticulum and Golgi apparatus, which was related to an increased cytokine

secretion upon infection.

5.2 Aim and strategy

The aim of this chapter was to determine the proteomic changes in the absence of

ISG15 in both the basal and IFN treated states to try to elucidate what proteins and bi-

ological processes could be ISG15 modulated and which might drive IFN resistance. As

discussed in chapter 1, ISG15 has been reported to regulate the degradation and stabilisa-

tion of many proteins, taking part in the dynamic remodelling of the proteome. Moreover,

ISG15 has also been reported to be involved in the modification of newly synthesised pro-

teins, and HERC5 has been reported to be physically associated with the 60s ribosomal

subunit near the channel of exit of the nascent polypeptides (Durfee et al., 2010). In order

identify newly synthesised proteins whose expression is altered in the absence of ISG15, a

combination between pulse and dynamic SILAC was used in SiHa WT and ISG15-/- cells.

Comparison of the peptides found in KO vs WT cells allows for the identification of dif-

ferently expressed proteins in ISG15 KO cells. At the same time, comparing the proteins

identified upon IFN treatment with those identified in the absence of IFN treatment can

help elucidate the role of ISG15 under basal conditions and in IFN resistance.

Two time points were selected to try to differentiate the roles of ISG15 as a free protein

and as a conjugated protein. ISG15 is induced within 30 minutes upon IFN treatment and

is detectable by immunoblot from as early as 6 hours, peaking at around 24 hours and,

once free ISG15 starts building up in the cell, the process of ISGylation starts and peaks

from around 48 hours (Loeb & Haas, 1992; Radoshevich et al., 2015; Wong et al., 2006; Bade

et al., 2012). Although the exact time points at which free and ISGylated proteins peak dif-

fer from cell line to cell line, based on the literature and the analysis by immunoblotting

of the cell lines used 24 and 48 hour time points were selected as a standard for the exper-

iments in this thesis.
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Two sets of cells were seeded in light unlabelled media and, once at the right conflu-

ence, both sets were changed to heavy media for 24 hours. One of the sets was then col-

lected (henceforth 24h samples), while the other one was changed to medium media for

another 24 hours before collecting them (henceforth 48h samples). This system, described

in Figure 5.5 (a), was repeated for each cell line and treatment condition - untreated WT,

untreated ISG15 KO, treated WT and treated ISG15 KO. Each sample was set in biological

triplicates and the treated samples had 100 U/mL added at the time of changing media

from light to heavy (time point 0h). The full setup is illustrated in Figure 5.5 (b).

Figure 5.5: SILAC experiment setup to determine the proteomic changes in ISG15-/- cells. a) Media changes

in each time point. b) Full experiment setup.

5.3 Methods

5.3.1 Sample preparation

For the SILAC labelling, 2·105 SiHa cells were seeded per well in 6 well plates with un-

labelled light media (SILAC RPMI 1640 R0K0, GeminiBio SM019). Wild-type and ISG15

knock-out cells grown from a single clone were used, in triplicates per condition. Two

identical sets were prepared to be collected at two different time points, as explained in

section 5.2, and media was changed as appropriate to either heavy media containing 13C

and 15N labelled arginine and 13C and 15N labelled lysine (SILAC RPMI 1640 R10K8, Gemi-

niBio SM021) or to medium media containing 13C labelled arginine and 13C labelled lysine

(SILAC RPMI 1640 R6K6, GeminiBio SM018), with 100 U/mL commercial human recom-

binant IFNα2 if appropriate.
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5.3.2 Sample processing for mass spectrometry analysis

Cells were collected by scraping and the pellets lysed with a mass spectrometry com-

patible lysis buffer (50 mM HEPES pH8, 0.2% Triton-x, 150 mM NaCl, 10 mM NaF, 0.1

mM EDTA, 2 mM DTT, 1x protease inhibitor mix). The samples were sent to the Masaryk

Memorial Cancer Institute (Masaryk University, Brno, Czechia), where Professor Ted Hupp

from the University of Edinburgh processed the cells through filter aided sample prepara-

tion (FASP) and desalting C18 columns. Due to an unforeseen issue, only duplicates could

be processed. The peptides in the samples were separated and analysed through liquid

chromatography and mass spectrometry, run by Professor Lenka Hernychová.

Liquid chromatography (LC) and sample ionisation

Once the sample is ready for the analysis, a predetermined amount is injected into

the LC system (UltiMateTM 3000 HPLC by Thermo Fisher), and a pump-circulated load-

ing buffer pushes the sample onto the trap column of the liquid chromatography system

with a steady flow, in this case of 0.3 µL/min. The sample gets caught in the column while

the buffer keeps circulating for a couple minutes for a final washing step, getting rid of any

salts that could have remained in the sample. Then, the switch of a valve connects the trap

column to the analytical column and the sample is quickly pushed by a mobile phase com-

posed of 98% solution A (99.9% LC-MS grade water and 0.1% formic acid) and 2% solution

B (80% acetonitrile, 19.92% LC-MS grade water and 0.08% formic acid) into the analytical

column. At first, the low volume of acetonitrile causes the sample to get stuck into the

analytical column without separation. Then, the composition of the mobile phase slowly

changes increasing the amount of organic compound. The gradual increase of organic sol-

vent results in the decrease of the polarity of the mobile phase, reducing the hydrophobic

interaction between the stationary phase in the column and the peptides, which causes

their gradual mobilisation. This allows the groups of the same peptides to move together

gradually, resulting in a sample entering the mass spectrometer in a manageable flow. As

shown in Figure 5.6, once the gradual increase of solution B reaches the 40% and all the

peptides should have been mobilised, the percentage of solution B is increased to 98% in

order to wash all the peptides that could have been stuck in the column. Finally, the com-

position is shifted to 98% water so the column is equilibrated, washing the large amounts

of organic solvent.
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Figure 5.6: Gradual peptide mobilisation in liquid chromatography. A mobile phase composed of 2% ace-

tonitrile and 98% water pushes the samples into the analytical column. The composition of the mobile phase

changes to slowly increase the volume of the organic solvent, resulting in the gradual mobilisation of the pep-

tides. All the peptides should be mobilised once the increase of acetonitrile reaches the 40%. Then, the per-

centage of organic compound is increased to 98% in order to wash any stuck peptides before the composition

is shifted to 98% water to equilibrate and wash the column from organic solvent.

The separated sample travels to the emitter located in the entrance of the mass spec-

trometer for electrospray ionisation, with the small percentage of formic acid in the mo-

bile phases aiding the process by supplying free ions. The potential difference of 1.8 kV

between the nozzle and the spectrometer inlet pushes ions from the solution to the tip of

the emitter and, as the amount of ions increases, they build-up forming a cone known as

“Taylor Cone” (Figure 5.8). This process reaches a point where the tip becomes unstable

causing the droplets to break off repelling each other, which results in a fine charged spray

(Figure 5.7).

Figure 5.7: Electrospray ionisation (ESI) caused by the potential difference between the sample nozzle and

the spectrometer inlet. a) The high voltage causes the droplets in the nozzle tip to break off repelling each

other, resulting in a fine charged spray. b) Real photo of a sample being ionised and directed to the mass

spectrometer inlet.
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Figure 5.8: Taylor cone formed in the electron ionisation process as a result of the potential difference between

the sample nozzle and the spectrometer inlet.

The destabilisation process of the Taylor cone does not occur as a result of the sam-

ple’s flow rate, but because of the electric field that pushes the charged droplets towards

the spectrometer inlet. Once the droplets are on the way to the inlet, the ions become

free of the solvent. In some cases, the solvent evaporates leaving one ion per droplet (Fig-

ure 5.9a). In other cases, droplets containing several ions start to evaporate bringing the

chargers close to each other. When the repulsion force between charges is greater than the

surface tension (Rayleigh limit) the droplet explodes generating smaller charged droplets

(Coulomb explosion) (Figure 5.9b). In both cases, ions get free of the solvent eventually re-

sulting in the sample moving to a gas phase composed of charged molecules. This allows

the molecules to be manipulated through electrical fields, getting rid of any uncharged

particles that would not be guided inside the analyser.

(a)

(b)

Figure 5.9: Solvent evaporation processes in electrospray ionisation. The droplets on the way to the inlet

evaporate leaving the ions free of the solvent. a) In some cases, the solvent evaporates until there is only

one ion per droplet. b) In other cases, droplets evaporate until the ions are too close to each other. When

the repulsion force between charges is greater than the surface tension (Rayleigh limit) the droplet explodes

generating smaller charged droplets (Coulomb explosion). In both cases, the sample becomes an aerosol

composed of charged molecules, which allows the molecules to be manipulated through electrical fields.
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The mass spectrometer and its components

A mass spectrometer is a system used to measure the mass to charge ratio (m/z) of the

molecules that compose a sample. These accurate measurements can be used to quan-

tify and identify such molecules. The three essential components of a mass spectrometer

are an ionisation source, a mass analyser and an ion detection system. On top of this,

each spectrometer may have additional components to optimise and boost the process

and results of the analysis. For this experiment, a Thermo Scientific Orbitrap Elite Hybrid

Mass Spectrometer was used. For illustrative purposes, a figure of a Thermo Fusion Orbi-

trap Mass Spectrometer (Figure 5.10) has been used to point out some of the key features

of these type of machines. The features described here are also present and function the

same way in the system used to analyse the samples of this experiment.

• Ion source: Described in previous section, it creates a fine charged aerosol as the re-

sult of the potential difference between the sample nozzle and the mass spectrom-

eter inlet.

• Active Beam guide: Guides the charged molecules into the system getting rid of any

uncharged particles.

• Quadrupole mass filter: Consistent of four cylindrical rods, this mass filter uses both

alternating and direct voltage to filter ions based on m/z to select the appropriate

sized ions to be analysed and getting rid of unsuitable sized ions. In this experiment,

selected ions had a m/z of 400-2000.

• C-trap: Once the ions have been filtered, the C-trap gathers and confines them be-

fore injecting them into the Orbitrap. During this process, the ions move freely along

the length of the trap. Collisions with N2 in the trap result in the ions losing kinetic

energy, "cooling" them. Once the ions have low kinetic energies, parameters are al-

tered so the ions are not trapped anymore, being shot into the Orbitrap.

• Orbitrap: When the ions enter the orbitrap, they spin around the central core mov-

ing back and forth the pole. Ions of the same m/z oscillate with the same frequency

along the axis, resulting in grouped rings moving around and along the pole. The

outer shell of the orbitrap detects the current induced by the ions moving charge

and so, as the rings of ions move along the axis of the core, they produce sine os-

cillating waves of this induced current. The amplitude of such waves determines

the amount of ions and, as mentioned above, the frequency determines the m/z.

Fourier transformation is later used to separate and discern the readings of the su-

perimposed waves, allowing for the data to be translated to accurate mass to charge

ratios and abundances. The accuracy of the Orbitrap allows for the differentiation of
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isotopes between otherwise identical peptides. This first analysis of the sample is re-

ferred to as MS1. As peptides go through the orbitrap and m/z peaks are determined,

equivalent peptides get selected for fragmentation. The peaks are recorded and re-

membered by the system as they are detected and selected for fragmentation and, if

the same peak is detected again within a set time, it is not selected again. Once the

set time has passed, if the same peak is identified again, it is sent for fragmentation

and the time count is set again. This is called dynamic exclusion, and allows for the

identification of less abundant peptides without "distracting" the system with the

most abundant ones that could dominate the spectrum through the analysis. This

is a parameter that can be altered and optimised. In this experiment, the dynamic

exclusion was set to 30 seconds.

• Ion-routing multipole: Once the peptides have been analysed in the orbitrap, the

ion-routing multipole (a multipurpose quadrupole) gathers the ions to guide them

into the next detector.

• Dual-pressure linear ion trap: As per its name, the dual-pressure linear ion trap

is composed of two parts - the high-pressure cell and the low-pressure cell. When

the samples enter the high-pressure cell, the high-speed collisions of the ions with

Helium (He) gas fragments the peptides into smaller pieces. Identical peptides

can get fragmented in different points, resulting in different fragment length and

amount. The fragments then enter the low-pressure cells, which in a similar way

to the quadrupole mass filter, it is able to manipulate the electric field so very spe-

cific masses over charges get gradually ejected from the analyser to get caught by the

large-surface-area detectors, identifying the peptide fragments using protein data

bases. As this analysis requires the data obtained from the MS1, is referred to as

MS2.

• Peptide identification: The peptides detected in MS1 and MS2 spectra are matched

against reference protein sequence databases to identify what proteins do they de-

rive from, allowing for the identification of the proteins that compose a complex

biological sample. Different softwares such as Proteome Discoverer and MaxQuant

include search engines that are capable of analysing the obtained datasets, as well

as statistical tools. Settings in these search engines, such as mass tolerances or the

search of post-translational modifications, can be adjusted as required by the exper-

iment. Because a given peptide can belong to different protein isoforms and sub-

types, sometimes a peptide will be matched to a group of proteins rather than to a

specific protein. The identification of unique peptides can help discern the protein

of origin from the rest of proteins.
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Figure 5.10: The mass spectrometer and its components. Orbitrap IQ-X Tribrid MS, by ThermoFisher Scien-

tific.

5.3.3 Analysis and validation of mass spectrometry data

Once the data was acquired, it was selected, sorted and filtered by Profes-

sor Lenka Hernychová and Tomáš Henek using the Proteome Discoverer Soft-

ware by Thermo Fisher Scientific. Results were used to generate volcano plots

using the web tool VolcaNoseR, developed by Goedhart & Luijsterburg (2020)

(https://huygens.science.uva.nl/VolcaNoseR2/), using equal or below 0.5 and equal

or above 2 as fold change (ISG15 KO vs WT) cut-offs (x-axis) and p≤0.05 as significance

cut-off (y-axis). The web tool STRING (https://string-db.org) was also used to perform

functional protein association network analysis. After this, the data was further sorted for

gene set enrichment analysis. Although the criteria was set to a fold change equal or above

1.5 and equal or below 0.67, all the upregulated proteins had a fold change >2 or were

only found in ISG15 KO samples, while all the downregulated samples had a fold change

<0.3 or were only found in WT samples. The gene names were inserted into g:Profiler

(https://biit.cs.ut.ee/gprofiler/gost) and the Gene Ontology terms (GO terms) compiling

genes by their biological process along with their assigned p-values were acquired from

the uncapped results and fed into Revigo, a web tool based on a clustering algorithm

used to visualise and summarise long lists of GO terms by removing the redundant ones

(Supek et al. (2011), http://revigo.irb.hr/). The settings were adjusted to obtain a medium

list (0.7) with associated p-value, and to work with the default semantic similarity metric

(SimRel) and the human UniProt protein database (9606). For the final two-directional

bar graphs, the final list obtained from Revigo was further refined to combine some terms
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into one, since the software did not remove all the repetitive and redundant terms. When

such combination occurred, the start of a change in pattern in the bar (from solid to

white-striped) represents the lowest p-value of the terms combined, and the end of the

bar matches the highest p-value of those combined. The unaltered full lists obtained

from g:profiler can be found in Appendix C. A flow chart showing the summarised data

analysis process can be found in Figure 5.11.

Figure 5.11: Flow diagram of the data analysis methodology used in the SILAC mass spectrometry analysis.

A number of proteins identified through mass spectrometry were selected for prelim-

inary validation of the results by immunoblotting.

5.4 Results

5.4.1 Identification of de novo synthesised proteins in ISG15-/- SiHa cells upon

IFNα treatment

In order to determine what proteins were differently synthesised in the absence of

ISG15 right after IFNα treatment, cells were grown in isotopically labelled media for 48

hours with and without treatment, and untreated samples were used as controls. As de-

scribed in section 5.2, the cells were grown in heavy media (R10K8) for the first 24 hours,
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moment in which one treated and one untreated set of samples were collected and the me-

dia in the other two was changed to medium media (R6K6) for another 24h. After MS anal-

ysis, the proteome discoverer software was used to identify only those proteins with heavy

and medium modifications, independently, and these were plotted by abundance ratio

(ISG15 KO vs WT) and significance (p-value). Thresholds for the volcano plots generated

were set at >2 and <0.5 for abundance and <0.05 for p-value. The proteins synthesised de

novo during the first 24 hours, untreated and treated with IFNα, are shown in Figure 5.12.

The ones synthesised 24 to 48 hours after IFN treatment and the corresponding untreated

control are shown in Figure 5.13.

Results show that MX1 and FGB are synthesised throughout the treatment, both during

the first and the last 24 hours of IFNα treatment. Neither of these proteins were upregu-

lated in the untreated controls, suggesting their overexpression is IFN dependant. MT1G is

also upregulated during the two treatment time ranges, but its upregulation in untreated

samples collected at 48 hours show that this upregulation is not IFNα dependant. The

untreated controls also prove that proteins like NQO1 and ACTR3 are upregulated in the

absence of ISG15 regardless of treatment.

Filtering the data to detect proteins labelled with heavy media (R10K8) in samples col-

lected 48 hours after IFN treatment allowed to inspect the state of those proteins synthe-

sised only during the first half of the treatment time as this progressed, providing more

information. As seen in Figure 5.14, ATM, IFIT1 and PABPC1 were identified when search-

ing for proteins modified with heavy labels, providing evidence that these proteins were

also synthesised during the first 24 hours. The fact that they were not identified in the

samples collected at 24 hours would suggest that the abundance ratio in ISG15 KO vs WT

samples during the first 24 hours upon IFN treatment was not significant, but as the treat-

ment progressed the proteins got degraded in WT but not in ISG15 KO samples, causing

them to be identified as upregulated 48 hours after treatment. To confirm or disprove this,

these three proteins were searched among the proteins identified in the samples collected

24 hours after IFN treatment to inspect their fold change expression. While ATM could

not be detected in these samples, IFIT1 and PABPC1 was shown to be overexpressed in

ISG15 KO vs WT samples (fold change of 3.349 and 2.408 respectively), but they did not

make it through the filtering process of the volcano plots due to poor p-values. This dis-

cards the hypothesis that ISG15 could be mediating the degradation of these proteins in

WT cells, but expression during the first 24 hours after IFN treatment and their sustained

upregulation should be further confirmed by other means such as immunoblotting. The

detection of MX1 confirms that this protein is continuously synthesised throughout the

treatment, and that the protein synthesised during the first 24 hours of treatment remains

undegraded 48 hours after. MT1F was also detected in this screening, confirming it was

also synthesised during the first 24 hours, as seen in Figure 5.12b. The de novo synthesis-



Chapter 5 - Analysis of the proteomic landscape of ISG15-/- cervical cancer cells
employing isotopically labelled amino acids in cell culture (SILAC) 124

ing of this protein was not detected 24 to 48 hours after treatment, but the R10K8 labelled

protein synthesised during the first 24 hours remained upregulated even after 48 hours

after treatment. Nevertheless, the search of this hit in the data revealed that it was found

only in ISG15 KO cells and not in WT cells in untreated samples collected at 48h, showing

that, as with MT1G, its upregulation is not IFN dependant.

WARS is the only protein found to be synthesised only 24 to 48 hours after treatment in

an IFN dependant manner (not upregulated in the absence of IFN). To see if this protein

presented a delayed expression following treatment or if it was also expressed/upregulated

in samples collected at 24 hours, its fold change values were searched among the proteins

synthesised during the first 24 hours (R10K8). These revealed downregulation in untreated

samples (0.526 and 0.511 at 24 and 48 hours respectively) and upregulation in the treated

samples (1.661 and 2.052), but with poor p-values.

Regarding the downregulated proteins, ISG15 was found to be downregulated in both

the treated categories, suggesting peptides belonging to this protein were identified prob-

ably due to transcribed non-functional or protein fragments. Nonetheless, the very low ra-

tio of ISG15 derived peptides in the knock out cell line vs the WT cells validates the results

observed by immunoblotting and sequencing. The expression of UBE2K and CNN2 was

found to be downregulated in an IFN dependant manner only during the first 24 hours of

treatment, but not in the following 24 hours. Again, in an attempt to clarify the expression

state of these proteins, their fold change values were searched in the samples collected 48

hours after treatment. UBEK2 was found downregulated in all the categories, treated and

untreated, but only data obtained from samples treated for 24h had a significance value

low enough to pass the threshold. CNN2 was also found downregulated in all conditions,

except in the samples treated for 48h where it had a fold change of 1.182, but in all cases

had very poor p-values. In both cases, it seems that these proteins are downregulated in

the absence of ISG15 regardless of treatment, but more experiments need to be carried out

to confirm this assumption.

EIF1 and DAB2 were found to be downregulated regardless of treatment in all condi-

tions, although downregulated expression was confirmed by a significant p-value only in

treated samples collected after 48 hours, the protein having been synthesised during the

first 24 hours after treatment (R10K8). The expression of ATAD2 was found downregulated

only 24 to 48 hours after IFN treatment. This could be again due to poor p-values in the

other conditions or suggest that the expression of this protein is delayed with respect to

treatment and that the absence of ISG15 somehow abates its expression. A search through

the data shows that ATAD2 was also found in untreated WT cells but not in untreated ISG15

KO cells collected at 48 hours. Because the proteins that were found only in one of the two

conditions do not have a fold change ratio, they were not included in the volcano plots.

However, this finding discards the hypothesis that the downregulation of ATAD2 is IFN
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dependant. Finally, the expression of proteins like EXT and MTERF were downregulated

regardless of treatment, as seen by the untreated controls.
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Figure 5.12: Volcano plots showing the proteins synthesised de novo in untreate ISG15-/- vs WT SiHa cells (a)

and during the first 24 hours after IFNα treatment (b). The fold change ratios of each protein found were plot-

ted against the -log10 of the adjusted p-value using VolcaNoseR. The most significant hits (fold change above

2 and below 0.5 with a p-value below 0.05) were highlighted in red (upregulated) and blue (downregulated),

with the top ten proteins labelled. ISG15 KO and WT samples were analysed in duplicates.
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Figure 5.13: Volcano plots showing the proteins synthesised de novo in untreated ISG15-/- vs WT SiHa cells (a)

and 24 to 48 hours after IFNα treatment (b). The fold change ratios of each protein found were plotted against

the -log10 of the adjusted p-value using VolcaNoseR. The most significant hits (fold change above 2 and below

0.5 with a p-value below 0.05) were highlighted in red (upregulated) and blue (downregulated), with the top

ten proteins labelled. ISG15 KO and WT samples were analysed in duplicates.
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Figure 5.14: Volcano plots showing the proteins synthesised de novo in untreated ISG15-/- vs WT SiHa cells (a)

and during the first 24 hours after IFNα treatment only (R10K8) (b) identified in samples collected 48 hours

after. The fold change ratios of each protein found were plotted against the -log10 of the adjusted p-value

using VolcaNoseR. The most significant hits (fold change above 2 and below 0.5 with a p-value below 0.05)

were highlighted in red (upregulated) and blue (downregulated), with the top ten proteins labelled. ISG15 KO

and WT samples were analysed in duplicates.
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5.4.2 Analysis of the expression of selected targets in ISG15-/- SiHa cells upon

IFNα treatment

Three different proteins were selected to verify the results observed in the volcano

plots by immunoblot (Figure 5.15). MX1, not detected in the absence of IFN, presented in-

creased expression in ISG15 KO samples compared to WT once treated, consistently with

the results observed in the volcano plots. Similarly, IFIT1 was mainly detected upon IFN

treatment with increased expression in ISG15 KO samples. It was detected both in sam-

ples treated for 24 and for 48 hours, which suggests that the ISG15 KO vs WT fold change

obtained in samples treated for 24 hours was representative of the biological effect ob-

served by immunoblotting despite the poor p-value. UBE2K, on the other hand, was only

detected downregulated in the volcano plot representing samples treated for 24 hours and

collected after 24 hours (R10K8), but the immunoblot shows downregulated expression in

both ISG15 KO samples, regardless of treatment. These results are again consistent with

the data obtained prior filtering by significance value, showing that caution is needed be-

fore discarding data solely based on p-value, and that validation of the observed biological

effect is required by other experimental means.

Figure 5.15: Immunoblotting for IFIT1, MX1 and UBE2K in untreated and IFNα treated SiHa ISG15-/- clone #1.

An equal amount of protein (20 µg) from whole cell lysate was loaded per lane in an 15% SDS-PAGE followed

by immunoblotting. The membranes were developed using either anti-IFIT1 (ThermoFisher Scientific (#PA3-

848) at 1:2000 dilution), anti-MX1 (Abcam (#ab95926) at 1:1000 dilution) or anti-UBE2K (Abcam (#ab52930)

at 1:10000 dilution) antibody, followed by anti-β-actin antibody (Sigma (#A2228) at 1:1000 dilution). IFNα

treatment concentration was 100 U/mL. These results are representative of at least two experiments.
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The ISG15 mediated stabilisation of USP18 and the interaction between them is re-

quired for USP18 to perform as negative regulator of the IFN pathway. An analysis by

immunoblot was carried out to determine if the loss of ISG15 resulted in degradation of

USP18, but no significant change was appreciated in the band intensity when compared

to the SiHa WT sample.

Figure 5.16: Immunoblotting for ISG15 and USP18 in IFNα treated WT SiHa, ISG15-/- clone #1 (KO) and a sus-

pected heterogenic ISG15 KO (HKO) SiHa clone. Two clones that underwent the CRISPR editing procedure

but were unsuccessful to generate the desired edition were used as controls. An equal amount of protein (20

µg) from whole cell lysate was loaded per lane in an 15% SDS-PAGE followed by immunoblotting. The mem-

branes were developed using either anti-ISG15 (Cell Signaling Technology (#2743S) at 1:500 in milk) or anti-

USP18 (Abcam (#ab168478) at 1:1000 dilution) antibody, followed by anti-GAPDH antibody (Abcam (#ab9484)

at 1:1000 dilution). IFNα treatment concentration was 100 U/mL. These results are representative of at least

two experiments.

5.4.3 Analysis of functional protein association networks

In order to better understand the role and impact of the significantly altered identi-

fied proteins, an analysis of the known and predicted protein-protein interactions was

performed using the STRING web tool on a selection of the top hits. The most com-

plete and meaningful network identified is the one involving MX1 and IFIT1, a well known

IFN induced immune and antiviral system that includes ISG15 and USP18 as key mem-

bers, shown in Figure 5.17. The network also includes another member of the IFIT family

(IFIT3), three of the four members of the antiviral OAS family (OASL, OAS1 and OAS3), the

interferon regulatory transcription factor IRF7, and IFI6 and RSAD2, another two inter-

feron inducible antiviral proteins.



Chapter 5 - Analysis of the proteomic landscape of ISG15-/- cervical cancer cells
employing isotopically labelled amino acids in cell culture (SILAC) 130

Figure 5.17: Analysis of the functional protein association network of MX1 and IFIT1, using the STRING web

tool, to identify their protein-protein interactions and associations.

Other interesting networks identified include the closest interactions of NQO1, a two-

electron oxidoreductase enzyme known to activate several anti-tumour quinones and sta-

bilise p53 (Figure 5.18(a)) and of the two metallothionein MT1G and MT1F (Figure 5.18(b)).

Figure 5.18: Analysis of the functional protein association network of MT1G and MT1F (a) and NQO1 (b),

using the STRING web tool, to identify their protein-protein interactions and associations.

5.4.4 Determination of the significantly altered biological processes in IFNα

treated ISG15-/- SiHa cells through gene set enrichment analysis

As seen by the volcano plots, the absence of ISG15 causes the upregulation and down-

regulation of a cohort of proteins. To obtain a better perspective of what pathways might

be dysregulated in ISG15 KO vs WT cells, a gene set enrichment analysis was carried out

by entering the names of the significantly down- and upregulated genes (p-value<0.05,

FC<0.3 and>2) into g:Profiler to group them by biological process. For this purpose, both
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R10K8 and R6K6 modified proteins were searched in each of the four conditions (treated or

untreated and collected at 24 or at 48 hours). The GO terms obtained were fed into Revigo

to summarise and filter the terms. However, the obtained lists still had many repetitive

and redundant terms, so, in order to create two-directional bar graphs, these were further

refined by combining them into a single bar when applicable. When such combination

occurred, the start of a change in pattern in the bar (from solid to white-stripped) repre-

sents the lowest p-value of the terms combined, and the end of the bar matches the highest

p-value of those combined.

The biological processes identified to be down- and upregulated in untreated ISG15-/-

vs WT are shown in Figure 5.19. Because these samples were not treated with IFN, there

is no change in condition to discern the samples collected at 24 hours and the samples

collected at 48 hours. Therefore, some of the identified biological processes are similar

between the two time course samples. In the absence of IFN, the lack of ISG15 leads

to various upregulated metabolic and catabolic processes, including aldehyde and nitro-

gen compound metabolism and protein catabolic processes. Additionally, mRNA related

processes were found upregulated in the untreated samples collected at 48 hours. In-

terestingly, the absence of ISG15 also resulted in the downregulation of metabolic and

catabolic processes including organic and organonitrogen compound metabolism and

protein metabolism. On top of this, other processes such as defence response to viruses

and viral processes, cellular response to cytokine stimulus and peptide biosynthetic pro-

cesses are also downregulated in ISG15-/- cells even in the absence of IFN.

The changes in the biological processes resultant from the IFN treatment in ISG15-/- vs

WT cells are presented in Figure 5.20. Although the processes dysregulated in the samples

treated only for 24 hours did not differ much from the ones dysregulated in untreated cells

(mRNA and aldehyde metabolic processes and macromolecule catabolic processes), treat-

ment prolonged past 24 hours resulted in the dysregulation of pathways not seen altered

in the absence of IFN. These include upregulation of the antigen processing and presen-

tation pathway, and downregulation of processed related to response to wounding and

wound healing.
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Figure 5.19: Two directional bar graph showing the dysregulated biological processes identified untreated

ISG15-/- vs WT samples monitored for 48 hours. The downregulated processes (left) are shown in blue colours,

and the upregulated processes (right) are shown in yellow and orange. When terms were combined to reduce

the number of repetitive or redundant terms, the start of a change in pattern in the bar (from solid to white-

stripped) represents the lowest p-value of the terms combined, and the end of the bar matches the highest

p-value of those combined.

Figure 5.20: Two directional bar graph showing the dysregulated biological processes identified ISG15-/- vs

WT samples treated with IFNα for 48 hours. The downregulated processes (left) are shown in blue colours,

and the upregulated processes (right) are shown in yellow and orange. When terms were combined to reduce

the number of repetitive or redundant terms, the start of a change in pattern in the bar (from solid to white-

stripped) represents the lowest p-value of the terms combined, and the end of the bar matches the highest

p-value of those combined.
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5.5 Discussion

The volcano plots presented here identified several interesting targets to further inves-

tigate. Nevertheless, caution is required when interpreting these results, especially regard-

ing the expression levels in the two different time-points, as some of the proteins identi-

fied were not included in the analysis due to statistical significance factors, which does

not mean they were not present or altered in the sample. Many hypothesis and potential

conclusions had to be discarded or questioned after double-checking the data, individu-

ally searching proteins only found in one of the two conditions (meaning no fold change

was available) and targets excluded from the filtering process due to not being identified

with enough confidence. For instance, many of the fold change values of the expression

of IFIT1 and UBE2K in ISG15 KO vs WT samples were not included in the analysis after the

data was filtered by significance, and although the exact values cannot be determined by

immunoblotting the overall biological effect (down- or upregulation) matched that seen

in the data despite the poor p-values. Although for many years the weight of the p-value

in biological analysis has been undisputed, even if it meant leading to important repro-

ducibility issues or discarding biologically relevant data, its role is now being questioned

in favour of using it as a decision-making guide for the scientists to interpret and select

what targets to validate experimentally (Nuzzo, 2014; Halsey et al., 2015; Wasserstein &

Lazar, 2016; Colquhoun, 2017; Halsey, 2019; Amrhein et al., 2019). The targets identified

here provide valuable information on the proteins whose levels dysregulated by ISG15 in

an IFN dependant manner or regardless of treatment, but further experiments would be

required before making any assumptions on the expression pattern throughout the IFNα

treatment.

ISG15 was detected among the significantly downregulated proteins. Even though

the knock-out of ISG15 was confirmed several times by immunoblotting and sequenc-

ing, the identification of ISG15 in a genetically knocked out cells line could indicate the

partial expression of a defective protein, whose peptides after degradation were detected.

A relatively recent publication by Smits et al. (2019) studied the frequency in which genes

knocked out with frameshift mutations generated by CRISPR held residual protein expres-

sion. Their results revealed that around a third of the knock-outs studied retained partial

expression, even though most of them presented reduced protein levels. A more in depth

analysis of three of the knock-outs revealed that the protein expressed was somehow trun-

cated, but retained some of its function. Although the cellular phenotype and response to

IFN of this cell-line (clone #1) resembled those in other cell lines whose ISG15 expression

knock-out had also been confirmed via immunoblotting and sequencing (clones #3, #4, #9

and #10), further determining the level of expression reduction via RNA-sequencing could

be useful to confirm the knock-out state of the gene.
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As described in chapter 1, free ISG15 plays a key role as a negative regulator of the IFN

pathway by interacting and stabilising USP18, which binds to the IFNAR2 receptor block-

ing its interaction with JAK1, in an ISGylation independent process (Malakhova et al., 2003;

Malakhova et al., 2006; Kim et al., 2006; Zhang et al., 2015). Hence, the sustained upreg-

ulation of IFN driven pathways like the immune antiviral system showed in Figure 5.17

is expected in the treated ISG15 KO samples. However, a decrease in USP18 protein level

would also be expected upon loss of ISG15 (Espada et al., 2019; Vasou et al., 2021), but no

significant decrease was detected in ISG15 knocked-out SiHa clone #1 (Figure 5.16). This

result should be validated through other means such as immunofluorescence and, since

this immunoblot was performed in a clone obtained as the off-target result of a knocked-

in attempt, the experiment should be repeated in other cell lines. If a different expression

level in WT and ISG15 KO cells is confirmed by other means, the immunoblot protocol

for the extraction of this protein should be optimised (denaturing conditions, extraction

buffer, etc.). If the results are confirmed, although further research would still be required

to investigate the state of USP18 upon loss of ISG15, this cell line could potentially be an

interesting model to study ISG15 roles uncoupled from USP18 in humans.

NQO1 (NAD(P)H quinone oxidoreductase-1) was one of the most upregulated proteins

regardless of treatment. This reductase enzyme plays an important role in fighting oxida-

tive stress by promoting the reduction of quinones, which are important elements in di-

verse functions such as cellular respiration and by-products of the metabolism of aromatic

compounds, in order to avoid oxidative cell damage (Dinkova-Kostova & Talalay, 2010).

The direct catalysis of quinones to hydroquinones through its two-electron reduction abil-

ity avoids the formation of intermediate reactive semiquinones, and prevents electrophilic

quinones from taking part in other reactions that could also lead to reactive oxygen species

(Rashid et al., 2021). By this means, NQO1 plays a key role in stress responses by protect-

ing the cells from the accumulation of damaging species. However, NQO1 has also been

described to have other roles. Asher et al. (2002) report that NQO1 can stabilise p53, an in-

teraction represented in the protein association network presented in this chapter. More

recently, Wang et al. (2022) linked the upregulation of NQO1 with malignancy progression,

invasion and bad prognosis in hepatocellular carcinoma, and showed that the NQO1/p53

interaction could enhance the activity of the sterol regulatory element-binding protein 1

(SREBP1), a transcription factor that regulates lipogenesis, which at the same time pro-

moted tumour progression through abnormal lipid metabolism in the liver.

Interestingly, p53 has been shown to induce ISG15 (Liu et al., 2004), and ISG15 has

also been reported to target misfolded p53 via HERC5 for its ISGylation and consequent

degradation (Huang et al., 2014). The fact that p53 induces ISG15, which at the same time

degrades p53, could be part of a negative regulatory control system. At the same time,

NQO1 stabilises p53, and the lack of ISG15 promotes accumulation of NQO1, as seen in
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the results presented here. Nonetheless, if ISG15 inhibits or represses NQO1 has part of the

hypothetical IFN independent negative regulatory pathway of p53 has not been described.

According to the database canSAR.ai, SiHa cells present overexpression of p53 (6.283366),

with no mutations at a genomic level. A possible explanation, analysing the data presented

here, is that the lack of ISG15, and ISG15 dependant overexpression of stabilising NQO1

could be involved in the accumulation of p53. Although p53 was not detected in the anal-

ysis presented here, which only determined the de novo synthesised proteins in a short

period of time, it would be of interest to determine the p53 status of the cell line in the pres-

ence and absence of ISG15. There is, however, contradictory publications that refute this

hypothesis. As described in subsection 1.3.2, Park et al. (2016) declared that, under DNA-

damaging conditions, the ISGylation of p53 enhances its anti-tumour properties by pro-

moting its binding activity. In their study, they stated p53 to be ISGylated through TRIM25

and not HERC5, and showed that silencing of TRIM25 prevented this modification, while

the silencing of HERC5 did not. This information contrasts with that presented by Huang

et al., who reported p53 to be ISGylated by HERC5 but not TRIM25. In support of the data

presented by Huang et al., another study by Wang et al. (2017) reported that overexpression

of HERC5 decreased p53 levels, while its downregulation resulted in p53 accumulation. In

any case, further research is required to determine the consequences of the ISGylation of

p53 and the role of NQO1 in its accumulation in SiHa cells.

The overexpression of MT1G and MT1F brought attention to the family of MT metal-

lothionein proteins. These antioxidant metal ion binding small proteins are involved in

several biological processes including response to oxidative stress, cell damage, inflam-

mation and, as suggested by their name, metal homeostasis among others (Laukens et al.,

2009). There are 11 functional MT genes in humans (MT1A, MT1B, MT1E, MT1F, MT1G,

MT1H, MT1M, MT1X, MT2A, MT3 and MT4), but there are also seven pseudogenes and

four MT-like genes, many of which have very similar amino acid sequences (Laukens et

al., 2009). The wide range of very similar small proteins has hindered the study of their

individual roles in health and disease.

Even though MTs are involved in protective processes under physiological conditions,

they have also been found overexpressed in several diseases such as inflammatory (Dai

et al., 2021) or neurodegenerative conditions (Mocchegiani et al., 2005). In cancer, par-

ticularly, MTs have been described to play a role in tumour growth, differentiation, drug

resistance, immunomodulation, angiogenesis and metastasis, although the levels of the

different subtypes vary in different cancers (Cherian et al., 2003; Pedersen et al., 2009; Si &

Lang, 2008). This is also the case for the two MT1 members identified upregulated in the

absence of ISG15 in SiHa cells, MT1F and MT1G. Nguyen et al. (2000) proved that eight

out of eleven patient-derived renal cell carcinoma samples presented both nuclear and

cytoplasmic MT staining. A deeper analysis revealed that some of the subtypes remained
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unaltered when compared to the controls (MT-1E, MT-1F and MT-1X), while others were

downregulated (MT-1A and MT-1G) or upregulated (MT-2A), suggesting function speci-

ficity. Jin et al. (2001) also described a general upregulation of MTs in patient-derived pri-

mary invasive ductal breast cancer samples, significantly higher in the higher grade tu-

mours, but reported the expression of MT-1F to be significantly elevated in the highest

graded tumours, unlike in the samples analysed by Nguyen et al. In contrast, results by

Lu et al. (2003) showed downregulated MT1F levels in hepatocellular carcinoma tumours

compared to healthy and para-cancerous tissue, and noted that exogenously added MT1F

resulted in growth inhibition in HepG2 cells. This inconsistent up- and down regulation

in different cancer types has also been observed in the other MT subtypes and isoforms.

Figure 5.21, created from databases by Si & Lang (2008) for their review on the involve-

ment of these proteins in cancer, shows the mRNA transcript level state of the different MT

types and isoforms found in different cancers compared to those found in normal samples,

counting in how many datasets a specific isoform was found up- or downregulated (shown

in red or blue respectively).

Figure 5.21: Expression of different MT isoforms in different cancers, by Si & Lang (2008). The numbers in-

dicate how many datasets with significant upregulated (red) or downregulated (blue) MT mRNA transcripts

were identified in a specific type of cancer.

As seen in MT1G and MT1F’s proteins interaction maps, these proteins work in close

relation with the other members of the MT1 and MT2 family. However, MT1G and MT1F

were the only two isoforms identified in the analysis presented in this chapter. Like NQO1,

both of them were upregulated in an IFN independent manner. To date no interaction be-

tween ISG15 and these proteins has been described in a cancer background. Nevertheless,
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ISG15 has been identified to play a role in oxidative stress. Juncker et al. (2021) described

ISG15 to mediate mitophagic failure following mitochondrial degradation, downregula-

tion of which resulted in restored mitophagy and reduced oxidative stress, and a recent

study has described ISG15 to mediate induction of ROS production, resulting in cardio-

vascular damage (González-Amor et al., 2022). Also, many ISGylation targets have been

described to be involved with oxidative stress (Zhao et al., 2005; Giannakopoulos et al.,

2005), including TRXR1, which is strongly co-expressed with NQO1 upon mycobacterium

tuberculosis infection (Singh et al., 2017). On the other hand, FOXO3α, a transcription fac-

tor found to interact with other proteins to mediate the activation of a NQO1 containing

complex that promotes an anti-inflammatory M2 macrophage mediated response (Singh

et al., 2017), has been shown to degrade upon ISGylation (Wang et al., 2020a). Therefore,

it could be conjectured that the downregulation of ISG15 allows for the accumulation of

FOXO3 and subsequent activation of anti-inflammatory properties of NQO1. Contradic-

tory, a very recent publication by Fakhar-Ul-Hassnain Waqas et al. (2022) reported that

the knock-out of ISG15 in macrophages resulted in increased oxidative stress and down-

regulation of NQO1, suggesting further research is required to elucidate if there are other

factors affecting this pathway, such as cell-type dependant regulation.

Most of the biological processes altered in untreated ISG15-/- are some form of

metabolic or catabolic mechanism. These were found to be both up- and downregulated

when comparing ISG15 KO vs WT cells. Type I IFNs have been proven to have the abil-

ity to alter metabolic pathways as part of their anti-viral activity, such as downregulation

of lipid metabolism (Blanc et al., 2011; York et al., 2015; O’Neill, 2015) and upregulation

of oxidative phosphorylation (Wu et al., 2016), which could explain the results presented

here. Nonetheless, caution is advised when assessing these results. Re-evaluation of the

methods used to interpret gene enrichment analysis have brought up interesting points

for discussion. In this type of analysis, once a list of genes of interest has been identi-

fied (e.g., genes found overexpressed in ISG15 KO vs WT samples), it is inserted into gene

enrichment analysis tools such as g:profiler. The analyser groups the genes in functional

categories such as biological processes, cellular component or molecular function, and de-

termines if these are down- or upregulated compared to what would be expected to obtain

in a list of the same size of randomly selected genes within the organism of interest (Tim-

mons et al., 2015). For example, suppose that a list of 60 genes is analysed (query= 60) and

that 30% of them turn out to be listed in the term designated as "lipid metabolism" (inter-

section size= 18). If in the human genome (effective domain size= 20000), this particular

term has 1300 genes listed (term size = 1300), setting a gene enrichment analysis tool to

search within the human database would come back with what percentage of genes would

be expected to belong to this biological process given a random list of 60 genes within the

human genome, providing a statistical value representing the likelihood that this under-

or over-representation occurred by chance. Since the term size is 6,5% of the effective do-



Chapter 5 - Analysis of the proteomic landscape of ISG15-/- cervical cancer cells
employing isotopically labelled amino acids in cell culture (SILAC) 138

main size, 3.9 genes would be expected to be found in the query list analysed, meaning a

significant over-representation of this term. However, as recently discussed by Wijesooriya

et al. (2022), this methodology can lead to a very significant amount of false discoveries.

This group challenged the current methodology used in hundreds if not thousands of pub-

lished papers, arguing that the use of the whole genome as a background can lead to false

discoveries if used incorrectly, since different cells derived from different tissues do not

constantly express the entire genome. The data obtained from the experiment presented

in this chapter was sorted by significance and fold-change, separating significantly upreg-

ulated and downregulated proteins in ISG15 KO cells when compared to WT, which means

the proteins expressed in WT cells were used as a control or background to list only the sig-

nificant differentially expressed proteins. These lists were independently fed into a gene

enrichment analysis tool, which identified to which biological processes each of them be-

long and compared the representation level of each process with the representation level

each would have if the genes in the list were uniformly distributed using the whole genome

as a reference. It is reasonable to assume that using the particular expression pattern of a

cell-line as a background will produce different results to those obtained when using the

whole genome, specially in the hits with lower scores. Therefore, when possible and/or

appropriate, a specific list of genes can be used as a background list to limit the number

of false over- and down- representations found based on the whole genome instead of in

the basal expression of the model used. However, as discussed in section 3.5, the genetic

variation arisen from the maintenance of cells in culture as well as expression regulatory

changes resultant from the adaptation of cells to the environment must be borne in mind.

It is likely that the basal expression from cells in different labs are significantly different

from each other and from the one gathered in data bases, making the selection of the ap-

propriate background list challenging.

Accordingly, the information gathered thorough this analysis was cautiously used as a

tool to identify possible pathways to further explore, more than to make assumptions on

what pathways are dysregulated upon the silencing of ISG15. According to the results, the

biological processes of the proteins whose expression was significantly altered in ISG15 KO

vs WT cells during the first 24 hours of IFN treatment did not differ much from those ob-

served in untreated cells (mRNA and aldehyde metabolic processes and macromolecule

catabolic processes). Nevertheless, as treatment prolonged past 24 hours other interest-

ing processes were identified. ISG15 KO cells treated for 48 hours downregulated the ex-

pression of proteins involved in response to wounding and wound healing. If confirmed

by other means, this would be particularly interesting considering that a common symp-

tom in ISG15 deficient patients is the appearance of recurrent skin lesions. Hayat Malik

et al. (2022) studied these lesions in two ISG15-/- patients and found that the expression of

elements essential for epidermis integrity, such as collagen and adhesion proteins, were

downregulated these cells. Finally, the expression of proteins related to the antigen pro-
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cessing and presentation pathway were detected to be significantly upregulated in ISG15

KO cells treated for 48 hours when compared to WT cells under the same treatment. How-

ever, not much has been described in the possible role of ISG15 in the MHC I pathway.

In conclusion, the upregulation of antioxidant proteins such as NQO1, MT1G and

MT1F upon loss of ISG15 suggest new interesting targets to further research in the con-

text of cancer. On the other hand, and bearing in mind the limitations of this methodol-

ogy, it seems that the lack of ISG15 could result in metabolic dysregulation regardless of

IFN treatment. Similarly, the downregulation of wound response and healing elements is

consistent with the patient reports published to date, all of which described ISG15-/- pa-

tients to present ulcerative skin lesions (Buda et al., 2020; Martin-Fernandez et al., 2020;

Al-Mayouf et al., 2021; Hayat Malik et al., 2022). Using the findings in this chapter as a

base, the possible involvement of ISG15 in the regulation of antigen processing and pre-

sentation is investigated and described in the following chapter.



Chapter 6

Whole proteomic and

immunopeptidomic analysis on

ISG15 deficient patient-derived

glioblastoma stem cells upon IFNα2

treatment

6.1 Introduction

The major histocompatibility complexes (MHC) are polymorphic membrane glyco-

proteins responsible for binding foreign and self protein fragments to present them at the

cell surface, where T cells recognise them to activate the appropriate immune response.

There are two types of MHCs - class I and II. While MHC class I is present in almost ev-

ery cell of the organism and its peptides are recognised by CD8+ T cells, MHC class II are

mainly found in macrophages and lymphocytes and its peptides are recognised by CD4+

T cells (Rock et al., 2016). By presenting these peptides to T-cells, the immune cells help

eliminate pathogens or damaged cells they belong to, while also aiding adaptive response

development. Figure 6.1 shows the simplified pathway that leads to peptide presentation

on MHC-I molecules (Neefjes et al., 2011), where proteins synthesised inside the cells are

degraded by the proteosome, resulting in peptide fragments. These fragments are translo-

cated through the Transporter associated with Antigen Presentation (TAP) into the endo-

plasmic reticulum (ER), where they are loaded into the peptide-binding groove of MHC-I

molecules. The resultant complexes are transported through the Golgi apparatus to the

cell membrane for presentation to CD8+ T cells. Alternative MHC-I peptide sources in-
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clude rapidly degrading proteins from defective ribosome products (DRiPs) (Bourdetsky

et al., 2014), introns of non-spliced quickly translated newly synthesised mRNAs, known

as pioneer translation products (PTPs) (Apcher & Fåhraeus, 2015), and spliced peptides

composed of fragments distant in the sequence of the protein of origin, instead of being

linear fragments of proteins (Vigneron et al., 2017).

Figure 6.1: Simplified MHC-I antigen presentation pathway, by Neefjes et al. (2011). Proteins synthesised

inside the cells are degraded by the proteosome, resulting in peptides that are translocated though the trans-

porter associated with antigen presentation (TAP) into the endoplasmic reticulum (ER). Here, peptides are

loaded into MHC-I molecules and the resultant complexes are transported through the Golgi apparatus to

the cell membrane, where the peptides are presented to CD8+ T cells.

Different cancer types are known to have different somatic mutations at different lev-

els, called mutation signatures. Figure 6.2 (Alexandrov et al., 2013), shows the prevalence

of 4,938,362 somatic substitutions and small insertions/ deletions (indels) across 30 dis-

tinct human cancer types, each dot representing a different sample and the red line mark-

ing the median number of mutation events. In every case, the normal DNA of each pa-

tient was also sequenced to determine the origin of the mutation. These DNA mutations

found in cancer can result in peptides specific to these cells, called tumour specific anti-

gens (TSAs). While different cancer types share common mutations whose identification

could be used for general patient treatment, each patient will have an unique combina-
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tion of somatic mutations creating a specific personal signature (Figure 6.3). Identifying

this patient-specific signature would open the door to personalised immunotherapy treat-

ments when more general treatments fail.

Figure 6.2: Prevalence of somatic mutations across different human cancer types, by Alexandrov et al. (2013).

Each dot represents a different sample in the respective cancer type, while the red line marks the median

number of mutations in each category. In every case, the normal DNA from each patient was also sequenced

to determine the origin of the mutation.

Figure 6.3: Patient specific cancer barcode, adapted from figure by Urionabarrenetxea et al. (2019). Although a

group of patients with a certain cancer type will likely share many of the mutations belonging to the signature

of such cancer, the unique combination of somatic mutations in patient creates a specific personal signature

which could be used for personalised immunotherapy treatments.
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The neoantigen landscape of patient-derived tumour samples has been analysed with

therapeutic purposes before. A report by Rooij et al. (2013) described the case of a stage IV

melanoma, ipilimumab-responsive patient whose tumour and non-tumour samples were

used for sequencing to identify tumour-specific mutations. After filtering the 1,657 identi-

fied mutations, they selected 448 potential CD8+ T cell epitopes with a significant binding

affinity for HLA-A and B. These peptides were used for T-cell reactivity analysis, which re-

vealed two different promising patient specific neoantigens that caused significant T-cell

response. To ensure that the response observed was specific to the peptide, they further

tested one of them by analysing the T-cell response with both the mutated peptide and

the wild-type epitope, with the latter not causing any response. The following year, Sny-

der et al. (2014) published a study in which they also analysed melanoma samples from

patients treated with anti-CTLA-4 drugs (ipilimumab and tremelimumab), which aids the

activation of T-cells allowing them to destroy the cancer cells from which the TSAs came

from. The neoantigen peptides identified were tested for their ability to activate T-cells

against the cancer cells, determining a peptide signature capable of doing so specifically

present in tumours reactive to CTLA-4 blocking therapy. As the authors admit, the va-

riety of previous treatments the patients had received prior to the genomic analysis and

the different progression points at which the samples were collected could have limited

the results. However, this study proves the potential of analysing the immunopeptidomic

landscape of tumour samples and provides proof of principle that such analysis can be

used to predict which patients could benefit the most from immunotherapy.

A case study reported by Tran et al. (2014), on a patient with a metastatic cholan-

giocarcinoma, described that whole-exomic sequencing from resected lung metastasis

revealed 26 mutations. Minigene constructs encoding for these mutated peptides were

tested against the patient’s tumour infiltrated lymphocytes (TILs), and found that the

CD4+ cells in the patients TILs were capable of recognising and beneficially reacting to

a peptide belonging to a mutated version of the erbb2 interacting protein (ERBB2IP) ex-

pressed by the tumours. In a similar manner, Segal et al. (2008) used in silico approaches

to identify new potential TSAs in cancer. To this end, they used the data published by

Sjöblom et al. (2006), who analysed 13,023 genes in breast and colorectal cancers. Using

cell lines or xenografts, they analysed 11 samples of each type, identifying 189 different

mutated genes that contributed to carcinogenesis. Further analysing all mutated genes

identified by Sjöblom et al., Segal et al. selected 1,152 mutated peptides, identifying an av-

erage of 10 and 7 previously unknown unique MHC class I TSAs in breast and colorectal

cancer respectively, some of which were included in the neoplastic subset identified by

Sjöblom et al. More information of the use of neoantigens as a tool to target cancer cells

through immunotherapy can be found in the many reviews published over the last years

(Bobisse et al., 2016; Schumacher et al., 2019; Smith et al., 2019; Zhang et al., 2021c; Chong

et al., 2022).
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While patient sample sequencing and analysis is a straightforward method for muta-

tion and potential TSA identification in patient personalised treatment, mass spectrome-

try is a more convenient approach when trying to identify neoantigens in complex biolog-

ical samples compared at a large scale. For example, Nelde et al. (2021) analysed the im-

munopeptidome of primary chronic lymphocytic leukaemia (CLL) samples by MS in order

to identify non-mutated CLL-associated antigens recognised by patient-derived T-cells for

the construction of peptide vaccines in a clinical trial at the University Hospital Tuebingen

(NCT04688385). Optimised mass spectrometry protocols for the identification of peptides

that lead to an effective adaptive immune response have been published in the last cou-

ple of years (Kote et al., 2020). Purcell et al. (2019) described their protocol to collect the

naturally MHC-I bound immunopeptides through immunoaffinity from a variety of cell

types, which are then eluted with acid denaturation. Peptide separation by nano-ultra-

performance liquid chromatography and subsequent high-resolution mass spectrometry

leads to the identification of thousands of peptides.

This chapter aims to identify, through mass spectrometry, any potential differences

in the peptides bound to MHC-I in wild-type and ISG15 knocked out patient-derived

glioblastoma stem cells. Not much has been described regarding a potential role of ISG15

in the antigen presentation pathway of MHC-I. In 2015, Burks et al. studied the role of free

ISG15 in breast cancer cells in vitro and in vivo, and showed that free ISG15 had a tumour

suppressor role and enhanced MHC-I membrane expression, while ISGylation did not.

Recently, Held et al. (2020) investigated the role of ISG15 and ISGylation in protein degra-

dation and antigen presentation on transfected HEK293T cells, IFNβ treated murine em-

bryonic fibroblasts (MEFs) and wild-type, ISG15-/- and USP18 mutated mice derived lym-

phocytes. Their results showed that, unlike ubiquitination, the ISGylation pathway did not

induce bulk protein degradation and that cells derived from mice lacking either ISG15 or

USP18 did not express MHC-I differently to cells derived from WT mice. However, the fu-

sion of ISG15 to the lymphocytic choriomeningitis virus (LCMV) nucleoprotein (NP) did

enhance the MHC-I bound presentation of two NP derived peptides. Results obtained

in the SILAC analysis of SiHa cells, which identified antigen processing and presentation

related biological processes to be upregulated in IFNα treated ISG15-/- cells (chapter 5),

along with the conclusions of Held et al. (2020) suggesting that ISG15 could have a role

in antigen presentation lead me to test the expression of MHC-I in ISG15 deficient cancer

models.

One of the challenges for the development of targeted immunotherapies in malignan-

cies with a lower mutational burden is the lack of known tumour specific neoantigens. As

seen in (Figure 6.2), glioblastoma, which is the most common malignant primary brain tu-

mour, is on the lower end in the ranking of cancers with most somatic mutations. Identify-

ing and exploiting the potential neoantigens arising from these mutations is key to design
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effective immunotherapies against this kind of tumour. Relatively novel peptide-based

vaccines have been already tested in clinical trials with glioblastoma suffering patients.

An example of this is the study by Keskin et al. (2018), in which they used a multi-epitope

strategy to treat newly diagnosed glioblastoma patients with personalised vaccines. After

surgical tumour resection, malignant and matched healthy cells were analysed to identify

neoantigens for vaccine production, which was administered after surgery recovery and

conventional radiotherapy treatment to eight patients. They detected increased amounts

of tumour infiltrating T cells among the patients that reacted to the vaccines generating

a neoepitope-specific immune response, which were the ones that had not received dex-

amethasone treatment during the study. A subset of these, found within post-vaccination

intracranial resected tumours, was specific for the neoantigens targeted by the vaccine,

demonstrating that the specific T cells generated as response to the vaccine can travel from

the peripheral blood into an intracranial glioblastoma tumour. The eight patients taking

part in the study eventually died after tumour recurrence, showing that further research is

required to progress in the development of effective neoantigen vaccines. However, this

study poses proof of concept that such vaccines can be a viable therapy for glioblastoma

tumours even though they have a relatively low mutational burden and tend to be im-

munologically cold.

6.2 Aim and strategy

ISG15 has been found upregulated in glioblastoma tumours and has been related with

cancer stemness. Weichselbaum et al. (2008), who identified the IRDS to be overexpressed

in several human tumours, described ISG15 to be one of the signature members showing

higher expression levels across the studied cancer types, including glioma (Figure 1.13).

As mentioned above, the aim of this chapter was to determine if the loss of ISG15 led to

differences in the immune peptides presented by MHC-I that could be further studied in

the context of anti-cancerous treatments. Long term, the data obtained through this ex-

periment could be combined with genomic and RNA-seq data to try to identify poten-

tial neoantigens for these therapies. To this end, WT and ISG15 deficient patient-derived

glioblastoma stem cells were used. Before proceeding with the experiment, the expression

of MHC-I was measured in the cells. Once expression was confirmed, two corning flasks

were used per sample and condition (in triplicates), as seen in Figure 6.4, and cells were

either treated with commercial human recombinant interferon α2 for 24 and 48 hours or

left untreated. At the same time of seeding these flasks, remaining cells were used to per-

form a colony formation assay to confirm the phenotype described in chapter 4. When at

the right confluence, the MHC-I bound peptides were eluted from the cells with an acid

wash and analysed by mass spectrometry. These same cells were collected and sent for
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whole proteomics analysis.

Figure 6.4: Experiment setup of the immunopeptidome and whole proteomics analysis of WT and ISG15

deficient GSC cells. Two T75 corning flask were used per sample in triplicates. Cells were either left untreated

or treated with commercial Human Recombinant Interferon α2 for 24 or 48 hours.

6.3 Methods

6.3.1 Analysis of the expression of MHC-I through immunofluorescence stain-

ing and FACS

In order to find out if the GSC cells had enough MHC-I expression to perform an im-

munopeptidome analysis, quantification was carried out through FACS in wild-type and

ISG15 deficient GSC cells. Cells were grown at two different levels of confluency, each

in duplicate, seeding 100,000 cells for the lower confluence samples and 275,000 for the

higher confluence samples. Half of the samples were treated with 100 U/mL commercial

human recombinant interferon α2 for 0, 24 or 48 hours before being lifted and counted so

the same amount of them could be stained with a fluorescein isothiocyanate-conjugated

(FITC) HLA-ABC antibody (Invitrogen, #11-9983-42). Cell pellets were resuspended in 200

µL of PBS with 4 µL of antibody and they were left to incubate for 30 minutes in the dark.

After the incubation, 2 mL of PBS were added to each tube and centrifuged before the pel-

lets were reconstituted in 400 µL of PBS and transferred to FACS tubes. Cells were injected

into a BD LSRFortessa™ Cell Analyser, where the fluorescent cells were detected and sorted

by intensity across the different samples and conditions.

6.3.2 Peptide elution sample preparation

For the collection of peptides via acid elution for mass spectrometry analysis, two T75

flasks of wild-type and ISG15 deficient pooled GSCs were used in triplicates per condition
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(see section 6.2). Once the cells reached around 70% confluency, two thirds of the plates

were treated with commercial IFNα2 to a final concentration of 100 U/mL. After 24 hours,

the untreated cells and half of the treated flasks were collected, leaving the other half in

the incubator for another 24 hours before collecting them (48 hour treatment in total).

6.3.3 Peptide collection and processing for mass spectrometry analysis

To collect the samples, the flasks were placed and kept on ice during the whole pro-

cedure. The media was discarded and the flasks were washed quickly but gently with ice-

cold PBS, freshly prepared with LC-MS water, by tilting the flasks to the PBS. Then, 3 mL of

freshly prepared citrate-phosphate buffer (131 mM citric acid, 66 mM Na2HPO4, NaCl 150

mM) adjusted at pH 3.3 with NaOH and prepared with LC-MS grade water were pipetted

into the flasks, making sure that the solution completely covered all flask surface. Once

fully covered, the flasks were incubated on ice for 3 minutes gently shaking them manu-

ally time to time, front to back and left to right, to favour elution. After the incubation, the

supernatant containing the immunopeptides was collected on 15 mL falcon tubes. The

tubes were centrifuged at 1000 rpm and 4°C for 5 minutes in order to remove cell debris.

The clean supernatant was then transferred to new 15 mL falcon tubes, being very careful

not to take any debris. Since each sample was composed by two flasks, the supernatant

of these were mixed together resulting in one tube per sample and biological replica. The

samples were snap frozen in liquid nitrogen and stored before further purification steps.

The cells on the flasks were collected by scraping and, mixing the pellets that belonged to

the same sample, the tubes were also snap frozen and stored at -80°C.

Peptide desalting

Once ready to process the peptide samples, these were thawed on ice and Oasis HLB

filtering cartridges (Waters, #WT186000382) were assembled on 15 mL falcons to desalt

them. The columns were conditioned with 1 mL condition buffer (0.2% v/v formic acid

(FA) in methanol) per cartridge and it was left to flow by gravity, without applying any force

or centrifuging. The collection tubes were emptied (as after each following step) and 1

mL of equilibration buffer (0.2% v/v FA in LS-MS water) was added per cartridge, again

letting it flow by gravity. The samples were then loaded into the columns and left to flow.

To wash the samples, 1 mL of washing buffer (5% methanol and 0.2% FA in LS-MS water

v/v) was added to each cartridge and, after passing by gravity, the wash was repeated two

more times. Finally, cartridges were transferred to low affinity, low binding 2 mL collection

tubes and the samples were eluted by adding 1 mL of elution buffer (80% methanol and

0.2% FA in LS-MS grade water v/v) to each cartridge and letting it flow by gravity. The
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recovered volume in each sample, around 0.9 mL, was mixed with 0.9 mL equilibration

buffer to dilute the methanol in the sample to 40%.

Peptide purification

After the samples had been desalted, the samples were passed through 3kDa Ami-

con Ultra-2 Centrifugal Filters (Millipore, #UFC200324) for further purification. For this,

columns were first washed by adding 1 mL LS-MS grade water to each and were centrifuged

at 4°C and 4000 xg for 30 minutes. The collection tubes were emptied along with any

water that had not passed the filter after the centrifugation, making sure there was none

left in the column. The 1.8 mL that composed each sample were added to each column

and they were centrifuged at 4°C and 4000 xg for 135 minutes. The filtered samples were

transferred into low affinity, low transfer 2 mL tubes. A CentriVap centrifugal concentrator

(Labconco®) was used to evaporate the elution supernatant and dry the peptides. Dried

peptides were snap frozen and sent to the International Centre for Cancer Vaccine Science

(Gdansk, Poland) along with the cell pellets harvested after collecting the peptides. Sam-

ples were sent in a big polystyrene box with 10 kg dried ice to ensure they arrived in the

adequate condition for further processing.

6.3.4 Sample preparation for whole proteomic mass spectrometry analysis

Pellet lysis

The frozen GSC cell pellets, from which the immunopeptides were eluted, were thawed

on ice and 300 µL of freshly prepared urea buffer (8M urea in 0.1M Tris-HCl pH 8.5) were

added to each sample. Tubes were left on ice for 30 minutes with occasional mid-speed

vortexing. After making a small hole in the lid of each sample with a needle to avoid pres-

sure contrast, tubes were snap frozen by dipping them in liquid nitrogen. Samples were

thawed and the process was repeated two more times. The tubes were then placed in a

floating holder and in a tray full of ice-cold water, which was left in an ultrasonic bath

for 5 minutes making sure that the waves transferred to the cold water through the tray.

Samples were centrifuged at full speed (17,000 xg / 13,300 rpm) for 15 minutes at 11°C

to avoid urea precipitation at lower temperatures. The supernatant of each sample was

transferred to new clean low binding tube and a BCA assay was performed (ThermoFisher

Scientific, #23225) to determine protein concentration in the samples. Before proceeding,

an aliquot of each sample was diluted into a final concentration of 3M of urea, since higher

concentrations interfere with the assay. The standards were created with a solution of urea

in Tris-HCl to match the concentration in the samples and the protocol provided by the
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supplier was followed.

Sample filter aided sample preparation (FASP)

For FASP, 200 µL of urea buffer were added to each Microcon-10kDa Centrifugal Fil-

ter Units with Ultracel-10 membrane (Merck, #MRCPRT010), followed by 75 µg of protein

mixed by gently pipetting up and down into the urea buffer. The rest of each sample was

frozen immediately at -80°C. Samples were centrifuged at full speed at room temperature

for 30 minutes to pass them through and adhere the protein to the column membrane.

To reduce the samples, 100 µL of urea and 20 µL of 100 mM Tris (2-carboxyethyl) phos-

phine hydrochloride (TCEP) in LC-MS water were added to each column. Tubes were in-

cubated at 37°C and 600 rpm in a shaking thermoblock for 30 minutes and centrifuged at

full speed and room temperature for 30 minutes. Next, 100 µL urea with 20 µL of 300 mM

iodoacetamide in LC-MS H2O were added to each column for protein alkylation. Tubes

were placed in the shaking thermoblock again for a minute to mix the reagents well (37°C

and 600 rpm) and, because iodoacetamide is light sensitive, they were left on a dark clean

cabinet at room temperature for 20 minutes for the reaction to take place. Samples were

centrifuged at full speed at room temperature for 30 minutes. Columns were washed with

100 µL of 100 mM ammonium bicarbonate (NH4HCO3, aka ABC) in LC-MS water to dis-

solve any remaining precipitated urea, because this interacts with trypsin inhibiting its

proteolytic activity, and at the same times provides an optimum environment for trypsin

to work if maintained at 37°C and pH 7.8. Samples were centrifuged at full speed and room

temperature until all the solution passed through the membrane before washing another

three times each with 100 µL of NH4HCO3, slightly vortexing after each addition to prop-

erly wash the walls of the columns. Collection tubes were then changed for new clean ones

to proceed to sample elution. For this, 21 µL of LC-MS water were added to a vial contain-

ing 20 µg of lyophilized sequencing grade modified porcine trypsin (Promega, #V511A).

This trypsin is modified to be resistant to autolytic digestion that would result in additional

fragments that would interfere with the peptide detection by mass spectrometry. The vial

was briefly centrifuged to collect all the trypsin into the added water, resulting in a final

concentration of 0.9524 µg/µL. 100 µL of 50 mM NH4HCO3 in LC-MS water and 1 µL of

trypsin were added to each sample. The ideal ratio trypsin:protein for a column digestion

over-night is between 1:33 and 1:100 - in this case the ratio is 0.95:75, which translates to

approximately 1:79. Samples were wrapped with parafilm to ensure sealing of the column’s

lid as well as the joining between the column and the collection tube. They were placed

in a lidded big rack with the adjacent empty wells filled with water to avoid sample evap-

oration, and the rack was left in the incubator at 37°C over-night. The following day, the

parafilm on each tube was carefully removed before centrifuging the samples at full speed

and room temperature for fifty minutes to collect all of the elution. In order to increase
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the recovery yield, columns were washed with 50 µL of 0.5 M NaCl in LC-MS water and

centrifuged at full speed and room temperature for forty minutes.

Sample desalting

Before proceeding with the desalting protocol and to ensure there was peptides in the

samples after the issue with precipitation, a BCA test was carried out by pooling 2 µL of

each sample in a tube and placing 25 µL of the pool in a 96 well plate well. 25 µL of 50

mM NH4HCO3 in LC-MS H2O were placed in the adjacent well and 200µL of BCA working

reagent were added to each well. A strong purple colour in the sample well showed a high

contrast with the pale greenish colour in the blank well, suggesting a good concentration

of peptides. For desalting, columns were washed with 200 µL of acetonitrile (ACN)+ 0.1%

FA and centrifuged at 0.3 rpm for 2 minutes at room temperature. All following centrifu-

gations were carried out at room temperature unless stated otherwise. This process was

repeated two more times. Columns were then equilibrated with 200 µL 0.1% FA on LC-

MS water and centrifuged at 0.5 rpm for 2 minutes. A second round was added, this time

leaving the solution for 15 minutes before centrifuging to hydrate the slurry phase of the

column. The eluted peptides were transferred into the C18 columns and centrifuged at

0.7 rpm for 2 minutes. Samples were desalted with 200 µL 0.1% FA on LC-MS water and

centrifuged at 0.7 rpm for 2 minutes. This step was repeated another two times, empty-

ing the collection tube after each centrifugation. Collection tubes were then changed for

new clean ones to proceed to sample elution. Peptides were eluted by adding 200 µL of

50% ACN, 0.1% FA in LC-MS water and centrifuging at 0.7 rpm for 2 minutes. To ensure

full extraction of the peptides, 200 µL of 80% ACN, 0.1% FA in LC-MS water were added to

each column, followed by centrifugation at 0.7 rpm for 2 minutes. A last elution step was

performed in new clean tubes with 200 µL of 80% ACN, 0.1% FA in LC-MS water. The col-

lected elutions were combined resulting in a total of 600µL. Desalted peptides were kept at

4°C over-night and dried in a evaporator centrifuge Concentrator Plus (Eppendorf) before

freezing them at -80°C for posting alongside the purified peptides.

6.3.5 Mass spectrometry analysis

30 µL of loading buffer composed of 0.08% trifluoroacetic acid (TFA) and 2.5% ACN in

MS-LC grade water were used to reconstitute the vacuum dried peptides before Dr. Sachin

Kote and Dr. Jakub Faktor analysed them at the e International Centre for Cancer Vaccine

Science using a Ultimate 3000 nanoLC system coupled to an Orbitrap Exploris 480 mass

spectrometer (Thermo Fisher Scientific). Upon sample injection, peptides were separated

by liquid chromatography as previously described in section 5.3.2 using 0.1% FA in LS-MS
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water as solvent A and 0.1% FA and 80% ACN in LS-MS water as solvent B. Samples were

analysed with the following settings: applied normalized collision energy at 30%, MS/MS

resolution at 60,000 (at 200 m/z), AGC target value of 100% and a maximum injection time

of 100 ms. Details on the key components of an Orbitrap mass spectrometer can be found

in section 5.3.2.

6.3.6 Data analysis

Data analysis was performed with the quantitative proteomics software MaxQuant

using the UniProt database (https://www.uniprot.org/) by Dr. Sachin Kote and Dr.

Jakub Faktor. Following the same protocol described in subsection 5.3.3, the ob-

tained results were used to generate volcano plots using the web tool VolcaNoseR

(https://huygens.science.uva.nl/VolcaNoseR2/), using below 0.5 and above 2 as fold

change cut-offs (x-axis) and p<0.05 as significance cut-off (y-axis). Data was further sorted

for gene set enrichment analysis (p<0.05 and fold change above 1.5 and below 0.67) and

the gene names were inserted into g:Profiler (https://biit.cs.ut.ee/gprofiler/gost). For this

analysis, the proteins found only in ISG15 KO samples and only found in WT were also

included as upregulated and downregulated respectively. The Gene Ontology terms (GO

terms) compiling genes by their biological process and cellular component location along

with their assigned p-values were acquired from the uncapped results and fed into Re-

vigo (http://revigo.irb.hr/). The settings were adjusted to obtain a medium list (0.7) with

associated p-value, and to work with the default semantic similarity metric (SimRel) and

the human UniProt protein database (9606). To display the cellular location of the sig-

nificant upregulated and downregulated proteins, the data was exported from Revigo in a

tree map format to create pie charts using the Circular Gene Ontology (CirGO) web tool

(https://bio.tools/cirgo). A flow chart showing the summarised data analysis process can

be found in Figure 6.5.
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Figure 6.5: Flow diagram of the data analysis methodology used in the whole proteomic mass spectrometry

analysis.

The analysis of the immunopeptidome of ISG15 KO vs WT GSC samples identified

thousands of peptides, each of them with its own p-value. All the peptides with a p-value

over 0.05 were discarded for the analysis. A flow diagram summarising the methodology

used for the analysis of the data of this section is shown in Figure 6.6.
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Figure 6.6: Flow diagram of the data analysis methodology used in the immunopeptidomic mass spectrom-

etry analysis.

6.4 Results

6.4.1 Analysis of the expression of MHC-I in ISG15 deficient GSC cells

The identification of upregulated antigen processing and presentation related biolog-

ical processes in ISG15-/- SiHa cells lead to the decision of further analysing the possible

involvement of ISG15 in the regulation of the MHC class I system. Before proceeding with

the elution of the MHC class I bound peptides for their analysis by mass spectrometry, the

expression level of MHC in ISG15 KO cells had to be confirmed. FACS analysis of GSC WT

and ISG15 KO cells incubated with a FITC conjugated HLA antibody resulted in the 100%

of the analysed single cells being gated as fluorescent, regardless of treatment condition.

The mean fluorescence intensity (488-525/50-A) of each sample, directly correlated to the

amount of fluorophores in the sample and therefore to the expression of HLA, was com-
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pared between samples to identify any differences between the cell lines and treatment

conditions. Figure 6.7a shows that the average of the duplicates in both untreated cell

lines (ISG15 KO and WT) presented very similar intensity means but, once treated, HLA

expression was significantly higher in ISG15 deficient cells. The mean intensity increase

was directly proportional to duration of the treatment, being the highest at 48 hours, and

the confluency level of the cells did not make a difference in the level of HLA expression.

To determine if the increased fluorescence intensity was due to a higher number of events

analysed, the total number cells recorded and analysed in each sample was plotted along

with the average mean fluorescence intensity of the duplicates in each sample. Figure 6.7b

shows that, even if the number of events analysed was higher in most of the untreated sam-

ples, the fluorescence intensity was lower than in the treated samples. These results sug-

gest that the increase in HLA expression was the result of treating the cells in the absence

of ISG15, while its absence alone did not make a difference in the expression of HLA.

(a)
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(b)

Figure 6.7: Quantification of MHC-I expression in GSC WT and ISG15 KO cells through FACS. Untreated and

24 and 48 hour IFNα treated (100 U/mL) cells incubated with an anti HLA-ABC FITC conjugated antibody

were analysed by flow cytometry. a) Fluorescence intensity mean (duplicate’s average) in higher (275,000 cells

seeded) and lower (100,000 cells seeded) confluence samples of GSC WT and ISG15 KO treated and untreated

cells. b) Count of analysed events in each sample (columns), in duplicate, versus their average intensity mean

(lines). Error bars represent±SD. Linear regression analysis run on same group samples showed no significant

differences in HLA expression (p-value WT = 0.6361 & p-value KO = 0.2523). However, significant differences

were found comparing WT and KO samples for both confluences (p-value low confluence < 0.0001 & p-value

high confluence = 0.001). Statistical results are available in Table D.13, Table D.14, Table D.15 and Table D.16.

6.4.2 Immunoblot and colony formation assay on GSC cells

In order to confirm the phenotype described in chapter 4 in the same batch of cells

used for the immunopeptidomic and whole proteomic experiment, an immunoblot for

ISG15 and a colony formation assay were performed using the cells left after plating all

the necessary flasks for the experiment. As seen in Figure 6.8, IFNα treated WT cells show

a high level of ISGylated proteins and a band matching the size of free ISG15, which are

absent in the untreated WT and both treated and untreated ISG15 KO samples, proving

the lack of ISG15 expression in the KO cell line.
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Figure 6.8: Immunoblot for ISG15 on GSC WT and ISG15 KO IFNα2 treated and untreated samples. The

samples were collected from plates seeded with the cells remaining after seeding the flasks for the whole pro-

teomics and immunopeptidomics experiment, meaning they reflect the ISG15 expression state of the samples

used for both the mass spectrometry analyses. An equal amount of protein (50 µg) from whole cell lysate was

loaded per lane in an 15% SDS-PAGE followed by immunoblotting. The membrane was developed using anti-

ISG15 antibody (Santa Cruz Biotechnology (#166755) at 1:2000 in milk) followed by anti-β-actin antibody

(Sigma (#A2228) at 1:1000 dilution). IFNα treatment concentration was 100 U/mL in all treated samples.

Regarding the colony formation assays, the morphology of GSC cells does not allow

for a strong staining process, which results in a faint colour after staining as described

in subsection 4.4.3. However, it can be observed in Figure 6.9a that the ISG15 deficient

cells are more sensitive to IFNα than the WT cells, which is most noticeable in the last

row corresponding to the higher treatment concentration. To confirm this quantitatively,

the stain was dissolved in 1 mL of acetic acid as described in subsection 4.4.3, and the

absorbance ratios were calculated from the mean of the triplicates using the untreated

control as a reference. Absorbance readings and ratios shown in Figure 6.9b confirm the

IFN sensitivity acquired upon deletion of ISG15.
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(a) (b)

Figure 6.9: Confirmation of the IFN sensitive phenotype on the same GSC cell batch edited for the mass spec-

trometry analysis. a) Colony formation assay treating cells with commercial IFNα2 at final concentrations

of 50, 100 and 500 U/mL. Each condition was plated in technical triplicates. b) Quantification of the colony

formation assay by stain dissolution and absorbance reading at 595 nm. The upper graph shows the mean

absorbance of each condition’s triplicates. Error bars equal ±SD. The lower graph shows the absorbance ra-

tios of each treated sample to the untreated baseline obtained using the mean absorbance of each triplicated

condition.

6.4.3 Whole proteomic analysis on ISG15 deficient GSC cells

As the IFNα sensitivity phenotype and the expression of ISG15 were analysed, the MHC

class I bound peptides were collected with a gentle acid solution. The cells from which the

peptides had been eluted were then collected by scrapping, lysed and sent to the Inter-

national Centre for Cancer Vaccine Science in Gdansk, where I later travelled to process

the samples before mass spectrometry analysis. Data obtained from the quantitative pro-

teomics software MaxQuant were further filtered by p-value for the generation of volcano

plots and for gene set enrichment analysis.

Volcano plots

For the generation of volcano plots the log2 of the fold change ratios of each protein

found in KO vs WT obtained from MaxQuant were plotted against the -log10 of the ad-

justed p-value for each treatment condition (untreated or treated with IFNα for 24 or 48
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hours) using VolcaNoseR. To select the most significant hits, those proteins with a fold

change above 2 (red) and below 0.5 (blue) with a p-value below 0.05 were highlighted, la-

belling the top ten proteins. As seen in Figure 6.10, the comparison of protein expression

in untreated ISG15 KO vs WT results in more proteins being downregulated that upregu-

lated. Eight of the top ten most significantly altered proteins are downregulated, one of

them being ISG15. Within the range of biological functions of the remaining seven hits, a

commonality can be observed. NFIC (a transcription factor), ROA0 (a ribonucleoprotein)

and HMGA1 (chromatin-associated protein) are DNA and RNA related proteins, and ADA

is a DNA methyltransferase involved in the purine catabolic pathway. While ADPPT is a

poorly described metabolic enzyme, PPHLN seems to play an important role in epithelial

differentiation and TM41B is a regulator of autophagy and lipid mobilisation. On the other

hand, NDUA4 and CATD (cathepsin D) were identified as the two top upregulated proteins

in ISG15 KO cells vs WT cells in the absence of treatment, the first being a component of

the electron transport chain complex I subunit and the second an key protease found in

lysosomes.

Figure 6.10: Volcano plot generated with the untreated ISG15 KO vs WT data obtained from the whole pro-

teomic analysis performed on GSC cells. The fold change ratios of each protein found were plotted against

the -log10 of the adjusted p-value of the untreated samples using VolcaNoseR. The most significant hits (fold

change above 2 and below 0.5 with a p-value below 0.05) were highlighted in red (upregulated) and blue (down-

regulated), with the top ten proteins labelled. ISG15 KO and WT samples were analysed in triplicates.
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The volcano plots generated with data from IFNα treated samples (see Figure 6.11)

show that nine out of the top ten hits are upregulated proteins, with the only very signifi-

cantly downregulated protein being ISG15. DHX58, IFIH1 (also known as MDA5), CMPK2,

CD151, IFIT1, IFIT2 and IFIT3 are commonly upregulated in both IFNα treated KO vs WT

comparisons regardless of the treatment time course. DHX58 and MDA5 are DExH-Box

helicases, proteins with important roles in RNA metabolism and regulation of antiviral

signalling. The IFIT members are also well known IFN induced proteins involved in vi-

ral immune response, while CMPK2 and CD151 are a mitochondrial kinase and a trans-

membrane protein from the tetraspanins family, respectively. The two uniquely signifi-

cantly upregulated proteins in the KO vs WT samples treated for 24 hours were SYWC (an

aminoacyl-tRNA synthetase) and 5NTD (a membrane protein involved in the conversion

of extracellular nucleotides to membrane permeable nucleosides), while MX2 (an IFN in-

duced antiviral protein) and LG3BP (a secreted glycoprotein member of the β-galactoside

binding protein family) were the two most significant uniquely upregulated proteins in the

KO vs WT samples treated for 48 hours.

(a)
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(b)

Figure 6.11: Volcano plots generated with the 24 (a) and 48 (b) hour IFNAα treated ISG15 KO vs WT data,

obtained from the whole proteomic analysis performed on GSC cells. The fold change ratios of each protein

found were plotted against the -log10 of the adjusted p-value for each treatment condition (treated with IFNα

for 24 or 48 hours) using VolcaNoseR. The most significant hits (fold change above 2 and below 0.5 with a p-

value below 0.05) were highlighted in red (upregulated) and blue (downregulated), with the top ten proteins

labelled. ISG15 KO and WT samples were analysed in triplicates.

Gene set enrichment analysis - Analysis of biological processes

The data was further sorted for gene set enrichment analysis (p<0.05 and fold change

above 1.5 and below 0.67) and the gene names were inserted into g:Profiler. Those proteins

that were identified only in ISG15 KO or WT samples and therefore did not have a p-value

or ratio were also included in the analysis. The acquired Gene Ontology terms (GO terms)

compiling genes by their biological process were then inserted into Revigo. Even though

Revigo designed to remove redundant GO terms, the full lists of results (available in Ap-

pendix D) showed some highly overlapping terms. The most significant ones were selected

and in some cases, two or more were combined in one term in order to make bar graphs

that represented the results. When such combination occurred, the start of a change in

pattern in the bar (from solid blue to white and blue) represents the lowest p-value of

the terms combined, and the end of the bar matches the highest p-value of those com-
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bined. Figure 6.12 shows the biological processes upregulated in KO vs WT samples treated

with IFNα for 24 hours, the two most significant ones being organonitrogen compound

metabolic and catabolic processes. Other interesting hits are nucleobase-containing small

molecule metabolic processes, positive regulation of type I IFN production, MDA-5 sig-

nalling pathway, response to stress, regulation of cell death and programmed cell death,

proteolysis and protein and peptide metabolic processes. Only three downregulated bio-

logical processes were identified, but all of them are related with mitochondrial processes:

protein localisation to mitochondrion (-log10 p-value 2.89), respiratory electron transport

chain (-log10 p-value 1.95) and establishment of protein localisation to mitochondrion (-

log10 p-value 1.92).

The biological processes found to be upregulated in KO vs WT samples treated with

IFNα for 48 hours are shown in Figure 6.13. Although the most significant process is, un-

surprisingly, negative regulation of viral processes and defence response to virus / sym-

biont / biotic stimulus, the second most significant process is related to antigen process-

ing and presentation of endogenous peptide antigen. Other upregulated processes to con-

sider are: immune system process and response, negative regulation of innate immune re-

sponse, response and regulation of cytokine stimulus and production, IL-27 mediated sig-

nalling pathway, T cell mediated immunity and cytotoxicity, regulation of nuclease and ri-

bonuclease activity, response to IFNβ , positive regulation of cell killing, positive regulation

of tumour necrosis factor production, positive regulation of macromolecule metabolic

processes, production of molecular mediator of immune response and regulation of im-

mune effector processes. Common processes with the ones identified in ISG15 KO sam-

ples vs WT treated for 24 hours were also found, such as response and regulation of type I

IFN, response to stress and response to organic substances. No significant downregulated

biological processes were identified in KO vs WT samples treated with IFNα for 48 hours.
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Gene set enrichment analysis - Analysis of cellular compartments

To determine the cellular origin of the significant upregulated and downregulated pro-

teins identified in ISG15 KO vs WT GSC cells upon whole proteomic analysis, the filtered

data (p<0.05 and fold change above 1.5 and below 0.67) was inserted in g:Profiler and the

obtained GO terms compiling genes by their cellular compartment location were then in-

troduced into Revigo. Those proteins that were identified only in ISG15 KO or WT samples

and therefore did not have a p-value or ratio were also included in the analysis. The Cir-

cular Gene Ontology (CirGO) web tool was used to create pie charts that display the data

obtained from Revigo. Figure 6.14 shows that 33,7% and 13.7% of the significant downreg-

ulated proteins in untreated KO vs WT GSC samples belong to the cytoplasmic vesicle lu-

men and cytosol respectively. The next most significant categories are cytosolic ribosome

(9.3%), membrane-bound organelle (8.4%), cytoplasm (7.9%) and vesicle (5.6%). On the

other hand, 32.1% of the significant upregulated proteins in untreated KO vs WT GSC sam-

ples belong to the mitochondrial protein containing complex. Secretory granule (13.7%),

cytoplasm (13.4%) and vacuolar lumen (12.7%) are the following more important groups.

IFNα caused a shift in the proteins upregulated in ISG15 KO vs WT cells treated for 24

hours (Figure 6.15), moving from the biggest group of proteins belonging to the mitochon-

drial protein complex in the untreated samples to 34.2% of the proteins belonging to the

nuclear envelope. Regarding the downregulated proteins in these samples, 28.4% of them

belong to the mitochondrial-bounded organelle and 24.2% to the membrane-bounded or-

ganelle. Other significant categories include envelope (9.7%), mitochondrion (8.1%), and

a quite specific category also related to the mitochondria - the respirasome (4.2%). Inter-

estingly, proteins located in the mitochondrial complex were significantly upregulated in

ISG15 KO cells prior IFN treatment.

Increasing the treatment time from 24 hours to 48 also caused a considerable change

in the origin of the upregulated proteins (Figure 6.16), with a significant 50.1% of the pro-

teins belonging to the lumenal side of the endoplasmic reticulum membrane, followed by

a 14.1% belonging to the MHC class I protein complex. Only two common cellular com-

partments could be identified from the list of significant downregulated proteins in ISG15

KO vs WT samples treated for 24 hours: cell body (53.9%) and astrocyte end-foot (46.1%).

A summarising graph showing the three top downregulated and upregulated cellular

compartments of each treatment condition can be found in Figure 6.21, condensing Fig-

ure 6.14, Figure 6.15 and Figure 6.16.
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Figure 6.17: Two directional bar graph showing the top three downregulated (left) and upregulated (right)

cellular compartments in each of the three treatment conditions (untreated, treated with IFNα for 24h and

treated with IFNα for 48h) following whole proteomic analysis on KO vs WT GSC cells. The x axis represents

what percentage of the upregulated and downregulated proteins belonged to the cellular localisation pre-

sented in the y axis.

Gene set enrichment analysis - Analysis of cellular compartments

In order to identify the cellular origin of the proteins to which the significantly en-

riched and underrepresented peptides identified in untreated ISG15 KO vs WT samples

belonged, the filtered data (p<0.05 and fold change above 1.5 and below 0.67) was inserted

in g:Profiler and the obtained GO terms compiling genes by their cellular compartment lo-

cation were then introduced into Revigo. The proteins that were identified only in ISG15

KO or WT samples and therefore did not have a p-value or ratio were also included in the

analysis. The Circular Gene Ontology (CirGO) web tool was used to create pie charts that

display the data obtained from Revigo.

Figure 6.18 shows that 37.2% and 12.1% of the significant downregulated proteins

in untreated KO vs WT GSC samples belong to secretory granule lumen and mitochon-

drial protein-containing complex respectively, followed by membrane-bounded organelle

(7.5%) and cytosolic ribosome (6.8%). Interestingly, 41.9% of the enriched peptides iden-

tified in untreated KO vs WT GSC samples also originated from proteins belonging to the

secretory granule lumen, followed by CENP-A containing nucleosome (29.4%) and mem-

brane enclosed lumen (5.8%).
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When analysing the peptides identified in KO vs WT GSC samples treated with IFNα for

24h (Figure 6.19), the secretory granule lumen is once again the top protein origin both in

the enriched and underrepresented categories, with 38.1% and 41.4% respectively belong-

ing to this cellular location. Peptides originated from proteins belonging to the CENP-A

containing nucleosome, which were enriched in KO vs WT untreated cells, show to be un-

derrepresented once treated with IFNα, with 19.4% of the protein origins belonging to this

location. The next most underrepresented location is the membrane-bounded organelle

(7.2%), also underrepresented in the untreated cells. The second most enriched protein

origin is the cytoplasm (20.3%) followed by the cytosol (%10.3).

Finally, when analysing the origin of the underrepresented peptides upon IFNα treat-

ment for 48h, 47.4% of the proteins belonged to nuclear periphery, followed by 11.8%

belonging to the cytoplasm and 6.8% to the vesicle. The enriched peptides belonged to

proteins originated from the melanosome (23.3%), polysome (11.9%) and nuclear body

(11.9%).

To summarise these results, the top three cellular compartments of the proteins from

which the enriched and underrepresented peptides originated in each treatment condi-

tion were plotted together in Figure 6.22. For easier analysis, Figure 6.21 has been copied

again next to Figure 6.22 to allow for better comparison of the origin of the proteins de-

tected through whole proteomic analysis and the origin of the peptides detected via im-

munopeptidomic analysis.
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Figure 6.21: Two directional bar graph showing the top three downregulated (left) and upregulated (right)

cellular compartments in each of the three treatment conditions (untreated, treated with IFNα for 24h and

treated with IFNα for 48h) following whole proteomic analysis on KO vs WT GSC cells. The x axis represents

what percentage of the upregulated and downregulated proteins belonged to the cellular localisation pre-

sented in the y axis.

Figure 6.22: Two directional bar graph showing the top three underrepresented (left) and enriched (right)

cellular compartments in each of the three treatment conditions (untreated, treated with IFNα for 24h and

treated with IFNα for 48h) following immunopeptidomic analysis on KO vs WT GSC cells. The x axis represents

what percentage of proteins found to be the origin of the enriched and underrepresented peptides belonged

to the cellular localisation presented in the y axis.
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The comparison of the cellular origin of the proteins identified by whole proteomic

analysis and the origin of the proteins to which the peptides identified by immunopep-

tidomic analysis belonged revealed interesting results. Proteins belonging to the mito-

chondrial protein-containing complex were found upregulated in untreated ISG15 KO vs

WT GSC cells, and yet peptides originated from these proteins were underrepresented in

the cellular membrane under the same conditions. As an example of this phenomenon,

any significantly altered NDUA4 peptides were searched in the data belonging to untreated

ISG15 deficient vs WT samples. As seen in Table 6.1, the four peptides identified in un-

treated ISG15 KO samples were underrepresented when compared to WT samples - two of

them were only found in WT cells and the other two had fold changes of 0.08 and 0.16.

Table 6.1: NDUA4 peptides identified in untreated ISG15 deficient vs WT GSC cells (p-value<0.05). Even

though the results of the whole proteomic analysis show that NDUA4 was upregulated in untreated ISG15

deficient cells when compared to WT cells, immunopeptidomic analysis found that peptides belonging to

NDUA were underrepresented.

Peptide FC

SKLKKERPDF Only found in WT

YSVNVDYSKLKKERPDF Only found in WT

SVNVDYSKLKKERPDF 0.083018184

YSKLKKERPDF 0.160460891

Another seemingly dysregulated pathway according to these results is the secretory

granule pathway. Proteins belonging to this cellular compartment were found upregu-

lated in untreated ISG15 KO vs WT cells, and they were not detected to be significantly

downregulated or upregulated at a protein expression level upon IFN treatment. In spite

of that, peptides originated from proteins belonging to the secretory granule lumen were

found both underrepresented and enriched in untreated and treated for 24h ISG15 KO cells

when compared to WT cells.

Peptide length distribution analysis

In order to determine if there was a particular peptide length distribution among the

peptides differently enriched in ISG15 deficient vs WT cells, the number of residues per

peptide with a p-value below 0.05 were counted, and they were separated by fold change.

All significant enriched peptides had a fold change above 1.5 and all significant under-

represented peptides had a fold change below 0.67, so no peptides were discarded by this

requirement. Figure 6.23 is composed of three subfigures showing the peptide length dis-
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tribution of peptides identified in ISG15 KO vs WT GSC samples under different condi-

tions: untreated (a), treated for 24h (b) and treated for 48h (c). No peptides with less than

7 residues were identified, and the longest peptides identified had 45 amino acids. For

plotting purposes, peptides with 7 to 23 residues were selected, as very few peptides with

more than 23 amino acids were identified, but a full table with the length distribution of all

the peptides can be found in Appendix D. Results show a significant number of peptides

being underrepresented in untreated ISG15 KO vs WT samples, and a very high number of

enriched peptides in samples treated for 48 hours.

These distributions were obtained using only the peptides found in ISG15 KO samples

relative to those found in WT samples. In an effort to analyse the changes within WT and

KO samples independently, peptides found in 24h treated WT and KO samples relative to

the untreated correspondents and peptides found in 48h treated WT and KO samples rel-

ative to the correspondent samples treated for 24h were sorted. This way, the peptides

enriched during the first 24h upon IFNα treatment and the peptides enriched 24 to 48h

after treatment were evaluated. Because the data obtained was exported as pairwise com-

parisons, the state of the enriched peptides in WT untreated and ISG15 KO untreated sam-

ples could not be determined independently. Figure 6.24 shows the length distribution of

peptides presented in the first 24 hours (a) and 24 to 48 hours after IFNα treatment (b) in

ISG15 KO (right, red) and WT (left, blue) GSC cells. Again, all significant enriched peptides

had a fold change above 1.5 and below 0.67, so no peptides were discarded according to

fold change requirements.

Overall, the results presented suggest a significant increase in peptides being enriched

in the absence of ISG15 48 hours after IFNα treatment, which seem to maintain the stan-

dard peptide distribution with ninemers being the most abundant.
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Figure 6.23: MHC-I presented peptide length distribution in ISG15 KO vs WT GSC cells untreated (a), treated

with IFNα for 24h (b) and treated with IFNα for 48h (c). The peptides identified were sorted by significance

(p-value<0.05) and separated by fold change as enriched (above 1.5) or underrepresented (below 0.67). The

graph represents the number of peptides (y axis) that have certain number of residues (x axis). No peptides

with less than 7 residues were identified. Columns 24 to 45 were neglected for this figure due to extremely low

number of peptides having this amount of residues.
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Identification of Peptide distribution analysis

In an effort to identify potential protein targets constituting sources of peptides differ-

ently in ISG15 deficient vs WT cells, the number of significant peptides per protein were

counted. The top 47 and 44 proteins with most underrepresented or enriched peptides

respectively were selected to be plotted into three column heat maps, one per treatment

condition (untreated, treated for 24h and treated for 48h), as seen in Figure 6.25.

Figure 6.25: Heat map displaying the proteins with the most differentially enriched and underrepresented

peptides in the absence of ISG15 in GSC cells (KO vs WT). The map showing the proteins with the most un-

derrepresented peptides is located in the left, showing the number identified in each treatment condition,

and the one showing the proteins with the most enriched peptides is located in the right.
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The top proteins with the most differentially enriched peptides were selected to com-

pare their peptide expression with the protein expression determined by the whole pro-

teomic analysis. Although the p-values of most of them were not low enough to be con-

sidered significant, the correlation between the protein and peptide expression could be

confirmed in some of the cases. As seen in Table 6.2, the protein expression of G3P in

untreated ISG15 KO GSC cells was 0.29 times that expressed in untreated WT GSC cells

(p-value 0.0001), consistent with the large amount of underrepresented peptides detected

in KO vs WT cells on this condition (55 peptides). Interestingly, the over 2 fold change

expression of this protein (p-value 0.0058) in ISG15 KO cells compared to WT upon IFN

treatment for 24h is not reflected in the number of enriched peptides detected in this con-

dition, since only 1 peptide was detected to be enriched. Upon treatment for 48h, on the

other hand, 44 enriched peptides were identified in ISG15 deficient cells compared to WT,

but unfortunately the protein expression fold change could not be confirmed due to a poor

p-value. Out of the 55 peptides found underrepresented in untreated ISG15 KO samples vs

WT samples, 28 had fold change values ranging 0.02 to 0.26, while the other 27 were only

found in WT samples and not in KO samples. On the other hand, from the 44 peptides

found enriched following treatment for 48h, 12 had fold change values ranging between

3.00 and 156.10. B2M also showed to have a great number of highly enriched peptides

in the absence of ISG15 following IFNα treatment for 48h (31), but its protein expression

fold change is only 1.54 (p-value 0.0196). This is interesting since 14 of the 31 peptides

detected were found to be enriched with fold changes ranging 2.08 to 100.51, while the

other 17 were only detected in ISG15 KO samples and not in WT samples. However, since

B2M is a component of the HLA class I moleculaes, the enrichment of peptides detected

at 48 hours after IFNα treatment could not be the result of the elution of peptides cleaved

from B2M proteins and bound to HLA molecules, but of HLA molecules being eluted and

digested with the samples prior analysis by mass spectrometry. This would be consistent

with the results observed in the analysis of HLA expression performed by flow cytome-

try, which showed that IFNα treatment induced HLA overexpression in ISG15 KO samples

when compared to WT samples, with the highest expression being at 48 hours. Therefore,

experimental validation and further investigation would be required to discern these two

options.The fold change values of the peptides identified for G3P and B2M can be found

in Appendix D.
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Table 6.2: The steady state expression level determined by whole proteomic analysis of targets of interest

identified in immunopeptidomic analysis, showing the fold change in ISG15 KO vs WT and the p-value of

each protein in each treatment condition.

Untreated Treated for 24h Treated for 48h

Name FC p-value FC p-value FC p-value

G3P 0.2874 0.0001 2.2619 0.0058 1.3279 0.5859

KPYM 0.4195 0.0041 1.8563 0.0508 1.1418 0.9224

VIME 1.1006 0.3840 1.0617 0.6718 0.9113 0.7668

PTMA 0.8761 0.5122 1.0203 0.9465 1.1205 0.8765

PARK7 0.9790 0.9616 0.9539 0.9329 1.0207 0.9952

PGK1 0.5768 0.0080 1.3524 0.1670 1.1257 0.8783

ANXA5 1.1946 0.3720 1.1554 0.5460 1.1230 0.8849

PROF1 0.6381 0.0380 1.2754 0.3206 1.1689 0.8298

PPIA 1.0423 0.8933 1.3986 0.2691 1.0407 0.9886

GELS 0.6825 0.0117 1.1699 0.3474 0.8892 0.7881

ALDOA 0.3938 0.0007 1.5888 0.0716 1.2308 0.7430

B2MG 1.1173 0.4434 1.0905 0.6313 1.5421 0.0196

TYB4 0.8361 0.6188 1.0314 0.9510 1.1949 0.9131

MIF 1.6206 0.0998 0.8553 0.6829 1.2370 0.8313

S10AA 2.8745 0.0003 1.0133 0.9687 1.2718 0.6752

S10AB 2.2377 0.0568 0.8189 0.7186 1.1358 0.9580

S10A6 0.4426 0.0292 1.7229 0.1851 1.2842 0.8456

ENOA 1.2174 0.2409 1.3758 0.0885 1.2484 0.5050

6.5 Discussion

The aim of this chapter was to determine if the lack of ISG15 altered the MHC-I me-

diated peptide presentation pathway, and to detect any significant differences that could

potentially lead to the identification of targets for treatment in glioblastoma cells. To this

end, the first step was to identify any differences in the membrane expression of HLA in

the patient-derived WT and ISG15 deficient cell lines and ensure sufficient expression for

the immunopeptidome analysis. All the single cells analysed in both WT and ISG15 cells

expressed detectable HLA. The determination of the mean fluorescence intensity of each

sample revealed an increased IFN treatment dependent expression of HLA in ISG15 defi-

cient cells compared to WT, even though the basal expression in untreated cells was very

similar in both cell lines. As described in section 6.1, Held et al. (2020) analysed the expres-

sion of HLA in lymphocytes of WT, ISG15-/- and USP18-/- mice, and their results showed
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that, after the induction of the IFN pathway in these mice, there was no difference in the

expression of MHC class I (H2K and H2B). They concluded that neither ISG15 nor protein

ISGylation altered MHC class I expression in mice. Ir must be borne in mind that ISG15

seems to have different roles in humans and in mice. Over the last two decades, extensive

research on the role of ISG15 in virology has been published (see subsection 1.3.1), most of

it performed in mice and in vitro, and although some studies have proved ISG15 to have

antiviral properties in human samples, ISG15 deficient patients do not exhibit the viral

susceptibility observed in ISG15 deficient mice (Bogunovic et al., 2012; Speer et al., 2016).

On top of this, the role of ISG15 as a negative regulator of the IFN pathway seems to be hu-

man exclusive. Speer et al. (2016) demonstrated that the stabilising between ISG15:USP18

which happens in humans does not occur in mice, who seem to be able to regulate the

IFN response in the absence of ISG15. An analysis of the USP18 dependant ISGylome in

USP18-/- vs WT HAP1 (a cell line derived from human chronic myelogenous leukemia)

revealed upregulation of components from the antigen presentation pathway, and proved

better antigenicity of USP18-/- cells by measuring their T cell response. On the other hand,

Burks et al. (2015) reported that free ISG15 in breast cancer cells had a tumour suppres-

sor role and enhanced MHC-I membrane expression in experiments performed both in

human and mice, but ISGylation did not. Free ISG15 has been proved to promote the ex-

pression of IFNγ (Recht et al., 1991; Bogunovic et al., 2012; Swaim et al., 2017) in a role

that is independent of its ability to negatively regulate the IFN pathway, which at the same

time upregulates MHC-I expression (Lefebvre et al., 2001; Elsen et al., 2004; Carey et al.,

2019). Therefore, the results presented in this chapter concerning the expression of MHC

in ISG15 deficient cells are consistent with the evidence that HLA is induced by IFN and

that ISG15 is a negative regulator of the IFN response in humans, and suggest it could also

play a role as a negative regulator of immunogenicity. Whether USP18 is affected by the

loss of ISG15 in GSCs remains to be determined. However, the analysis by immunoblot

performed in SiHa cells showed that USP18 levels did not increase when ISG15 was si-

lenced (section 5.4).

The determination of the changes at whole proteomic level in ISG15 deficient vs WT

GSC cells in the absence and presence of IFNα treatment (24h or 48h) allowed for sev-

eral data analyses. These included the identification of the most differentially expressed

proteins, which identified many interesting targets for validation and further research, and

gene pathway analysis, which shed light into the broader picture of the roles of ISG15 in the

cells studied. The volcano plots generated showed that upon IFNα treatment and in the

absence of ISG15, the most significantly differently expressed proteins were upregulated,

and only one significantly downregulated protein was identified - ISG15. Again, this seems

to be as a result of the lack of ISG15 as a negative regulator of the IFN pathway, since the

unregulated exacerbated IFN response would result in the overexpression of many ISGs.

Overall, the upregulated elements are proteins involved in IFN triggered immune and vi-
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ral response. Bearing in mind that these cells were ISG15 KO mixed population cells, it

is expected to find a very small abundance of ISG15 when analysing with a technique as

precise and accurate as mass spectrometry, but the fact that ISG15 was found to be so

significantly downregulated in treated ISG15 KO vs WT samples validates the expression

analysis performed by immunoblot and proves that the deficiency of ISG15 in these cells.

When comparing the proteins found differentially expressed in ISG15 deficient vs WT un-

treated cells, there are many more significantly downregulated than upregulated proteins.

Although ISG15 is one of these, it is not the top downregulated protein due to the lack of

IFN to create the major difference between the ISG15 levels observed in the volcano plots

generated from the data of the treated samples. Only two significantly upregulated pro-

teins were detected, one of which was a mitochondrial protein - NDUA4. When looking

back at the IFN related upregulated proteins in the treated samples, CMPK2 can be found

upregulated in both treated conditions, which is another mitochondrial protein. The up-

regulation of two different mitochondrial related proteins, one in untreated and other one

in the both treated ISG15 KO samples, suggests a potential upregulation of this biolog-

ical process. Regarding the downregulated proteins in ISG15 deficient vs WT untreated

cells, there seems to be a common pattern in the function of these proteins, most of them

DNA and RNA related. One of these is periphilin-1 (PPHLN), the second most downreg-

ulated protein, which is a nuclear protein and part of the Human Silencing Hub (HUSH),

suggested to be an epigenetic suppression complex responsible for mediating position ef-

fect variegation (PEV)(Tchasovnikarova et al., 2015). PEV refers to the phenomenon by

which the position of a gene results in enhanced or repressed expression. According to

this phenomenon, genes closer to heterochromatin are more likely to present a mosaic

expression, presenting activated or silenced expression even between neighbouring cells,

due to its position in the genome (Reuter & Spierer, 1992). Its overexpression has also

been reported to induce suppression of key proteins involved in cell cycle progression re-

sulting in S-phase arrest (Kurita et al., 2004; Kurita et al., 2007). Therefore, exploring the

relationship between the downregulation of perihilin-1 and G-phase arrest described in

chapter 4 could be of interest. On top of this, periphilin-1 has also been identified as a

potential component of the cornified envelope in keratinocytes, a structure that acts as a

plasma membrane in these cells providing epidermal integrity, and therefore could play a

role in epithelial differentiation (Kazerounian & Aho, 2003). These results are consistent

with those presented in chapter 5, where the expression of proteins involved in response to

wound and wound healing were found downregulated in ISG15-/- cells vs WT cells treated

for 48 hours. Accordingly, the study of the role of periphilin-1 in ISG15 deficient human

keratinocytes would be an interesting target to explore.

Looking at the broader picture, the gene enrichment pathway analysis of the biological

processes clearly shows that upon silencing of ISG15, anti-viral immune elements get up-

regulated in IFN treated cells, not downregulated. This seems to occur as a result of an en-
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hanced unregulated IFN response and, consequently, ISGs involved in antiviral response

such as MX2, IFIT1, 2 and 3 or the MDA-5 pathway appear upregulated. This is further

confirmed by the fact that biological processes such as production and regulation of- and

response to- type I IFN, response to IFNβ , and immune system mediators and processes

are upregulated in ISG15 deficient vs WT IFN α treated cells regardless of treatment time

course. Biological process analysis in ISG15 deficient vs WT cells treated for 48 hours also

revealed important immune related changes. Processes like the response and regulation

of cytokine stimulus and production, IL27 mediated signalling pathway, T cell mediated

immunity and cytotoxicity and positive regulation of tumour necrosis factor (TNF) are up-

regulated in these samples. Even though the direct ISGylation of viral proteins have been

proved to inhibit viral replication and free extracellular ISG15 has been proved to enhance

the immune system, it seems as if ISG15 had evolved in humans to regulate the immune

response in a wider way as a regulator of the IFN response, which does not happen in mice.

Altogether, the results show a clear dysregulation of the immune response in the absence

of ISG15, which depending on the context could promote disease fight-back or result in

over-stimulation and inflammation. As described in section 1.3.1 and subsection 1.3.4,

an unbalanced ratio of free to conjugated ISG15 and excessive extracellular free ISG15 are

suspected to be responsible of the cytokine storms in severe COVID-19 patients (Munnur

et al., 2021; Schwartzenburg et al., 2022). ISG15 deficient patients are known to present in-

flammatory interferonopaties (Martin-Fernandez et al., 2020; Buda et al., 2020; Al-Mayouf

et al., 2021; Hayat Malik et al., 2022), proving that the ratio of free extracellular, free intra-

cellular and conjugated ISG15 can have very different consequences depending on the cell

type, condition and microenvironment. In contradiction with the immune related pro-

cesses detected to be upregulated, the negative regulation of the innate immune response

is also upregulated in 48 hour treated samples. To further investigate this, the genes that

form this term were checked. The genes comprising this GO term (HLA-A, HLA-B, HLA-

E, HLA-F, STAT2, OAS1, OAS3, TREX1, TRIM21, DHX58 and METTL3) are all IFN related

genes with roles in the immune response. Again, the upregulation of these genes would

be expected upon removal of a negative regulator of the IFN pathway. Several HLA genes

are found upregulated as part of this term, suggesting an enhanced role of the MHC class I

machinery. Indeed, biological processes related to antigen processing and presentation of

endogenous peptide antigens were upregulated in 48h treated KO vs WT cells, consistent

with results presented in chapter 5 and in subsection 6.4.1. Interestingly, protein and pep-

tide metabolic processes and proteolysis were found upregulated after 24h of treatment in

ISG15 deficient vs WT cells, which could be linked to this enhanced antigen presentation

system. On the other hand, some of the other proteins expressed by the genes found in this

list, such as OAS1 and OAS3, have been found to be involved in the negative regulation of

IFN responsive genes (Lee et al., 2019). Finally, regulation of programmed cell death and

positive regulation of cell killing were also upregulated in 24h and 48h IFN treated samples

respectively. Although the analysis to detect activated apoptotic caspases 3 and 7 carried
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out by FACS in ISG15-/- SiHa cells did not reveal a significant increase in apoptotic cells,

and the literature suggest that is the loss of USP18 that results in increased apoptotic cells

(Cai et al., 2017; Vuillier et al., 2019), confirming this in ISG15 deficient glioblastoma cells

would be of interest.

Agreeing with the results presented in chapter 5, the dysregulation of protein metabolic

and catabolic processes and proteolysis along with the upregulation antigen presentation

processes suggested alterations in the MHC system machinery in ISG15 KO cells com-

pared to WT cells. A more in depth analysis of the cellular origin of the proteins differen-

tially expressed identified via whole proteomic analysis of ISG15 deficient vs WT cells was

performed to be compared with the cellular origin of the enriched and underrepresented

MHC class I bound peptides identified my immunopeptidomic analysis. As seen in Fig-

ure 6.21 and Figure 6.22, proteins belonging to the mitochondrial protein-containing com-

plex were found upregulated in untreated ISG15 KO vs WT GSC cells, and yet peptides orig-

inated from these proteins were underrepresented at the plasma membrane. This could

suggest that the upregulated proteins were not being degraded as in WT cells, or that they

do get degraded but the processing and transport to the membrane is somehow disrupted.

NDUA4, also known as NDUFA4 or COXFA4, was the top significantly upregulated

protein in untreated ISG15 KO vs WT cells. First identified as an NADH dehydrogenase,

NDUFA4 is actually a subunit of the cytochrome c oxidase, part of the electron transport

chain in humans (Balsa et al., 2012; Kadenbach, 2017; Pitceathly & Taanman, 2018). This

protein was selected to further investigate the underrepresented peptides originated from

upregulated mitochondrial proteins and, indeed, all the peptides identified in untreated

ISG15KO vs WT condition were underrepresented even though the mitochondrial proteins

seemed to be upregulated in this condition. Interestingly, once treated with IFNα for 24h

the same mitochondrial proteins get downregulated in ISG15 deficient cells when com-

pared to treated WT cells, but no significant change in the peptides originated from mi-

tochondrial proteins was detected upon IFN treatment. These results are consistent with

the data presented by Baldanta et al. (2017), who reported that IFN treatment of ISG15 de-

ficient macrophages resulted in disrupted oxidative phosphorylation and mitochondrial

pathways through the downregulation of mitochondrial respiration and lowered produc-

tion of ATP and ROS. They also reported upregulated NDUFA4 in IFN-treated ISG15-/- vs

ISG15 WT murine bone marrow derived macrophages with a fold change of 22.94. As no-

ticed in section 5.5, IFNs have been shown to have the ability to alter metabolic processes,

including lipid metabolism and mitochondrial pathways. Similarly, Yim et al. (2012) re-

ported that the IFN mediated mitochondrial apoptotic pathway was upregulated in USP18

deficient human leukaemia monocytic (THP-1) and mouse bone marrow cells. Based on

the information reviewed here, it could be hypothesised that ISG15 may modify NDUFA4

for its regulation, the absence of which results in dysregulated upregulation. This potential
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interaction has not been described to date, and would be an interesting target to validate.

The relation of ISG15 with autophagy and mitophagy could provide an explanation for

the difference between upregulated proteins and their correspondent underrepresented

peptides in untreated ISG15 KO vs WT cells. As discussed in subsection 1.3.4, ISG15 has

been reported to upregulate autophagy, either to compensate for downregulated protein

degradation (Desai et al., 2013) or to aid clear disease upon pathogenic infection (Zhang

et al., 2019; Bhushan et al., 2020). ISG15 has also been related to mitophagy, the au-

tophagic quality control mechanism responsible of degrading unnecessary or defective

mitochondrial elements for the renewal of its components and maintenance (Pickles et al.,

2018). Upon mitochondrial damage, the PTEN induced putative kinase (PINK1) is gath-

ered on the mitochondrial outer membrane to promote the recruitment and transloca-

tion of Parkin, an E3 ligase that initiates the ubiquitination of mitochondrial proteins aid-

ing with the maintenance of mitochondrial homeostasis (Wang et al., 2020b). At the same

time, ISG15 has been shown to ISGylate parkin enhancing its ligase activity (Im et al., 2016),

and therefore the absence of ISG15 could result in impaired mitophagy. Interestingly, Al-

calá et al. (2020) reported that the decrease of ISGylation resultant from knocking down

ISG15 in pancreatic stem cells led to altered mitochondrial metabolisms, accumulation

of impaired mitochondria and reduced mitophagy without increased levels of apoptotic

cells. Recently, Fakhar-Ul-Hassnain Waqas et al. (2022) reported that induced pluripo-

tent stem cell-derived macrophages also presented defective mitochondrial respiration.

They showed that the transduction of WT ISG15 restored the defective pathway, and that

protein ISGylation is at at least partially responsible of this recovery, since the transduc-

tion of a mutated ISG15 incapable of ISGylating only recovered the pathway partially, and

they suggested from their conclusions that the loss of ISG15 could increase autophagy and

mitophagy, although they did not further explore this possibility. The mass spectrometry

analysis presented in this chapter detected large amount of upregulated proteins related to

mitochondrial processes in untreated ISG15 deficient vs WT cells. Although the function-

ality of such mitochondria was not assessed, the significant downregulation of mitochon-

dria derived peptides suggest mitophagic dysregulation, and further research is required

to determine the mitochondrial state and the effect of IFN in the absence of ISG15.

Another meaningful event is the upregulation of secretory granule related proteins in

untreated ISG15 deficient cells when compared to WT. No significant down- or upregu-

lation of these proteins was detected upon IFN treatment. Yet, peptides originated from

proteins belonging to the secretory granule lumen were found both underrepresented and

enriched in untreated and IFN treated for 24h KO vs WT cells. Hypothetically, this dysreg-

ulated pathway in untreated and treated for 24 hour samples could account for the up-

regulated cytokine response and regulation of biological processes observed in samples

treated for 48 hours. Lastly, it is worth noting that one of the only two downregulated cel-
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lular compartments found in ISG15 KO vs WT samples treated with IFN for 48h was the

astrocyte end-foot, a structural element thought to provide integrity to brain blood ves-

sels. Since these were patient-derived glioblastoma stem cells, it would be of interest to

further research if the knock down of ISG15 leads to structural damage in tumour cells,

and if this happens even in healthy neuronal cells.

After being processed inside the cell, endogenous and exogenous peptides bind to

MHC class I and II molecules attached to the cell surface so they can be recognised by

CD8+ and CD4+ T cells respectively. However, peptide binding to MHC is not sufficient by

itself for proper induction of the immune response – peptide processing, abundance and

affinity are key factors as well, and the optimal conditions might vary between HLA alleles

(Paul et al., 2013). The optimal length for naturally occurring peptide epitopes binding to

the MHC class I antigen-binding groove was determined to be 7-10 amino acids (Bleek &

Nathenson, 1991), and because of the higher abundance of ninemers, many studies fo-

cus in the study of these peptides. Trolle et al. (2016) studied the natural length distribu-

tion of the peptide epitopes and the binding preference of the HLA class I alleles in HeLa

cells. Although they did find diversity in the binding preference of the different alleles,

ranging from 8 to 10, there was a common motif in the length distribution profile of the

peptides naturally presented by each of them, as seen in Figure 6.26. Similarly, Schellens

et al. (2015) studied the length distribution of peptides eluted from HLA-A-B-C molecules

in four B lymphoblastoid cell-lines. A piece of their results, presented in Figure 6.27, shows

a distribution profile very similar to the one reported by Trolle et al. (2016).

Figure 6.26: (a) Length of the peptides preferred for binding of different HLA class I alleles, measured in affin-

ity. (b) Length distribution profiles of the peptides naturally presented by the different HLA alleles tested. The

count of peptides of each length was normalised by the number of ninemers. Figures by Trolle et al. (2016).



Chapter 6 - Whole proteomic and immunopeptidomic analysis on ISG15 deficient
patient-derived glioblastoma stem cells upon IFNα2 treatment 187

Figure 6.27: (a) Length distribution of the peptides naturally presented by HLA-A-B-C in B lymphoblastoid

cells. (b) Fraction of the peptides specific to the different alleles, separated by length. Figures by Schellens

et al. (2015).

In order to determine if there was a particular peptide length distribution among the

peptides differently enriched in ISG15 deficient vs WT cells, the number of residues per

peptide were counted. Results show a significant downregulation of peptides in untreated

ISG15 KO vs WT samples that does not follow the standard length distribution presented by

other groups, suggesting it could be due to the general protein downregulation observed

in this condition in the whole proteomic results, most noticeable in the volcano plots pre-

sented here. This overall peptide downregulation significantly attenuates upon IFN treat-

ment and as the treatment time increases, suggesting IFN recovers the protein expression

diminished by the lack of ISG15. On the other hand, peptide enrichment, subtle in un-

treated and treated for 24 hours, significantly increases be tween 24 and 48 hours upon

IFNα treatment. In this case, it does seem to follow the common length distribution gen-

erally observed in the MHC class I machinery. Because these distributions were obtained

using only the peptides found in ISG15 KO samples relative to those found in WT samples

in each condition, the underrepresented and enriched peptides identified during the first
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24 hours after treatment (treated for 24h vs untreated) and the ones identified 24 to 48

hours after treatment (treated for 24h vs treated for 48h) were evaluated in both ISG15 KO

and WT cells. These comparisons allow for the analysis of the effect of the IFN treatment

on peptide length distribution and abundance, which revealed that the treatment in WT

GSC resulted in the underrepresentation of a number of peptides, and the peptides en-

riched during the first 24 hours after treatment decline when the treatment is maintained

for 48 hours. In the absence of ISG15, a larger number of peptides are enriched during the

first 24 hours of treatment than in the presence of ISG15. Most importantly, this peptide

enrichment is maintained throughout the treatment, quite possibly due to the absence of

an important negative regulator of the IFN pathway. Overall, the peptide length distribu-

tion does not seem to be altered in treated samples in the absence of ISG15. Nevertheless,

the state of the enriched peptides in WT untreated and ISG15 KO untreated samples could

not be determined independently, which could show different results to the ones observed

under IFN treatment.

As a final effort to identify potential differences in the peptides presented in ISG15

KO vs WT samples, the number of significant peptides per protein were counted to iden-

tify which proteins produced the most differentially enriched peptides. GAPDH (noted

as G3P) was identified as the protein with the most peptides underrepresented in the ab-

sence of ISG15 when untreated, and the most peptides enriched 48h after IFN treatment.

The expression of GAPDH, routinely used to normalise the expression of other proteins in

immunoblotting experiments, has been reported to be inconstant in damaged vs healthy

epidermal samples (Wu & Rees, 2000). As with PPHLN, this finding is noteworthy bearing

in mind that one of the main symptoms of ISG15-/- patients is the occurrence of ulcera-

tive skin lesions (Buda et al., 2020; Martin-Fernandez et al., 2020; Al-Mayouf et al., 2021;

Hayat Malik et al., 2022). Similarly, the expression of this housekeeping gene has been de-

scribed to be dysregulated in various types of cancer, including lung cancer, renal cancer,

breast cancer, gastric cancer, glioma, liver cancer, colorectal cancer, melanoma, prostate

cancer, pancreatic cancer and bladder cancer, as reported by Guo et al. (2013). Although

the whole proteomic state of the targets of interest could not be confirmed due to poor

p-values, further research such as expression analysis can be carried out to confirm these

findings. The analysis of the enriched and underrepresented peptides identified in WT and

ISG15 KO samples independently could also help determine if the origin of the peptides

within the proteins changes in the absence of ISG15.

In conclusion, the lack of ISG15 has proved to have several consequences, the main

one being the effects of the loss of an important IFN pathway negative regulator. Although

this loss does not affect the expression of HLA in humans unless treated with type I IFN,

treatment time dependant upregulation occurs upon triggering of the IFN response. The

uncontrolled upregulation of the IFN pathway also results in enhanced expression of many
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immune response related ISGs. Depending on the background and environment, this

could enhance a beneficial anti-pathogen and malignancy response, as reported in many

studies, or trigger pro-inflammatory autoimmune responses. The upregulation of a mito-

chondrial protein as part of the top ten hits in all conditions suggested upregulation of this

biological pathway. Indeed, the whole proteomic analysis showed many metabolic path-

ways upregulated, and proteins originating from the mitochondrial protein-containing

complex were over-expressed in untreated ISG15 deficient vs WT cells. Nonetheless, the

peptides belonging to this exact term show to be significantly underrepresented under the

same conditions. On the other hand, it seems as if the IFN treatment recovered the gen-

eral peptide downregulation and promoted enhanced MHC class I antigen presentation,

which is maintained for a much longer time in ISG15 KO cells that in WT cells. More-

over, the peptide length distribution does not seem to be altered in treated samples in the

absence of ISG15. These results could have promising implications for the treatment of

glioblastoma, since the expression of MHC class I has been reported to be low in these pa-

tients hampering the development of cancer vaccines (Keskin et al., 2018), and ISG15 has

been reported to be overexpressed in relation with glioblastoma progression (Tecalco-Cruz

et al., 2022) and treatment resistance (Weichselbaum et al., 2008). Anti-ISG15 targeted

therapies could help address the negative effects related to its overexpression and boost

the MHC-I machinery sustaining HLA expression and peptide processing and presenta-

tion. At the same time, further analysis of the GSC WT immunopeptidomic data along

with genomic and RNA-sequencing analysis could lead to the identification of neoanti-

gens, which is one of the challenges in malignancies with a lower mutational burden, as

discussed in the introduction of this chapter (section 6.1).



Chapter 7

Future work

7.1 Additional analyses to complement results

7.1.1 Examination of the impact of a background gene list in gene enrichment

analysis

In chapter 5, the idea of the use of a background list when doing gene enrichment

analysis was discussed (section 5.5). In order to determine to what extent the list of bi-

ological processes identified could change if a background list was used, a test was per-

formed with the list of significantly dysregulated genes identified in ISG15-/- SiHa cells

when compared to WT cells after 48 hours of IFNα treatment. To this end, a file contain-

ing Transcript Per Million (TPM) gene expression values of the protein coding genes in-

ferred from RNA sequencing for all the cell lines within the DepMap database (OmicsEx-

pressionProteinCodingGenesTPMLogp1.csv) was downloaded from the DepMap Portal

(https://depmap.org/portal/). All the genes expressed within the SiHa cell line (Depmap

ID: ACH-000556) were selected and fed into ShinyGO, a gene enrichment analysis tool that

allows for the insertion of a background list prior the analysis (Xijin Ge et al., 2020). The sig-

nificantly downregulated and upregulated biological processes identified using ShinyGO

and the SiHa gene expression background list are shown in Table 7.1 and Table 7.2 respec-

tively.
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Table 7.1: Downregulated biological processes identified by ShinyGO in ISG15 KO vs WT SiHa samples treated

with IFNα for 48 hours.

Downregulated biological processes in ISG15 KO vs WT SiHa treated for 48h

Biological process Fold Enrichment Enrichment FDR

Glycoside metabolic processes 58.296 0.028

Response to wounding 4.932 0.028

Neg. reg. of phospholipase A2 activity 145.74 0.049

Table 7.2: Upregulated biological processes identified by ShinyGO in ISG15 KO vs WT SiHa samples treated

with IFNα for 48 hours.

Upregulated biological processes in ISG15 KO vs WT SiHa treated for 48h

Biological process Fold Enrichment Enrichment FDR

Antigen processing and presentation of

peptide antigen

13.485 1.75E-05

Antigen processing and presentation 11.654 1.75E-05

Antigen processing and presentation of

exogenous peptide antigen

13.474 7.66E-05

Cell cycle 2.892 0.003

Cellular macromolecule catabolic processes 3.415 0.003

Antigen processing and presentation of

peptide antigen via MHC class I

14.791 0.005

Viral processes 3.642 0.005

Macromolecule catabolic processes 3.029 0.005

Cellular protein catabolic processes 3.867 0.009

Protein catabolic processes 3.504 0.01

Exosomal secretion 34.612 0.013

Extracellular exosome biogenesis 32.964 0.013

Antigen processing and presentation of

exogenous peptide antigen via MHC class I

16.482 0.013

Pos. reg. of extracellular exosome assembly 115.373 0.013

Extracellular vesicle biogenesis 30.097 0.014

Reg. of cell cycle 3.144 0.019

Innate immune response 3.458 0.025
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To make the data clear, the results were not analysed by Revigo, and the similar re-

sults were not manually combined. Although there are some differences in the results ob-

tained using this method, most of the processes identified in the analysis performed with

g:Profiler and without a background list were also identified here. There are, however, in-

consistencies between the two methods on the common identified processes. The top

upregulated and downregulated processes according to their enrichment scores / fold en-

richment are different in each method. While the combination of g:Profiler and Revigo led

to quite consistent enrichment scores (ranging between 1 and 4), the processes identified

by ShinyGO have fold enrichment values ranging 3-4 to 115-145, suggesting a significant

difference in the dysregulation level among each of them. Although further research is re-

quired to understand the differences in the statistical approaches taken by each of these

methods, preliminary data suggests that the results obtained via gene enrichment analysis

in this thesis are valid and meaningful.

7.1.2 Comparison of the results obtained through mass spectrometry analysis

in SiHa cells (SILAC) and in GSC cells (whole proteomics)

A table summarising the results obtained through SILAC and whole proteomic mass

spectrometry (MS) analysis in SiHa and GSC cells respectively was prepared to compare

the top down- and upregulated proteins identified with each method Table 7.3. Hits iden-

tified in untreated samples through SILAC MS analysis were combined, since there is no

IFN treatment in them to discern the samples collected at 24 hours from the ones collected

at 48 hours. The proteins identified in samples collected at 48 hours that were synthesised

during the first 24 hours after treatment (R10K8 proteins) were included in the 24 hour

category. ISG15 (shown in red) is the only commonly downregulated protein in all the

categories except untreated samples analysed through SILAC MS. Apart from IFIT1, iden-

tified to be upregulated both in SILAC and whole proteomic analysis in ISG15 KO samples

treated for 24 hours, no other common proteins were identified between the two methods.

It must be borne in mind that while whole proteomic MS analyses the steady state levels

of proteins in the proteome, SILAC analysis only detects the newly synthesised proteins.

Therefore, the fact that not many proteins match as the top dysregulated proteins is not

surprising. A further step into understanding the differences in the proteomic landscape

in SiHa and GSC ISG15 KO cells could be to search for the expression state of hits of interest

identified in one of the analysis, in the other one. For example, CMPK2, found significantly

upregulated in ISG15 KO GSC cells treated with IFNα for 24h, was found downregulated

in ISG15 KO SiHa cells treated for 24 hours (R10K8), although with a very poor p-value

(FC 0.46, p-value 0.915). This kind of differences could be validates using experimental

approaches.
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Table 7.3: Summary table of the results obtained through SILAC and whole proteomic mass spectrometry

analysis in SiHa and GSC cells respectively, showing the top down- and upregulated proteins identified in

ISG15 KO vs WT cells through each method. ISG15 is shown in red, and the proteins found through both

methods are shown in green.

SILAC Whole proteomics

Downregulated Upregulated Downregulated Upregulated

Untreated

EXT1 NQO1 NFIC NDUA4

EIF3M TKT PPHLN CATD

PML ACTR3 HMGA1

CEBPD MT1G TM41B

MTERF ADA

IFI35 ADPPT

SNTA1 ROA0

G3BP1 ISG15

CPS1

RPS24

DAB2

RPS6

ZW10

IFNα 24h

EXT1 MX1 ISG15 IFIT2

ISG15 FGB IFIT3

UBE2K NQO1 IFIH1

CNN2 MT1G CMPK2

EIF1 MT1F SYWC

MTERF ACTR3 CD151

DAB2 MX1 IFIT1

ATM DHX58

IFIT1 5NTD

PABPC1

IFNα 48h

ISG15 WARS ISG15 IFIT2

ATAD2 FGB CMPK2

MX1 IFIT3

ACTR3 LG3BP

MTG1 MX2

IFIT1

DHX58

IFIH1

CD151
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7.1.3 Further analysis of the immunopeptides identified in glioblastoma stem

cells

Peptide clustering

The work presented in chapter 6 provides initial steps towards the HLA presented pep-

tide prediction in WT and ISG15 KO glioblastoma stem cells. The enrichment of ninemers

observed in the peptide length distribution analysis and the significant increase in de-

tected peptides upon 48 hour IFNα treatment, correlating with the upregulation of HLA

measured by flow cytometry, suggest a good rate of immunopeptide identification. Nev-

ertheless, a more in-depth assessment of the peptides identified would be required, in-

cluding the use of in silico approaches to further filter the peptides identified to remove

non-HLA eluted peptides and aid the prediction of potential T cell epitopes, since pep-

tide binding to HLA does not equal to antigen presentation and induction of the immune

response.

The peptide-binding groove on HLA molecules has pockets where specific residues

of the bound peptide anchor, and those anchoring amino acids are especially important

when analysing strong binders and potential presented peptides. The fact that many dif-

ferent peptides are capable of binding to HLA molecules often translates in conserved

sequence motifs that ensure receptor specificity (Klein & Sato, 2000). HLA-A, B and C

molecules usually have two or three pockets where anchoring residues bind the groove

(Figure 7.1). However, each MHC allotype has a distinctly shaped and charged binding

groove, resulting from their particular polymorphisms. Hence, the peptides and motifs

that will bind most strongly to each allotype will also vary (Bassani-Sternberg et al., 2017).
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Figure 7.1: Binding peptide motifs in HLA molecule. Example ninemers illustrating peptide motifs in critical

anchoring residues (P2 and P9), which change in different HLA allotypes. Non-anchoring residues (P1, P4, P5

and P8) are not decisive in determining the binding specificity. Figure by Klein & Sato (2000).

Online tools like GibbsCluster (Andreatta et al., 2013; Andreatta et al., 2017) can be

used to identify MHC-specific sequence motifs to help determine which peptides are more

likely to be strong binders for these molecules. This server is capable of aligning and clus-

tering the peptides introduced to search for conserved sequence motifs, thus helping with

the filtering of non-HLA eluted and non-specific ligand peptides. As an example of such

analysis, all the ninemers with a p-value < 0.05 identified in each treatment category (un-

treated, treated for 24 hours and treated for 48 hours) in chapter 6 were fed to GibbsClus-

ter (https://services.healthtech.dtu.dk/services/GibbsCluster-2.0/) separated in two cat-

egories – peptides overrepresented (FC> 2) and underrepresented in ISG15 KO vs WT cells

(FC < 0.67), selecting the parameters for MHC class I ligands of same length.

Comparing the obtained motifs with known HLA binding motifs found in data bases,

such as the Imunne Epitope Database (https://www.iedb.org/), can help discern what HLA

alleles could the peptides have been eluted from. Further analysis would include the use

of machine learning techniques to estimate proteasomal cleavage sites, and T-cell func-

tional assays could be carried out to assess the ability of T-cells to respond to selected im-

munopeptides.
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(a)

(b)
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(c)

Figure 7.2: Clustering analysis on ninemer peptides (p-value < 0.05) identified in chapter 6. The ninemers

significantly overrepresented (FC> 2) and underrepresented (FC< 0.67) identified in ISG15 KO vs WT cells in

each treatment category were fed to GibbsCluster, selecting the parameters for MHC class I ligands of same

length.

Analysis of the peptide distribution within the sequences of targets of interest

A large number of GAPDH (G3P) peptides were found significantly underrepresented

in ISG15 KO vs WT untreated cells and significantly enriched in ISG15 KO vs WT cells

treated for 48 hours. This sparked interest in further research of these peptides. To this end,

all the peptides identified in each of these conditions were aligned with the sequence of

GAPDH, to determine where within the protein the peptides were coming from. COBALT, a

multiple sequence alignment tool available at the National Center for Biotechnology Infor-

mation (NCBI) (https://www.ncbi.nlm.nih.gov/tools/cobalt/re_cobalt.cgi), was used to

generate maps showing the alignment of each peptide within the protein’s sequence. This

revealed an interesting pattern - while the peptides enriched upon IFN treatment show a

more dispersed arrangement along the sequence (see Figure 7.4), nearly all the peptides

found underrepresented in ISG15 KO vs WT untreated samples (51 out of 55) originated

from a very limited section of the C-terminal of the protein (Figure 7.3). This opens the
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question of whether the loss of ISG15 causes changes in the antigen processing machin-

ery that result in a significant change on the origin of peptides within the protein. Further

analysis to determine the peptide pattern within the protein of origin of all the peptides

identified enriched and underrepresented in WT samples vs the pattern within the same

protein in all the peptides identified to be enriched and underrepresented in ISG15 KO

samples could help answer this question. At the same time, further investigating those

peptides found only in ISG15 KO samples and not in WT samples might result in the iden-

tification of unique peptides presented only in the absence of ISG15. In samples treated

with IFNα for 48 hours, 32 of the 44 peptides identified to be enriched were found solely

in ISG15 KO samples, and not in WT samples.

Figure 7.3: GAPDH peptides identified to be underrepresented in untreated ISG15 KO vs WT samples, aligned

against the GAPDH protein sequence.
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Figure 7.4: GAPDH peptides identified to be enriched in ISG15 KO vs WT samples treated with IFNα for 48

hours, aligned against the GAPDH protein sequence.

A slight preference of MHC class I molecules towards peptides derived from helical

peptides was reported in 2019 by Perez et al. In their analysis of nonameric peptides identi-

fied by MS and searched on databases revealed that peptides originated from helical struc-

tures within the proteins were enriched among the peptides presented by human MHC-I.

Similarly, peptides derived from human transmembrane helices have been reported to be

over-presented in MHC-I compared to that which would be expected from their abun-

dance (Bianchi et al., 2017). This is suggested to be due to the relatively hydrophobic

nature of the groove in most of the MHC class I alleles and the hydrophobicity of these

regions (Bilderbeek et al., 2022). Therefore, identifying the origin of the peptides within

the structure of the protein could be of interest as part of the this study. As an example of

the kind of structural analysis that could be carried out to determine the origin of the pep-

tides within the protein structure, the 55 underrepresented peptides identified in ISG15

KO vs WT untreated samples were aligned with each other looking for common motifs (as

the one seen in Figure 7.5 and Appendix E) that could help identify peptide editing pat-

terns. The minimal peptide from each aligned set plus single peptides were highlighted in

the structure of GAPDH using the PyMOL Molecular Graphics System, by Schrödinger LLC
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(https://pymol.org/). As seen in Figure 7.5, the majority of the peptide (shown in lilac) de-

scribed here are not found in hydrophobic regions of the protein but are found in loop

structures and are therefore more solvent exposed and less hydrophobic. In fact, only

one of the overlapping peptide series was from a helical segment of the structure (shown

in cyan, SNRVVDL), and of note this was the most overlapping series of peptides identi-

fied. The results presented in this thesis provide exciting possibilities to further investigate

the increased and sustained general peptide expression on MHC-I molecules upon loss of

ISG15, as well as the significant number of dysregulated peptides originated from specific

proteins of interest such as GAPDH or B2M.

Figure 7.5: The origin of the underrepresented peptides identified in ISG15 KO vs WT GSC cells within the

GAPDH sequence. All the peptides were aligned and arranged in groups of nested peptides, which were then

located within the structure of GAPDH using Pymol. A group of 14 nested peptides were selected out of the

55 found underrepresented in ISG15 KO vs WT GSC cells to be aligned to each other looking for common

motifs that could help identify peptide editing patterns. SNRVVDL, an heptamer found to be in the centre of

its nested peptide group (marked with a box and an asterisk) was plotted in blue to show its location in the

centre of an alpha-helix. Figure by Professor Kathryn Ball.

7.1.4 The use of other IFN types and subtypes in future research

The aim of this thesis was to study the role of ISG15 in cancer cell models. ISG15 is

one of the most upregulated proteins upon IFN treatment, and although there is a degree

of cross-talk between type I and type II signalling, its expression is primarily triggered by

type I IFNs (Zhang & Zhang, 2011). The only experiment performed at the beginning of this

project with both type I and type II IFNs in WT and ISG15 KO SiHa cells (Figure 4.9) showed

that the loss of ISG15 did not lead to the same sensitivity to treatment in IFNα andγ treated

cells. In order to further study this response, IFNα was selected to induce the expression

of ISG15 in WT cell lines and compare it with also treated ISG15 KO cell lines. Even though

some experiments in chapter 4 were carried out with a range of IFNα subtypes in order to

elucidate if they generated a different response to the commonly used IFNα2, commercial
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IFNα2 was selected for the mass spectrometry analysis for easier reproducibility. Future

mass spectrometry experiments could be carried out to compare results upon treatment

with selected IFNα subtypes or other type I IFNs such as IFNβ . However, and since results

on chapter 6 suggest a role of ISG15 in peptide processing and presentation with impor-

tant implications in cancer immunology, further experiments with IFNγ, reported to be

highly involved both in protumour and antitumour activities (Gocher et al., 2022), should

be reconsidered in future research approaches.

7.2 Exploration of new research directions

Some interesting ideas to extend the results presented in this thesis include:

• Further study of the between NQO1, MT1F and MT1G with ISG15 and the role of

ISG15 in the response to oxidative stress.

• Examining the mitochondrial state in ISG15 deficient cells.

• Further research the autophagy and mitophagy pathways in glioblastoma ISG15 de-

ficient cells to determine the reason for the underrepresented mitochondrial pep-

tides, and answer whether IFN treatment can rescue these defects.

• Further study the role of NDUFA4 in relation to ISG15.

• Determine the role of ISG15 in wound response and recovery, analysing the genes

grouped in these biological processes.

• Study the state of the enriched peptides in WT untreated and ISG15 KO untreated

samples independently to better understand the effects of the loss of ISG15 in the

absence of IFN.

• Analyse the enriched and underrepresented peptides originated from interesting

targets such as GAPDH, VIME or B2M in WT cells, and compare them with those

enriched in ISG15 KO cells to determine if there is any variability in the origin of the

peptides within the protein (sequence section or structure).

• Combine the data obtained from the immunopeptidomic analysis performed on

GSC WT cells with genomic and RNA-sequencing data to try to identify new neoanti-

gens that can be studied for vaccines for the treatment of glioblastoma.
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Full ISG15 gene amplicon sequences

SiHa WT and ISG15-/- clones

WT

5’. . . GCAGATTCATGAACACGGTGCTCAGGGGCTTGAGGCCGTACTCCCCCAGCGGGA

GCTGGTCCTCCAGGGGCTTCCCCTCGAAGGTCAGCCAGAACAGGTCGTCCTGCACACCC

TCCAGCCCGCTCACTTGCTGCTTCAGGTGGGCCACGGTCTGCGTCAGCCGTACCTCGTA

GGTGCTGCTGCGGCCCTTGTTATTCCTCACCAGGATGCTCAGAGGTTCGTCGCATTTGT

CCACCACCAGCAGGACCGTGCTGCCGGGGCCCAGGCCCTGGCTGGCAAGGGGGACCCTG

TCCTGCAGCGCCACACCGCTCGGGTGGACAGCCAGACGCTGCTGGAAGGCGTGCACGCC

GATCTTCTGGGTGATCTGCGCCTTCAGCTCTGACACCGACATGGAGCTGCTCAGGGACA

CCTGGAATTCGTTGCCCGCCAGCATCTTCACCGTCAGGTCCCA. . . 3’

Clone #3 - Edit 1

5’. . . GCAGATTCATGAACACGGTGCTGCATCTTCACCGTCAGGTCCCA. . . 3’

Clone #3 - Edit 2

5’...GCAGATTCATGAACACGGTGCAGGGGCTTGAGGCCGTACTCCCCCAGCGGGAGCT

GGTCCTCCAGGGGCTTCCCCTCGAAGGTCAGCCAGAACAGGTCGTCCTGCACACCCTCCA

GCCCGCTCACTTGCTGCTTCAGGTGGGCCACGGTCTGCGTCAGCCGCACCTCGTAGGTGC

TGCTGCGGCCCTTGTTATTCCTCACCAGGATGCTCAGAGGTTCGTCGCATTTGTCCACCA

CCAGCAGGACCGTGCTGCCGGGGCCCAGGCCCTGGCTGGCAAGGGGGACCCTGTCCTGCA

GCGCCACACCGCTCGGGTGGACAGCCAGACGCTGCTGGAAGGCGTGCACGCCGATCTTCT

GGGTGATCTGCGCCTTCAGCTCTGACACCGACATGGAGCTGCTCAGGGACACCTGGAATT

CGTTGCCCGCATCTTCACCGTCAGGTCCCA...3’

Clone #3 - Edit 3

5’...GCAGATTCATGAACACGGTGCTTCAGGGGCTTGAGGCCGTACTCCCCCAGCGGGA

GCTGGTCCTCCAGGGGCTTCCCCTCGAAGGTCAGCCAGAACAGGTCGTCCTGCACACCCT

CCAGCCCGCTCACTTGCTGCTTCAGGTGGGCCACGGTCTGCGTCAGCCGCACCTCGTAGG

TGCTGCTGCGGCCCTTGTTATTCCTCACCAGGATGCTCAGAGGTTCGTCGCATTTGTCCA

CCACCAGCAGGACCGTGCTGCCGGGGCCCAGGCCCTGGCTGGCAAGGGGGACCCTGTCCT

GCAGCGCCACACCGCTCGGGTGGACAGCCAGACGCTGCTGGAAGGCGTGCACGCCGATCT

TCTGGGTGATCTGCGCCTTCAGCTCTGACACCGACATGGAGCTGCTCAGGGACACCTGGA

ATCAGGTCCCA...3’
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Clone #4 - Edit 1

5’...GCAGATTCATGAACACGGTGGTCAGGGGCTTGAGGCCGTACTCCCCCAGCGGGAG

CTGGTCCTCCAGGGGCTTCCCCTCGAAGGTCAGCCAGAACAGGTCGTCCTGCACACCCTC

CAGCCCGCTCACTTGCTGCTTCAGGTGGGCCACGGTCTGCGTCAGCCGCACCTCGTAGGT

GCTGCTGCGGCCCTTGTTATTCCTCACCAGGATGCTCAGAGGTTCGTCGCATTTGTCCAC

CACCAGCAGGACCGTGCTGCCGGGGCCCAGGCCCTGGCTGGCAAGGGGGACCCTGTCCTG

CAGCGCCACACCGCTCGGGTGGACAGCCAGACGCTGCTGGAAGGCGTGCACGCCGATCTT

CTGGGTGATCTGCGCCTTCAGCTCTGACACCGACATGGAGCTGCTCAGGGACACCTGGAA

TTCACCGTCAGGTCCCA...3’

Clone #4 - Edit 2

’5...GCAGATTCATGAACACGGTGCTTCAGGGGCTTGAGGCCGTACTCCCCCAGCGGGA

GCTGGTCCTCCAGGGGCTTCCCCTCGAAGGTCAGCCAGAACAGGTCGTCCTGCACACCCT

CCAGCCCGCTCACTTGCTGCTTCAGGTGGGCCACGGTCTGCGTCAGCCGCACCTCGTAGG

TGCTGCTGCGGCCCTTGTTATTCCTCACCAGGATGCTCAGAGGTTCGTCGCATTTGTCCA

CCACCAGCAGGACCGTGCTGCCGGGGCCCAGGCCCTGGCTGGCAAGGGGGACCCTGTCCT

GCAGCGCCACACCGCTCGGGTGGACAGCCAGACGCTGCTGGAAGGCGTGCACGCCGATCT

TCTGGGTGATCTGCGCCTTCAGCTCTGACACCGACATGGAGCTGCTCAGGGACACCTGGA

ATTCGTTGCCCGCCAAGCATCTTCACCGTCAGGTCCCA...3’

Clone #4 - Edit 3

5’...GCAGATTCATGAACACGGTGCAGGGGCTTGAGGCCGTACTCCCCCAGCGGGAGCT

GGTCCTCCAGGGGCTTCCCCTCGAAGGTCAGCCAGAACAGGTCGTCCTGCACACCCTCCA

GCCCGCTCACTTGCTGCTTCAGGTGGGCCACGGTCTGCGTCAGCCGCACCTCGTAGGTGC

TGCTGCGGCCCTTGTTATTCCTCACCAGGATGCTCAGAGGTTCGTCGCATTTGTCCACCA

CCAGCAGGACCGTGCTGCCGGGGCCCAGGCCCTGGCTGGCAAGGGGGACCCTGTCCTGCA

GCGCCACACCGCTCGGGTGGACAGCCAGACGCTGCTGGAAGGCGTGCACGCCGATCTTCT

GGGTGATCTGCGCCTTCAGCTCTGACACCGACATGGAGCTGCTCAGGGACACCTGGAATT

CGTTGCCCGCCACGCATCTTCACCGTCAGGTCCCA...3’

Clone #4 - Edit 4

5’...GCAGATTCATGAACACGTCAGGGGCTTGAGGCCGTACTCCCCCAGCGGGAGCTGG

TCTTCACCGTCAGGTCCCA...3’

Clone #9 - Edit 1

5’...GCAGATTCATGAACACGGTGCTTCAGGGGCTTGAGGCCGTACTCCCCCAGCGGGA

GCTGGTCCTCCAGGGGCTTCCCCTCGAAGGTCAGCCAGAACAGGTCGTCCTGCACACCCT

CCAGCCCGCTCACTTGCTGCTTCAGGTGGGCCACGGTCTGCGTCAGCCGCACCTCGTAGG
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TGCTGCTGCGGCCCTTGTTATTCCTCACCAGGATGCTCAGAGGTTCGTCGCATTTGTCCA

CCACCAGCAGGACCGTGCTGCCGGGGCCCAGGCCCTGGCTGGCAAGGGGGACCCTGTCCT

GCAGCGCCACACCGCTCGGGTGGACAGCCAGACGCTGCTGGAAGGCGTGCACGCCGATCT

TCTGGGTGATCTGCGCCTTCAGCTCTGACACCGACATGGAGCTGCTCAGGGACACCTGGA

ATTCGTTGCCCGCCAGGCATCTTCACCGTCAGGTCCCA...3’

Clone #9 - Edit 2

5’...GCAGATTCATGAACACGGTGCTTCAGGGGCTTGAGGCCGTACTCCCCCAGCGGGA

GCTGGTCCTCCAGGGGCTTCCCCTCGAAGGTCAGCCAGAACAGGTCGTCCTGCACACCCT

CCAGCCCGCTCACTTGCTGCTTCAGGTGGGCCACGGTCTGCGTCAGCCGCACCTCGTAGG

TGCTGCTGCGGCCCTTGTTATTCCTCACCAGGATGCTCAGAGGTTCGTCGCATTTGTCCA

CCACCAGCAGGACCGTGCTGCCGGGGCCCAGGCCCTGGCTGGCAAGGGGGACCCTGTCCT

GCAGCGCCACACCGCTCGGGTGGACAGCCAGACGCTGCTGGAAGGCGTGCACGCCGATCT

TCTGGGTGATCTGCGCCTTCAGCTCTGACACCGACATGGAGCTGCTCAGGGACACCTGGA

ATTCGTTGCCCGCCATCTTCACCGTCAGGTCCCA...3’

Clone #9 - Edit 3

5’...GCAGATTCATGAACACGGTGCCGCATCTTCACCGTCAGGTCCCA...3’

Clone #9 - Edit 4

5’...GCAGATTCATGAACACGGTGCTTCAGGGGCTTGAGGCCGTACTCCCCCAGCGGGA

GCTGGTCCTCCAGGGGCTTCCCCTCGAAGGTCAGCCAGAACAGGTCGTCCTGCACACCCT

CCAGCCCGCTCACTTGCTGCTTCAGGTGGGCCACGGTCTGCGTCAGCCGCACCTCGTAGG

TGCTGCTGCGGCCCTTGTTATTCCTCACCAGGATGCTCAGAGGTTCGTCGCATTTGTCCA

CCACCAGCAGGACCGTGCTGCCGGGGCCCAGGCCCTGGCTGGCAAGGGGGACCCTGTCCT

GCAGCGCCACACCGCTCGGGTGGACAGCCAGACGCTGCTGGAAGGCGTGCACGCCGATCT

TCTGGGTGATCTGCGCCTTCAGCTCTGACACCGACATGGAGCTGCTCAGGGACACCTGGA

ATTCGTTGCCCGCCAGTCAGGGGCTTGAGGCCGTACTCCCCCAGCGGGAGCTGGTCCTCC

AGGGGCTTCCCCTCGAAGGTCAGCCAGAACAGGTCGTCCTGCACACCCTCCAGCCCGCTC

ACTTGCTGCTTCAGGTGGGCCACGGTCTGCGTCAGCCGCACCTCGTAGGTGCTGCTGCGG

CCCTTGTTATTCCTCACCAGGATGCTCAGAGGTTCGTCGCATTTGTCCACCACCAGCAGG

ACCGTGCTGCCGGGGCCCAGGCCCTGGCTGGCAAGGGGGACCCTGTCCTGCAGCGCCACA

CCGCTCGGGTGGACAGCCAGACGCTGCTGGAAGGCGTGCACGCCGATCTTCTGGGTGATC

TGCGCCTTCAGCTCTGACACCGACATGGAGCTGCTCAGGGACACCTGGAATTCGTTGCAT

CTTCACCGTCAGGTCCCA...3’
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Clone #10 - Edit 1

5’...GCAGATTCATGAACACGGTGCTCAGGGGCTTGAGGCCGTACTCCCCCAGCGGGAG

CTGGTCCTCCAGGGGCTTCCCCTCGAAGGTCAGCCAGAACAGGTCGTCCTGCACACCCTC

CAGCCCGCTCACTTGCTGCTTCAGGTGGGCCACGGTCTGCGTCAGCCGCACCTCGTAGGT

GCTGCTGCGGCCCTTGTTATTCCTCACCAGGATGCTCAGAGGTTCGTCGCATTTGTCCAC

CACCAGCAGGACCGTGCTGCCGGGGCCCAGGCCCTGGCTGGCAAGGGGGACCCTGTCCTG

CAGCGCCACACCGCTCGGGTGGACAGCCAGACGCTGCTGGAAGGCGTGCACGCCGATCTT

CTGGGTGATCTGCGCCTTCAGCTCTGACACCGACATGGAGCTGCTCAGGGACACCTGGAA

TTCGTTGCCCGCCAGGCATCTTCACCGTCAGGTCCCA...3’

Clone #10 - Edit 2

5’...GCAGATTCATGAACACGGTGCTTGGCGGGCAACGAATTCCAGGTGTCCCTGAGCA

GCTCCATGTCGGTGTCAGAGCTGAAGGCGCAGATCACCCAGAAGATCGGCGTGCACGCCT

TCCAGCAGCGTCTGGCTGTCCACCCGAGCGGTGTGGCGCTGCAGGACAGGGTCCCCCTTG

CCAGCCAGGGCCTGGGCCCCGGCAGCACGGTCCTGCTGGTGGTGGACAAATGCGACGAAC

CTCTGAGCATCCTGGTGAGGAATAACAAGGGCCGCAGCAGCACCTACGAGGTGCGGCTGA

CGCAGACCGTGGCCCACCTGAAGCAGCAAGTGAGCGGGCTGGAGGGTGTGCAGGACGACC

TGTTCTGGCTGACCTTCGAGGGGAAGCCCCTGGAGGACCAGCTCCCGCTGGGGGAGTACG

GCCTCAAGCCCCTGCATCTTCACCGTCAGGTCCCA...3’

GSC WT and ISG15-/- clones #2

WT

5’...GCAGATTCATGAACACGGTGCTCAGGGGCTTGAGGCCGTACTCCCCCAGCGGGAG

CTGGTCCTCCAGGGGCTTCCCCTCGAAGGTCAGCCAGAACAGGTCGTCCTGCACACCCTC

CAGCCCGCTCACTTGCTGCTTCAGGTGGGCCACGGTCTGCGTCAGCCGCACCTCGTAGGT

GCTGCTGCGGCCCTTGTTATTCCTCACCAGGATGNTCAGAGGTTCGTCGCATTTGTCCAC

CACCAGCAGGACCGTGCTGCCGGGGCCCAGGCCCTGGCTGGCAAGGGGGACCCTGTCCTG

CAGCGCCACACCGCTCGGGTGGACAGCCAGACGCTGCTGGAAGGCGTGCACGCCGATCTT

CTGGGTGATCTGCGCCTTCAGCTCTGACACCGACATGGAGCTGCTCAGGGACACCTGGAA

TTCGTTGCCCGCCAGCATCTTCACCGTCAGGTCCCA...3’

Clone #2 - Edit 1

5’...GCAGATTCATGAACACGGTGCTTGGCGGGCAACGAATTCCAGGTGTCCCTGAGCA

GCTCCATGTCGGTGTCAGAGCTGAAGGCGCAGATCACCCAGAAGATCGGCGTGCACGCCT

TCCAGCAGCGTCTGGCTGTCCACCCGAGCGGTGTGGCGCTGCAGGACAGGGTCCCCCTTG

CCAGCCAGGGCCTGGGCCCCGGCAGCACGGTCCTGCTGGTGGTGGACAAATGCGACGAAC



Appendix A - Supplementary data for chapter 3: Generation of isogenic ISG15 knock out
cell models 208

CTCTGAGCATCCTGGTGAGGAATAACAAGGGCCGCAGCAGCACCTACGAGGTGCGGCTGA

CGCAGACCGTGGCCCACCTGAAGCAGCAAGTGAGCGGGCTGGAGGGTGTGCAGGACGACC

TGTTCTGGCTGACCTTCGAGGGGAAGCCCCTGGAGGACCAGCTCCCGCTGGGGGAGTACG

GCCTCAAGCCCCTGAGCATCTTCACCGTCAGGTCCCA...3’

Clone #2 - Edit 2

5’...GCAGATTCATGAACACGGTGCTGCATCTTCACCGTCAGGTCCCA...3’

Clone #2 - Edit 3

5’...GCAGATTCATGAACACGGTGCAGGGGCTTGAGGCCGTACTCCCCCAGCGGGAGCT

GGTCTTCACCGTCAGGTCCCA...3’

Full gel containing Caki WT and ISG15 KO mixed population PCR

products (lines 8 and 9)

Figure A.1: PCR products of various WT and ISG15 deficient cell lines amplifying the ISG15 region in a 1.5%

agarose gel.
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Mechanism of the Gateway Cloning System

Figure B.1: Mechanism of the Gateway Cloning System based on integration/excision cycle of bacteriophage

λmediated by site-specific recombination. V5 tagged ISG15 containing constructs were generated as part of

my MScR project.

Replica of the colony formation assay on WT and ISG15-/- cells

Figure B.2: Experimental replica of the colony formation assay performed on WT and ISG15-/- cells (Fig-

ure 4.9). The upper row of each plate was left untreated, the middle row was treated with IFNα treated and

the lower row was treated with IFNγ. x1 of treatment equals to 1 U/mL IFNα and 0.2 ng/mL IFNγ and each

condition was tested on duplicates. Results of this experiment are consistent with the results obtained from

the first clonogenic assay performed under the same conditions. Quantitative measurement of these colonies

can be found on Figure 4.10.
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Details on statistical analyses

Table B.1: Linear Regression statistical analysis results for WT ;/α presented in Figure 4.10.

; α

Equation y = 0.006626 · x +0.2592 y =−0.01359 · x +0.3700

95% Confidence Intervals

Slope (−0.01013, 0.02338) (−0.03002, 0.002839)

Y-intercept (0.1939, 0.3244) (0.3061, 0.4340)

X-intercept (−∞,−8.490) (14.17,∞)
Goodness of Fit

R 2 0.07203 0.2536

RMSD 0.04449 0.04362

Are slopes equal?

F 3.684

DFn 1

DFd 20

P value 0.0693

Comment The differences between the slopes are not quite significant.

Figure B.3: Linear regression analysis for WT ;/α cell data presented in Figure 4.10.
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Table B.2: Linear Regression statistical analysis results for WT ;/γ presented in Figure 4.10.

; γ

Equation y = 0.006626 · x +0.2592 y =−0.04831 · x +0.4280

95% Confidence Intervals

Slope (−0.01013, 0.02338) (−0.06124,−0.03538)

Y-intercept (0.1939, 0.3244) (0.3776, 0.4783)

X-intercept (−∞,−8.490) (7.656, 10.89)

Goodness of Fit

R 2 0.07203 0.8739

RMSD 0.04449 0.03433

Are slopes equal?

F 33.45

DFn 1

DFd 20

P value < 0.0001

Comment The differences between the slopes are extremely significant.

Figure B.4: Linear regression analysis for WT ;/γ cell data presented in Figure 4.10.
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Table B.3: Linear Regression statistical analysis results for KO ;/α presented in Figure 4.10.

; α

Equation y = 0.008214 · x +0.2266 y =−0.04151 · x +0.2919

95% Confidence Intervals

Slope (−0.0002867, 0.01672) (−0.05206,−0.03097)

Y-intercept (0.1935, 0.2597) (0.2508, 0.3330)

X-intercept (−∞,−11.73) (6.216, 8.334)

Goodness of Fit

R 2 0.3167 0.8849

RMSD 0.02257 0.02801

Are slopes equal?

F 66.89

DFn 1

DFd 20

P value < 0.0001

Comment The differences between the slopes are extremely significant.

Figure B.5: Linear regression analysis for KO ;/α cell data presented in Figure 4.10.
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Table B.4: Linear Regression statistical analysis results for KO ;/γ presented in Figure 4.10.

; γ

Equation y = 0.008214 · x +0.2266 y =−0.05335 · x +0.3604

95% Confidence Intervals

Slope (−0.0002867, 0.01672) (−0.0684,−0.0383)

Y-intercept (0.1935, 0.2597) (0.3018, 0.4190)

X-intercept (−∞,−11.73) (5.920, 8.154)

Goodness of Fit

R 2 0.3167 0.8618

RMSD 0.02257 0.03997

Are slopes equal?

F 62.97

DFn 1

DFd 20

P value < 0.0001

Comment The differences between the slopes are extremely significant.

Figure B.6: Linear regression analysis for KO ;/γ cell data presented in Figure 4.10.
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Table B.5: Linear Regression statistical analysis results for WT ;/c .α2 presented in Figure 4.12.

; c .α2

Equation y = 0.005081 · x +0.5692 y = 0.003261 · x +0.5357

95% Confidence Intervals

Slope (−0.01745, 0.007284) (−0.007255, 0.01378)

Y-intercept (0.5210, 0.6173) (0.4947, 0.5766)

X-intercept (35.07,∞) (−∞,−36.18)

Goodness of Fit

R 2 0.07735 0.04558

RMSD 0.03283 0.02792

Are slopes equal?

F 1.311

DFn 1

DFd 20

P value 0.2657

Comment The differences between the slopes are not quite significant.

Figure B.7: Linear regression analysis for WT ;/c .α2 cell data presented in Figure 4.12.
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Table B.6: Linear Regression statistical analysis results for clone #3 ;/c .α2 presented in Figure 4.12.

; c .α2

Equation y =−0.0005914 · x +0.4951 y =−0.1126 · x +0.6800

95% Confidence Intervals

Slope (−0.01679, 0.01560) (−0.1488,−0.07644)

Y-intercept (0.4320, 0.5582) (0.5390, 0.8209)

X-intercept (32.82,∞) (5.251, 7.407)

Goodness of Fit

R 2 0.0006616 0.8278

RMSD 0.043 0.09611

Are slopes equal?

F 39.63

DFn 1

DFd 20

P value < 0.0001

Comment The differences between the slopes are extremely significant.

Figure B.8: Linear regression analysis for clone #3 ;/c .α2 cell data presented in Figure 4.12.
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Table B.7: Linear Regression statistical analysis results for clone #4 ;/c .α2 presented in Figure 4.12.

; c .α2

Equation y = 0.01367 · x +1.198 y =−0.1770 · x +1.595

95% Confidence Intervals

Slope (−0.02279, 0.05013) (−0.2291,−0.1250)

Y-intercept (1.056, 1.340) (1.392, 1.798)

X-intercept (−∞,−21.30) (7.681, 11.38)

Goodness of Fit

R 2 0.06522 0.8516

RMSD 0.09682 0.1382

Are slopes equal?

F 44.69

DFn 1

DFd 20

P value < 0.0001

Comment The differences between the slopes are extremely significant.

Figure B.9: Linear regression analysis for clone #4 ;/c .α2 cell data presented in Figure 4.12.
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Table B.8: Linear Regression statistical analysis results for clone #9 ;/c .α2 presented in Figure 4.12.

; c .α2

Equation y = 0.03902 · x +0.6210 y =−0.1570 · x +0.8918

95% Confidence Intervals

Slope (0.01399, 0.06405) (−0.2014,−0.1125)

Y-intercept (0.5236, 0.7185) (0.7187, 1.065)

X-intercept (−50.69,−8.280) (5.032, 6.712)

Goodness of Fit

R 2 0.5468 0.8609

RMSD 0.06645 0.118

Are slopes equal?

F 73.27

DFn 1

DFd 20

P value < 0.0001

Comment The differences between the slopes are extremely significant.

Figure B.10: Linear regression analysis for clone #9 ;/c .α2 cell data presented in Figure 4.12.
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Table B.9: Linear Regression statistical analysis results for clone #10 ;/c .α2 presented in Figure 4.12.

; c .α2

Equation y = 0.002429 · x +0.9815 y =−0.1555 · x +0.8601

95% Confidence Intervals

Slope (0.03056, 0.03541) (−0.2200,−0.09098)

Y-intercept (0.8530, 1.110) (0.6087, 1.111)

X-intercept (−∞,−24.41) (4.671, 7.234)

Goodness of Fit

R 2 0.002684 0.7425

RMSD 0.08758 0.1713

Are slopes equal?

F 23.58

DFn 1

DFd 20

P value < 0.0001

Comment The differences between the slopes are extremely significant.

Figure B.11: Linear regression analysis for clone #10 ;/c .α2 cell data presented in Figure 4.12.
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Table B.10: Linear Regression statistical analysis results for EV ;/c .α2 cells presented in Figure 4.21.

EV ; EV c .α2

Equation y = 0.005839 · x +0.4353 y =−0.06491 · x +0.5298

95% Confidence Intervals

Slope (−0.002478, 0.01415) (−0.07335,−0.05648)

Y-intercept (0.4029, 0.4677) (0.4970, 0.5627)

X-intercept (−∞,−28.67) (7.587, 8.897)

Goodness of Fit

R 2 0.1966 0.9671

RMSD 0.02208 0.02239

Are slopes equal?

F 177.2

DFn 1

DFd 20

P value < 0.0001

Comment The differences between the slopes are extremely significant.

Figure B.12: Linear regression analysis for EV ;/c .α2 cell data presented in Figure 4.21.
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Table B.11: Linear Regression statistical analysis results for WT ;/c .α2 cells presented in Figure 4.21.

WT ; WT c .α2

Equation y = 0.0006 · x +0.2667 y =−0.02781 · x +0.2911

95% Confidence Intervals

Slope (−0.005179, 0.006379) (−0.03909,−0.01652)

Y-intercept (0.2442, 0.2892) (0.2471, 0.335)

X-intercept (−∞,−38.61) (8.373, 15.31)

Goodness of Fit

R 2 0.005322 0.7508

RMSD 0.01535 0.02997

Are slopes equal?

F 24.91

DFn 1

DFd 20

P value < 0.0001

Comment The differences between the slopes are extremely significant.

Figure B.13: Linear regression analysis for WT ;/c .α2 cell data presented in Figure 4.21.
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Table B.12: Linear Regression statistical analysis results for AA ;/c .α2 cells presented in Figure 4.21.

AA ; AA c .α2

Equation y = 0.004937 · x +0.4116 y =−0.05908 · x +0.4746

95% Confidence Intervals

Slope (−0.01368, 0.003808) (−0.07877,−0.03940)

Y-intercept (0.3775, 0.4456) (0.3979, 0.5513)

X-intercept (32.29,∞) (6.796, 10.40)

Goodness of Fit

R 2 0.1366 0.8172

RMSD 0.02322 0.05228

Are slopes equal?

F 31.36

DFn 1

DFd 20

P value < 0.0001

Comment The differences between the slopes are extremely significant.

Figure B.14: Linear regression analysis for AA ;/c .α2 cell data presented in Figure 4.21.
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Table B.13: Linear Regression statistical analysis results for EV ;/c .α2 cells presented in Figure 4.22.

EV ; EV c .α2

Equation y =−0.009704 · x +0.3785 y =−0.07050 · x +0.4891

95% Confidence Intervals

Slope (−0.02720, 0.007793) (−0.09041,−0.05060)

Y-intercept (0.3103, 0.4466) (0.4115, 0.5666)

X-intercept (16.09,∞) (6.066, 8.403)

Goodness of Fit

R 2 0.1325 0.8616

RMSD 0.04646 0.05286

Are slopes equal?

F 26.12

DFn 1

DFd 20

P value < 0.0001

Comment The differences between the slopes are extremely significant.

Figure B.15: Linear regression analysis for EV ;/c .α2 cell data presented in Figure 4.22.
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Table B.14: Linear Regression statistical analysis results for WT ;/c .α2 cells presented in Figure 4.22.

WT ; WT c .α2

Equation y =−0.005326 · x +0.3713 y =−0.06187 · x +0.4555

95% Confidence Intervals

Slope (−0.01647, 0.005821) (−0.07997,−0.04378)

Y-intercept (0.3279, 0.4147) (0.3850, 0.5259)

X-intercept (24.86,∞) (6.382, 9.063)

Goodness of Fit

R 2 0.1018 0.8531

RMSD 0.0296 0.04804

Are slopes equal?

F 35.15

DFn 1

DFd 20

P value < 0.0001

Comment The differences between the slopes are extremely significant.

Figure B.16: Linear regression analysis for WT ;/c .α2 cell data presented in Figure 4.22.
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Table B.15: Linear Regression statistical analysis results for AA ;/c .α2 cells presented in Figure 4.22.

AA ; AA c .α2

Equation y = 0.004114 · x +0.5098 y =−0.1027 · x +0.7199

95% Confidence Intervals

Slope (−0.006315, 0.01454) (−0.1318,−0.07354)

Y-intercept (0.4692, 0.5504) (0.6064, 0.8334)

X-intercept (−∞,−32.51) (6.122, 8.514)

Goodness of Fit

R 2 0.07172 0.8604

RMSD 0.02769 0.07735

Are slopes equal?

F 59.1

DFn 1

DFd 20

P value < 0.0001

Comment The differences between the slopes are extremely significant.

Figure B.17: Linear regression analysis for AA ;/c .α2 cell data presented in Figure 4.22.
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Full lists of biological processes identified ISG15 KO vs WT samples

obtained from g:profiler

Table C.1: Biological processes identified in untreated ISG15 KO vs WT samples collected at 24 hours.

Downregulated in untreated samples collected at 24 hours

Biological process -log10(p-value)

response to virus 3.90

defense response to virus 3.66

defense response to symbiont 3.65

negative regulation of cellular metabolic process 2.40

cellular response to cytokine stimulus 2.27

regulation of metabolic process 2.18

regulation of response to biotic stimulus 2.04

response to cytokine 1.87

innate immune response 1.83

regulation of primary metabolic process 1.74

organic substance metabolic process 1.72

biological process involved in interspecies interaction between organisms 1.69

viral process 1.58

regulation of cellular metabolic process 1.44

primary metabolic process 1.36

Upregulated in untreated samples collected at 24 hours

Biological process -log10(p-value)

cellular catabolic process 3.58

macromolecule catabolic process 3.44

organic substance catabolic process 2.98

catabolic process 2.87

cellular macromolecule catabolic process 2.84

regulation of primary metabolic process 2.27

regulation of catabolic process 1.67

regulation of metabolic process 1.60

protein catabolic process 1.53

proteolysis involved in protein catabolic process 1.52

cellular aldehyde metabolic process 1.45

regulation of nitrogen compound metabolic process 1.37
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Table C.2: Biological processes identified in untreated ISG15 KO vs WT samples collected at 48 hours.

Downregulated in untreated samples collected at 48 hours

Biological process -log10(p-value)

cellular macromolecule metabolic process 2.76

organonitrogen compound metabolic process 2.75

response to virus 2.39

defense response to virus 2.32

defense response to symbiont 2.30

protein metabolic process 1.95

amide biosynthetic process 1.85

peptide biosynthetic process 1.73

Upregulated in untreated samples collected at 48 hours

Biological process -log10(p-value)

macromolecule localization 2.28

organic substance catabolic process 2.12

organonitrogen compound catabolic process 1.78

macromolecule catabolic process 1.77

protein catabolic process 1.67

regulation of mRNA splicing, via spliceosome 1.64

cellular macromolecule metabolic process 1.60

regulation of RNA splicing 1.40

Table C.3: Biological processes identified in IFNα treated ISG15 KO vs WT samples collected at 24 hours.

Downregulated in IFNα treated samples collected at 24 hours

Biological process -log10(p-value)

macromolecule catabolic process 1.79

organic substance catabolic process 1.46

Upregulated in IFNα treated samples collected at 24 hours

Biological process -log10(p-value)

regulation of mRNA processing 2.31

regulation of mRNA metabolic process 1.91

regulation of mRNA splicing, via spliceosome 1.77

cellular aldehyde metabolic process 1.59
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Table C.4: Biological processes identified in IFNα treated ISG15 KO vs WT samples collected at 48 hours.

Downregulated in IFNα treated samples collected at 48 hours

Biological process -log10

(p-value)

response to wounding 2.00

wound healing 1.90

glycoside metabolic process 1.65

Upregulated in IFNα treated samples collected at 48 hours

Biological process -log10

(p-value)

protein catabolic process 3.10

antigen processing and presentation of peptide antigen 2.60

antigen processing and presentation of peptide antigen via MHC class I 2.47

response to stress 2.45

organonitrogen compound catabolic process 2.18

macromolecule catabolic process 2.17

proteolysis involved in protein catabolic process 2.00

proteolysis 1.99

antigen processing and presentation of endogenous peptide antigen via MHC class I 1.86

organic substance catabolic process 1.51

antigen processing and presentation 1.43

antigen processing and presentation of endogenous peptide antigen 1.33
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Full lists of biological processes identified ISG15 KO vs WT samples

obtained from Revigo - Whole proteomic analysis

Table D.1: Downregulated biological processes identified in untreated ISG15 KO vs WT samples.

Downregulated in untreated samples

Biological process -log10(p-value)

amide metabolic process 16.34

organonitrogen compound metabolic process 15.56

peptide metabolic process 15.45

cytoplasmic translation 14.56

small molecule metabolic process 12.14

catabolic process 11.51

organonitrogen compound biosynthetic process 10.06

oxoacid metabolic process 10.03

cellular macromolecule metabolic process 9.77

biosynthetic process 8.58

organic substance biosynthetic process 8.19

nucleobase-containing small molecule metabolic process 7.93

nucleotide metabolic process 7.77

cellular macromolecule biosynthetic process 7.12

protein metabolic process 6.69

organelle organization 6.40

NADH metabolic process 5.72

cellular metabolic process 5.70

metabolic process 5.19

cellular nitrogen compound biosynthetic process 5.19

organophosphate metabolic process 5.01

regulation of organelle organization 5.00

nitrogen compound metabolic process 4.93

primary metabolic process 4.76

generation of precursor metabolites and energy 4.36

sulfur compound metabolic process 4.20

RNA localization 4.16

nucleotide phosphorylation 3.93

organic substance metabolic process 3.90

purine-containing compound metabolic process 3.79

establishment of RNA localization 3.77

cellular macromolecule catabolic process 3.47
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protein-containing complex disassembly 3.36

small molecule catabolic process 3.31

cytoskeleton organization 3.24

regulation of cellular component organization 3.13

actin filament organization 3.12

nucleic acid transport 3.10

carbohydrate derivative metabolic process 3.01

cellular nitrogen compound catabolic process 2.85

carbohydrate metabolic process 2.84

negative regulation of cellular process 2.84

macromolecule biosynthetic process 2.81

pyruvate metabolic process 2.76

cellular detoxification 2.72

actin polymerization or depolymerization 2.61

cellular process 2.55

positive regulation of cellular process 2.49

regulation of cellular component size 2.48

heterocycle catabolic process 2.42

positive regulation of biological process 2.39

regulation of amide metabolic process 2.36

pyridine-containing compound metabolic process 2.35

glycosyl compound metabolic process 2.3

monosaccharide metabolic process 2.11

nucleocytoplasmic transport 2.09

nuclear transport 2.09

aromatic compound catabolic process 2.08

regulation of mRNA metabolic process 2.08

nucleobase-containing compound catabolic process 2.08

regulation of chromosome organization 2.01

cellular component disassembly 2.00

negative regulation of organelle organization 1.98

nucleobase-containing compound transport 1.98

regulation of nitrogen compound metabolic process 1.97

small molecule biosynthetic process 1.89

regulation of translation 1.79

actin filament-based process 1.78

regulation of cytoskeleton organization 1.76

organic cyclic compound catabolic process 1.67

glucose 6-phosphate metabolic process 1.66
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regulation of cytoplasmic translation 1.66

actin filament severing 1.64

daunorubicin metabolic process 1.54

regulation of protein metabolic process 1.44

supramolecular fiber organization 1.43

glutathione metabolic process 1.42

actin filament depolymerization 1.42

negative regulation of cellular component organization 1.41

phosphorus metabolic process 1.40

regulation of biological quality 1.34

Table D.2: Upregulated biological processes identified in untreated ISG15 KO vs WT samples.

Upregulated in untreated samples

Biological process -log10(p-value)

organonitrogen compound metabolic process 9.31

mitochondrial translation 8.40

mitochondrial gene expression 7.87

peptide metabolic process 6.06

amide metabolic process 5.96

catabolic process 5.91

protein metabolic process 4.91

organonitrogen compound biosynthetic process 4.67

cellular macromolecule metabolic process 4.66

cellular respiration 4.34

cellular macromolecule biosynthetic process 2.69

nucleic acid phosphodiester bond hydrolysis 2.52

generation of precursor metabolites and energy 2.12

cellular metabolic process 2.09

small molecule metabolic process 1.88

proteolysis 1.86

regulation of peptidase activity 1.86

nucleoside triphosphate metabolic process 1.59

cellular macromolecule catabolic process 1.57

regulation of proteolysis 1.55
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Table D.3: Downregulated biological processes identified in samples treated with IFNα for 24 hours.

Downregulated in samples treated with IFNα for 24 hours

Biological process -log10(p-value)

protein localization to mitochondrion 2.89

respiratory electron transport chain 1.95

establishment of protein localization to mitochondrion 1.92

Table D.4: Upregulated biological processes identified in samples treated with IFNα for 24 hours.

Upregulated in samples treated with IFNα for 24 hours

Biological process -log10(p-value)

organonitrogen compound metabolic process 7.29

catabolic process 5.28

response to biotic stimulus 4.10

small molecule metabolic process 4.05

nucleobase-containing small molecule metabolic process 3.74

positive regulation of type I interferon production 3.62

defense response to virus 3.41

defense response to symbiont 3.39

response to virus 3.28

biological process involved in interspecies interaction between organisms 3.26

regulation of type I interferon production 3.03

type I interferon production 3.03

regulation of response to biotic stimulus 2.64

MDA-5 signaling pathway 2.36

response to stress 2.29

regulation of programmed cell death 2.25

proteolysis 2.17

nucleotide metabolic process 2.15

cell death 2.05

protein metabolic process 2.01

defense response 1.99

biosynthetic process 1.98

programmed cell death 1.72

oxoacid metabolic process 1.71

organic substance biosynthetic process 1.66
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protein catabolic process 1.66

response to type I interferon 1.61

organophosphate metabolic process 1.54

response to organic substance 1.50

response to nitrogen compound 1.47

peptide metabolic process 1.41

organonitrogen compound biosynthetic process 1.40

regulation of viral process 1.39

regulation of cell death 1.35

cellular response to exogenous dsRNA 1.31

Table D.5: Upregulated biological processes identified in samples treated with IFNα for 48 hours.

Upregulated in samples treated with IFNα for 48 hours

Biological process -log10(p-value)

defense response to virus 15.94

defense response to symbiont 15.91

negative regulation of viral process 13.51

response to virus 13.35

defense response 13.12

response to biotic stimulus 13.03

antigen processing and presentation of endogenous peptide antigen 12.75

immune response 12.57

biological process involved in interspecies interaction between organisms 11.98

immune system process 11.79

regulation of viral process 10.09

negative regulation of innate immune response 10.05

regulation of response to biotic stimulus 9.84

regulation of immune response 9.8

response to external stimulus 8.36

negative regulation of response to biotic stimulus 7.96

response to type I interferon 7.8

response to stress 7.7

viral genome replication 7.39

response to cytokine 7.1

regulation of immune system process 7.09

interleukin-27-mediated signaling pathway 6.99

antigen processing and presentation 6.68
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regulation of defense response 6.65

cellular response to type I interferon 6.61

regulation of response to external stimulus 5.9

negative regulation of defense response 5.63

viral process 5.59

regulation of type I interferon production 5.5

type I interferon production 5.5

T cell mediated immunity 5.31

positive regulation of T cell mediated immunity 4.71

regulation of response to stimulus 4.69

immune response-regulating signaling pathway 4.57

positive regulation of type I interferon production 4.35

positive regulation of biological process 4.26

negative regulation of response to external stimulus 4.03

cellular response to cytokine stimulus 3.9

regulation of ribonuclease activity 3.88

regulation of cytokine production 3.83

T cell mediated cytotoxicity 3.8

cytokine production 3.78

regulation of response to stress 3.12

response to interferon-beta 3.05

positive regulation of cytokine production 3

positive regulation of cell killing 2.91

response to organic substance 2.74

positive regulation of cellular process 2.73

regulation of biological process 2.62

regulation of response to cytokine stimulus 2.61

regulation of type I interferon-mediated signaling pathway 2.54

regulation of nuclease activity 2.13

response to interferon-alpha 2.13

response to stimulus 2.12

positive regulation of response to stimulus 2.11

cellular response to interferon-beta 1.97

negative regulation of immune system process 1.83

regulation of cell killing 1.8

regulation of cellular process 1.8

positive regulation of gene expression 1.72

positive regulation of tumor necrosis factor production 1.7

biological regulation 1.69
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positive regulation of macromolecule metabolic process 1.68

negative regulation of biological process 1.66

production of molecular mediator of immune response 1.66

regulation of immune effector process 1.59

cellular response to interferon-alpha 1.31

Full peptide length distribution

Table D.6: Length distribution of peptides identified in untreated (∅), treated for 24 hours (24h) and treated

for 48 hours (48h) ISG15 KO vs WT samples.

Downregulated Upregulated

∅ 24h 48h ∅ 24h 48h

1 0 0 0 0 0 0

2 0 0 0 0 0 0

3 0 0 0 0 0 0

4 0 0 0 0 0 0

5 0 0 0 0 0 0

6 0 0 0 0 0 0

7 48 7 2 6 3 27

8 87 13 10 5 8 68

9 200 61 16 88 67 492

10 176 38 9 33 29 217

11 162 40 8 20 19 182

12 172 44 8 9 17 135

13 175 50 8 13 11 145

14 162 45 6 14 7 129

15 119 32 4 5 4 93

16 115 27 2 2 6 93

17 98 27 1 4 2 68

18 57 34 1 3 1 55

19 44 19 1 5 2 37

20 51 19 1 1 3 34

21 30 13 2 4 1 34

22 30 7 1 0 1 20

23 22 18 0 3 0 25

24 17 13 0 1 0 17
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25 15 8 0 1 1 17

26 4 4 0 1 1 7

27 9 3 0 0 1 10

28 9 5 0 1 1 9

29 8 4 0 0 0 7

30 4 2 0 0 1 3

31 8 4 0 0 0 6

32 3 1 0 0 0 3

33 3 2 0 0 0 3

34 2 2 0 1 0 2

35 1 1 0 0 0 1

36 1 2 0 1 0 0

37 1 1 0 0 0 2

38 1 2 0 1 0 1

39 1 2 0 0 0 2

40 1 2 0 1 0 1

41 0 0 0 0 0 0

42 1 0 0 0 0 1

43 1 0 0 0 0 1

44 0 0 0 1 1 1

45 1 0 0 0 0 1

Fold change and lenght of the GAPDH and B2M peptides identified

in ISG15 KO vs WT samples

Table D.7: GAPDH peptides identified in untreated ISG15 KO vs WT samples, showing their length (L) and fold

change (FC). "NF" stands for "not found", meaning that the peptide was only found in WT samples (hence,

downregulated in ISG15 KO samples) and "Inf" means "Infinite", meaning that the peptide was only found in

ISG15 KO samples (hence, upregulated in ISG15 KO samples).

Untreated ISG15 KO vs WT - GAPDH

Downregulated Upregulated

Peptide L FC Peptide L FC

MTTVHAITATQKTVDGPSGKLWR 23 NF ISWYDNEFGYSNRVVDL 17 Inf

MTTVHAITATQKTVDGPSGKL 21 NF

TVHAITATQKTVDGPSGKLWR 21 NF

VHAITATQKTVDGPSGKLWR 20 NF



Appendix D - Supplementary data for chapter 6: Whole proteomic and
immunopeptidomic analysis on ISG15 deficient patient-derived glioblastoma stem cells
upon IFNα2 treatment 239

TVHAITATQKTVDGPSGKL 19 NF

AITATQKTVDGPSGKLWR 18 NF

FGYSNRVVDLMAHMASKE 18 NF

GKVKVGVNGFGRIGRLVT 18 NF

YTEHQVVSSDFNSDTHSS 18 NF

GYSNRVVDLMAHMASKE 17 NF

NSDTHSSTFDAGAGIAL 17 NF

THSSTFDAGAGIALNDH 17 NF

ERDPSKIKWGDAGAEY 16 NF

ISWYDNEFGYSNRVVD 16 NF

YSNRVVDLMAHMASKE 16 NF

RDPSKIKWGDAGAEY 15 NF

QERDPSKIKWGDAG 14 NF

YDNEFGYSNRVVDL 14 NF

ATQKTVDGPSGKL 13 NF

FRVPTANVSVVDL 13 NF

PSKIKWGDAGAEY 13 NF

THSSTFDAGAGIA 13 NF

GAGIALNDHFVK 12 NF

ISWYDNEFGYSN 12 NF

RDPSKIKWGDAG 12 NF

GVNHEKYDNSL 11 NF

QERDPSKIKWG 11 NF

NSDTHSSTFDAGAGIALNDH 20 0.022

QERDPSKIKWGDAGAE 16 0.025

RVVDLMAHMASKE 13 0.025

RVPTANVSVVDL 12 0.029

QERDPSKIKWGDAGAEY 17 0.030

VVESTGVFTT 10 0.041

ISWYDNEF 8 0.050

FGYSNRVVDL 10 0.057

GYSNRVVDL 9 0.073

ISWYDNEFG 9 0.075

YTEHQVVSSDF 11 0.089

FRVPTANVSV 10 0.092

GAGIALNDHF 10 0.093

DAGAGIALNDH 11 0.094

RVVDLMAHMASKE 13 0.094

DAGAGIALNDHF 12 0.104



Appendix D - Supplementary data for chapter 6: Whole proteomic and
immunopeptidomic analysis on ISG15 deficient patient-derived glioblastoma stem cells
upon IFNα2 treatment 240

KVIPELNGKLT 11 0.104

YSNRVVDL 8 0.109

YVVESTGVF 9 0.113

YDNEFGYSNRVVD 13 0.133

AENGKLVINGNPIT 14 0.151

SNRVVDL 7 0.161

RVPTANVSVVD 11 0.170

FRVPTANVSVVD 12 0.177

KVIPELNGKLTG 12 0.215

ATQKTVDGPSGKLWR 15 0.228

KTVDGPSGKLWR 12 0.249

RGALQNIIPASTGAAK 16 0.259

Table D.8: GAPDH peptides identified in ISG15 KO vs WT samples treated with IFNα for 24 hours, showing

their length (L) and fold change (FC). "NF" stands for "not found", meaning that the peptide was only found

in WT samples (hence, downregulated in ISG15 KO samples) and "Inf" means "Infinite", meaning that the

peptide was only found in ISG15 KO samples (hence, upregulated in ISG15 KO samples).

ISG15 KO vs WT treated with IFNα for 24 hours - GAPDH

Downregulated Upregulated

Peptide L FC Peptide L FC

MTTVHAITATQKTVDGPSGKLWR 23 NF ISWYDNEFGYSNRVVDL 17 Inf

MTTVHAITATQKTVDGPSGKL 21 NF

AITATQKTVDGPSGKLWR 18 NF

GKVKVGVNGFGRIGRLVT 18 NF

YTEHQVVSSDFNSDTHSS 18 NF

ERDPSKIKWGDAGAEY 16 NF

ATQKTVDGPSGKLWR 15 NF

YDNEFGYSNRVVDL 14 NF

DNEFGYSNRVVDL 13 NF

RVVDLMAHMASKE 13 NF

ISWYDNEFGYSN 12 NF
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Table D.9: GAPDH peptides identified in ISG15 KO vs WT samples treated with IFNα for 48 hours, showing

their length (L) and fold change (FC). "NF" stands for "not found", meaning that the peptide was only found

in WT samples (hence, downregulated in ISG15 KO samples) and "Inf" means "Infinite", meaning that the

peptide was only found in ISG15 KO samples (hence, upregulated in ISG15 KO samples).

ISG15 KO vs WT treated with IFNα for 48 hours - GAPDH

Downregulated Upregulated

Peptide L FC Peptide L FC

ATQKTVDGPSGKL 13 NF YSNRVVDL 8 2.997

DAGAGIALNDH 11 NF VPTANVSVVDL 11 3.170

APLAKVIHDN 10 3.965

RVPTANVSVVD 11 4.246

FRVPTANVSVVD 12 5.820

RVPTANVSVVDL 12 5.860

ISWYDNEFG 9 6.183

FRVPTANVSV 10 6.516

RGALQNIIPASTGAAK 16 9.327

FGYSNRVVDL 10 13.688

QERDPSKIKWGDAGAE 16 16.853

QERDPSKIKWGDAGAEY 17 156.097

MTTVHAITATQKTVDGPSGKLWR 23 Inf

MTTVHAITATQKTVDGPSGKL 21 Inf

TVHAITATQKTVDGPSGKLWR 21 Inf

NSDTHSSTFDAGAGIALNDH 20 Inf

VHAITATQKTVDGPSGKLWR 20 Inf

HAITATQKTVDGPSGKLWR 19 Inf

TVHAITATQKTVDGPSGKL 19 Inf

AITATQKTVDGPSGKLWR 18 Inf

GKVKVGVNGFGRIGRLVT 18 Inf

YTEHQVVSSDFNSDTHSS 18 Inf

NSDTHSSTFDAGAGIAL 17 Inf

ERDPSKIKWGDAGAEY 16 Inf

ISWYDNEFGYSNRVVD 16 Inf

ATQKTVDGPSGKLWR 15 Inf

RDPSKIKWGDAGAEY 15 Inf

AENGKLVINGNPIT 14 Inf

GKVKVGVNGFGRIG 14 Inf

QERDPSKIKWGDAG 14 Inf

YDNEFGYSNRVVDL 14 Inf

DNEFGYSNRVVDL 13 Inf
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PSKIKWGDAGAEY 13 Inf

RVVDLMAHMASKE 13 Inf

YDNEFGYSNRVVD 13 Inf

GAGIALNDHFVK 12 Inf

ISWYDNEFGYSN 12 Inf

KVIPELNGKLTG 12 Inf

RDPSKIKWGDAG 12 Inf

KVIPELNGKLT 11 Inf

QERDPSKIKWG 11 Inf

GAGIALNDHF 10 Inf

RDPSKIKWG 9 Inf

ISWYDNEF 8 Inf

Table D.10: B2M peptides identified in untreated ISG15 KO vs WT samples, showing their length (L) and fold

change (FC). "NF" stands for "not found", meaning that the peptide was only found in WT samples (hence,

downregulated in ISG15 KO samples) and "Inf" means "Infinite", meaning that the peptide was only found in

ISG15 KO samples (hence, upregulated in ISG15 KO samples).

Untreated ISG15 KO vs WT - B2M

Downregulated Upregulated

Peptide L FC Peptide L FC

LKNGERIEKVEHSDLSFSKD 20 NF IQRTPKIQVY 10 4.919

LLKNGERIEKVEHSDLSFSKD 21 NF IQRTPKIQVYS 11 9.625

RHPAENGKSNFLN 13 NF NGERIEKVEHSDLS 14 Inf

YYTEFTPTEKDE 12 NF LSQPKIVKWDRDM 13 Inf

YTEFTPTEKDE 11 0.296 TEFTPTEKDEYA 12 Inf

LSQPKIVKWDR 11 Inf

LLKNGERIE 9 Inf

FSKDWSFY 8 Inf
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Table D.11: B2M peptides identified in ISG15 KO vs WT samples treated with IFNα for 24 hours, showing their

length (L) and fold change (FC). "NF" stands for "not found", meaning that the peptide was only found in WT

samples (hence, downregulated in ISG15 KO samples) and "Inf" means "Infinite", meaning that the peptide

was only found in ISG15 KO samples (hence, upregulated in ISG15 KO samples).

ISG15 KO vs WT treated with IFNα for 24 hours - B2M

Downregulated Upregulated

Peptide L FC Peptide L FC

IQRTPKIQVYSRHPAENGKSNFLN 24 NF RHPAENGKSNFLN 13 Inf

IQRTPKIQVYSRHPAENGKSNFL 23 NF

LLKNGERIEKVEHSDLSFSKD 21 NF

LKNGERIEKVEHSDLSFSKD 20 NF

LLKNGERIEKVEHSDLSFS 19 NF

LKNGERIEKVEHSDLSFS 18 NF

NGERIEKVEHSDLSFSKD 18 NF

LLKNGERIEKVEHSDLS 17 NF

NGERIEKVEHSDLSFS 16 NF

LSQPKIVKWDRDM 13 NF

LLKNGERIEKVE 12 NF

SQPKIVKWDRDM 12 NF

LSQPKIVKWDR 11 NF

Table D.12: B2M peptides identified in ISG15 KO vs WT samples treated with IFNα for 48 hours, showing their

length (L) and fold change (FC). "NF" stands for "not found", meaning that the peptide was only found in WT

samples (hence, downregulated in ISG15 KO samples) and "Inf" means "Infinite", meaning that the peptide

was only found in ISG15 KO samples (hence, upregulated in ISG15 KO samples).

ISG15 KO vs WT treated with IFNα for 48 hours - B2M

Downregulated Upregulated

Peptide L FC Peptide L FC

YTEFTPTEKDE 11 2.976

IQRTPKIQVY 10 5.845

TEFTPTEKDEYA 12 7.244

YYTEFTPTEKDE 12 10.247

FSKDWSF 7 15.888

SQPKIVKWDRDM 12 17.974

YVSGFHPSDIEVD 13 19.089

IVKWDRDM 8 21.579

SKDWSFY 7 25.677
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NGERIEKVEHSDLS 14 30.430

IQRTPKIQ 8 41.673

FSKDWSFY 8 81.203

LSQPKIVKWDRDM 13 83.472

QPKIVKWDRDM 11 100.514

IQRTPKIQVYSRHPAENGKSNFLN 24 Inf

IQRTPKIQVYSRHPAENGKSNFL 23 Inf

LLKNGERIEKVEHSDLSFSKD 21 Inf

LLKNGERIEKVEHSDLSFS 19 Inf

LLKNGERIEKVEHSDLSF 18 Inf

NGERIEKVEHSDLSFSKD 18 Inf

LKNGERIEKVEHSDLSFS 18 Inf

IQRTPKIQVYSRHPAEN 17 Inf

LLKNGERIEKVEHSDLS 17 Inf

NGERIEKVEHSDLSFS 16 Inf

LSQPKIVKWDRDM 13 Inf

RHPAENGKSNFLN 13 Inf

SQPKIVKWDRDM 12 Inf

LSQPKIVKWDR 11 Inf

PKIVKWDRDM 10 Inf

LSQPKIVK 8 Inf

KDWSFYL 7 Inf
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Details on statistical analyses

Table D.13: Linear Regression statistical analysis results for WT presented in Figure 6.7.

Low confluency High confluency

Equation y = 1593 · x +3035 y = 1728 · x +2746

95% Confidence Intervals

Slope (1391, 1794) (992.4, 2463)

Y-intercept (2600, 3470) (1158, 4333)

X-intercept (−2.482,−1.456) (−4.287, 0.4788)

Goodness of Fit

R 2 0.9918 0.9141

RMSD 145.1 529.5

Are slopes equal?

F 0.2419

DFn 1

DFd 20

P value 0.6361

Comment The differences between the slopes are not significant.

Figure D.1: Linear regression analysis for WT cell data presented in Figure 6.7.
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Table D.14: Linear Regression statistical analysis results for KO presented in Figure 6.7.

Low confluency High confluency

Equation y = 3219 · x +1517 y = 3586 · x +1024

95% Confidence Intervals

Slope (2816, 3623) (2865, 4307)

Y-intercept (645.2, 2388) (−533.1, 2581)

X-intercept (−0.8415,−0.1795) (−0.8889, 0.1254)

Goodness of Fit

R 2 0.9919 0.9795

RMSD 290.5 519.2

Are slopes equal?

F 1.522

DFn 1

DFd 20

P value 0.2523

Comment The differences between the slopes are not significant.

Figure D.2: Linear regression analysis for KO cell data presented in Figure 6.7.
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Table D.15: Linear Regression statistical analysis results for low confluency data presented in Figure 6.7.

WT KO

Equation y = 1593 · x +3035 y = 3219 · x +1517

95% Confidence Intervals

Slope (1391, 1794) (2816, 3623)

Y-intercept (2600, 3470) (645.2, 2388)

X-intercept (−2.482,−1.456) (−0.8415,−0.1795)

Goodness of Fit

R 2 0.9918 0.9919

RMSD 145.1 290.5

Are slopes equal?

F 100.4

DFn 1

DFd 20

P value < 0.0001

Comment The differences between the slopes are extremely significant.

Figure D.3: Linear regression analysis for low confluency cell data presented in Figure 6.7.



Appendix D - Supplementary data for chapter 6: Whole proteomic and
immunopeptidomic analysis on ISG15 deficient patient-derived glioblastoma stem cells
upon IFNα2 treatment 248

Table D.16: Linear Regression statistical analysis results for high confluency data presented in Figure 6.7.

WT KO

Equation y = 1728 · x +2746 y = 3586 · x +1024

95% Confidence Intervals

Slope (992.4, 2463) (2865, 4307)

Y-intercept (1158, 4333) (−533.1, 2581)

X-intercept (−4.287,−0.4788) (−0.8889, 0.1254)

Goodness of Fit

R 2 0.9141 0.9795

RMSD 529.5 519.2

Are slopes equal?

F 25.13

DFn 1

DFd 20

P value 0.001

Comment The differences between the slopes are very significant.

Figure D.4: Linear regression analysis for high confluency cell data presented in Figure 6.7.
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Peptides originated from GAPDH found downregulated in ISG15

KO vs WT untreated GSC samples

The alignment of the 55 GAPDH-originated peptides identified allows for the identifi-

cation of common motifs, performed as part of the structural analysis example provided

in section 7.1.3.

MTTVHAITATQKTVDGPSGKLWR
MTTVHAITATQKTVDGPSGKL

TVHAITATQKTVDGPSGKLWR
TVHAITATQKTVDGPSGKL
VHAITATQKTVDGPSGKLWR

AITATQKTVDGPSGKLWR
ATQKTVDGPSGKL
ATQKTVDGPSGKLWR

KTVDGPSGKLWR

YTEHQVVSSDFNSDTHSS
YTEHQVVSSDF

FGYSNRVVDLMAHMASKE
GYSNRVVDLMAHMASKE
YSNRVVDLMAHMASKE

RVVDLMAHMASKE
YDNEFGYSNRVVD

FGYSNRVVDL
GYSNRVVDL
YSNRVVDL
SNRVVDL

YDNEFGYSNRVVDL
ISWYDNEFGYSNRVVD
ISWYDNEFGYSN
ISWYDNEFG
ISWYDNEF
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FRVPTANVSVVDL
FRVPTANVSVVD
RVPTANVSVVDL
RVPTANVSVVD

FRVPTANVSV

VVESTGVFTT
YVVESTGVF

QERDPSKIKWGDAGAEY
QERDPSKIKWGDAGAE
QERDPSKIKWGDAG
QERDPSKIKWG
ERDPSKIKWGDAGAEY
RDPSKIKWGDAGAEY
RDPSKIKWGDAG

PSKIKWGDAGAEY

NSDTHSSTFDAGAGIALNDH
NSDTHSSTFDAGAGIAL

THSSTFDAGAGIALNDH
THSSTFDAGAGIA

GAGIALNDHFVK
DAGAGIALNDH
DAGAGIALNDHF

GAGIALNDHF

KVIPELNGKLTG
KVIPELNGKLT

GKVKVGVNGFGRIGRLVT
GVNHEKYDNSL
AENGKLVINGNPIT
RGALQNIIPASTGAAK
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