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Abstract

STATS3 is a pleiotropic transcription factor that plays key roles in development, immunity, response
to stress/damage and cancer. Its activity is largely regulated by specific post-translational
modifications (PTMs) and protein-protein interactions. Most studies focus only on the phosphorylation
at Y705 and/or S727, neglecting almost 80 identified PTMs. Furthermore, it is unlikely that all STAT3
molecules are modified simultaneously exactly in the same residues, existing different pools of
STAT3 molecules. The main goal of this work was to determine the influence of key post-translational
modifications on STAT3 translocation to the nucleus upon canonical stimulation with cytokines from
the IL-6 family. To address this question, we first characterized a STAT3 knockout HeLa cell strain
recently developed in our laboratory and created a series of molecular tools to analyze the dynamics of
STAT3 homodimers in living cells based on BiFC (i.e., STAT3 expression plasmids with mutations
preventing key PTMs, such as Y705F, K49R, K685R, S727A, T236A, Y640F and T714A). STAT3
knockout cells have a distinct gene expression profile and increased oxidative stress. Second, we
studied the influence of symmetrically and asymmetrically modified STAT3 homodimers in their
response to cytokines. Phosphorylation of only one of the STAT3 monomers is enough to drive
STAT3 dimers into the nucleus after LIF stimulation. STAT3 dimers can accumulate in the nucleus
independently of their phosphorylation status at Y705 and LIF stimulation. And third, we studied the
effect of the disease-associated phosphoresistant Y640F mutation in the behavior of STAT3 dimers.
This mutation increases the accumulation of STAT3 in the nucleus in response to LIF but is not
related to oxidative stress and gene expression. Our results advance our understanding of STAT3
signaling and could potentially contribute to the study of several human pathologies involving STAT3,
such as cancer, hyper-IgE Syndrome, or Inflammatory Hepatocellular Adenoma.

Key words: STAT3, post-translational modifications, bimolecular fluorescence complementation,
homodimerization, nuclear translocation.
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Resumo

O Transdutor de Sinal e Ativador da Transcrigdo 3 (STAT3) é um fator de transcrigao pleiotropico
que desempenha fungdes importantes numa variedade de processos fisiologicos, incluindo proliferacao
celular, sobrevivéncia, diferenciagdo, inflamagao, angiogénese, apoptose, progressdo do ciclo celular e
migragdo celular. O STAT3 esta constitutivamente ativo em cerca de 70% dos cancros nos humanos.
Esta ativag@o constitutiva deve-se maioritariamente a desregulagdo das vias de sinalizagdo a montante.
Os cancros incluem tanto tumores hematologicos (ex. leucemia, linfoma ou mieloma multiplo) como
tumores solidos. Para além disto, mutagdes ativadoras no STAT3 (ex. Y640F) t€m sido associadas a
algumas doengas como Leucemia Linfocitica Granular e Adenoma Hepatocelular Inflamatorio.
Enquanto mutagdes inativadoras do STAT3 (ex. S636Y, T708S ou T714A) associam-se com a
Sindrome de hiper-imunoglobulina E. Apesar do papel claro do STAT3 no cancro, também existem
evidéncias de fungdes supressoras de tumores para o STAT3. Deste modo as consequéncias biologicas
da ativagdo do STAT3 no cancro dependem do tipo de tumor e do contexto celular.

O STATS3 ¢ ativado a jusante de muitos tipos de sinais extracelulares, incluindo a familia IL-6 de
citocinas (ex. IL-6, IL-11, fator inibidor de leucemia (LIF), etc.), hormonas (hormona do crescimento,
prolactina e leptina), fatores de crescimento (EGF, PDGF, FGF e IGF), interferdes, entre outros. A
familia IL-6 de citocinas ativa o STAT3 através da via de sinalizagdo canonica JAK-STATS3. Esta via
comeca com a ligagcdo de uma citocina ao seu recetor na membrana celular. Isto ativa um dos membros
da familia de Janus kinase (JAK) que por sua vez fosforila o recetor da citocina. Os dimeros de
STAT3 sdo recrutados ao recetor ativado e sdo fosforilados na tirosina 705 (Y705). Isto leva a
acumulagdo dos dimeros de STAT3 fosforilados no nucleo. Os mecanismos moleculares pelos quais a
acumulagdo no nucleo ocorre ainda estdo sob discussdo. Alguns investigadores defendem que o
STAT3 ¢é maioritariamente encontrado no citoplasma de células ndo estimuladas e que s6 vai para o
nucleo apos estimulagdo com uma citocina. Outros defendem que o STAT3 esta permanentemente a
mover-se entre o citoplasma e o nicleo e que fica retido no nucleo apos a sua fosforilagdo induzida por
uma citocina. Uma vez no nticleo, o STAT3 fosforilado liga-se ao DNA e consegue ativar ou reprimir
a expressao génica. Alguns dos genes ativados pelo STAT3 sdo genes pro-sobrevivéncia (ex. BCL2,
BCL2L1, MCLI e BIRCS); genes de progressao do ciclo celular (ex., CCNDI e c-MYC); e genes pro-
migratorios (ex., MMP2). O STAT3 fosforilado também reprime a expressdo de alguns genes
relacionados com a proliferacdo e sobrevivéncia celular, como 7P53, FAS ¢ NDN. A expressdo ¢
ativagdo do STAT3 ¢ altamente regulada através de uma variedade de proteinas enddgenas (ex. SOCS
e PIAS) que conseguem silenciar a via de sinalizagdo JAK-STATS3.

Para além desta via candnica, também foram descritas outras vias ndo canénicas do STAT3 que sdo
independentes da fosforilagdo do STAT3 no residuo Y705. Estas vias ndo canodnicas incluem a
atividade transcripcional do STAT3 ndo fosforilado e a atividade do STAT3 na mitocondria e no
reticulo endoplasmatico. Nestes organelos, o STAT3 desempenha diversas fungdes como a regulagdo
da respiracdo e do metabolismo mitocondrial e a regulagdo de espécies reativas de oxigénio (ROS) e
de calcio (Ca").

Ambas as vias de STAT3 canodnicas ¢ niao canonicas dependem fortemente de interagdes com
outras proteinas e de modificagdes pos-traducionais (PTMs). A maioria das fungdes e interagdes do
STAT3 foram estudadas em relacdo a fosforilagdo nos residuos Y705 ou S727. No entanto, o STAT3
tem cerca de 80 PTMs comprovadas experimentalmente, incluindo muitos outros eventos de
fosforilagdo, acetilagdo, metilagdo, ubiquitinagdo e SUMOilagao. As fungdes biologicas destas PTMs
sdo pouco estudadas, e a sua influéncia nas interagdes com outras proteinas é mal compreendida. E
também improvavel que todas as moléculas de STAT3 sejam modificadas simultaneamente nos
mesmos residuos, existindo diferentes conjuntos de moléculas de STAT3 na célula. Recentemente,
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descrevemos que dimeros de STAT3 modificados assimetricamente apresentaram alteragcdes no seu
comportamento e func¢ao. No entanto, estas observagdes foram realizadas em células que expressavam
STAT3 endodgeno e em auséncia de estimulo de citocinas.

O principal objetivo deste trabalho foi determinar a influéncia de modificagdes pos-traducionais
importantes na translocacdo do STAT3 para o nucleo, apds estimulagdo com citocinas da familia IL-6.
Para responder a esta questdo, usamos células HelLa com knockout do gene STAT3 (STAT3-/-) que
foram recentemente desenvolvidas no laboratéorio do Dr. Federico Herrera. Primeiramente,
caracterizamos esta linha celular em termos de proliferacio, stress oxidativo, niveis de Ca?*, potencial
de membrana mitocondrial, expressdo génica e niveis de proteinas, usando citometria de fluxo, qPCR
e Western Blot. Observamos que as células HeLa STAT3-/- tém um perfil genético distinto e maior
stress oxidativo. Cridmos também uma série de ferramentas moleculares baseadas no ensaio de
complementagdo de fluorescéncia bimolecular (BiFC) para analisar a dindmica dos homodimeros de
STAT3 nas células. Nestes ensaios BiFC, duas proteinas de interesse sdo unidas a duas metades
complementares ndo fluorescentes de um repoérter fluorescente, como Vénus. Se as proteinas de
interesse interagirem, as metades do reporter unem-se reconstituindo o fluor6foro funcional. A
fluorescéncia €, portanto, proporcional a dimerizagdo das proteinas e pode ser facilmente medida por
citometria de fluxo ou microscopia. Plasmideos Venus-STAT3 BiFC, desenvolvidos previamente no
laboratorio do Dr. Federico Herrera, foram modificados por site-directed mutagenesis. Residuos
fosforilaveis (serina (S), treonina (T) e tirosina (Y)) e residuos lisina (K) (acetilaveis, metilaveis,
ubiquitindveis ¢ SUMOilaveis) foram mutados para residuos estruturalmente semelhantes, nao
modificaveis [fenilalanina (F), alanina (A) ou arginina (R), a depender do tipo de residuo]. Deste
modo, foram desenvolvidos plasmideos que expressam STAT3 com mutagdes que previnem PTMs
essenciais ou relacionadas com doengas humanas, como Y705F, K49R, K685R, S727A, T236A,
Y640F e T714A. Em segundo lugar, estudamos a influéncia dos homodimeros de STAT3 modificados
simetricamente e assimetricamente na sua resposta a citocinas. As células HeLa STAT3-/- foram
transfetadas com combinagdes de dois plasmideos Venus-STAT3 BiFC complementares. Foram feitas
combinagdes simétricas de plasmideos, ou seja, nas quais os dois plasmideos eram wild type ou tinham
a mesma mutagdo. Também foram feitas combinagdes assimétricas em que os plasmideos eram
diferentes, ou seja, um dos plasmideos podia ser wild type e o outro podia ter uma mutagdo ou entdo
podiam ser dois plasmideos mutados, mas com diferentes muta¢des. Apos transfecdo e tratamento com
LIF, as proteinas nucleares foram extraidas e analisadas por Western Blot. Observamos que enquanto
os dimeros simétricos de wild type STAT3 acumularam-se rapidamente no nticleo em resposta ao LIF,
os dimeros simétricos mutantes Y705F ndo. Os dimeros STAT3 assimétricos onde um dos monoémeros
era wild type STAT3 responderam como os dimeros simétricos de wild type STAT3. Deste modo, a
fosforilagdo de apenas um dos monomeros de STAT3 ¢ suficiente para provocar a translocaciao dos
dimeros de STAT3 para o nucleo apds estimulagdo com LIF. Os dimeros de STAT3 podem acumular-
se no nucleo independentemente do seu estado de fosforilagao no residuo Y705 e de estimulacdo com
LIF. Em terceiro lugar, estudamos o efeito da mutagdo fosforesistente Y640F relacionada com
doengas no comportamento dos dimeros de STAT3. Esta mutagdo aumenta a acumula¢ao de STAT3
no nucleo em resposta ao LIF, mas ndo esta relacionada com stress oxidativo e expressdo génica. Os
nossos resultados permitem aprimorar o nosso conhecimento sobre as vias de sinalizacdo do STAT3 e
podem potencialmente contribuir para o estudo de diversas patologias humanas que envolvem o
STATS3, como cancro, Sindrome de hiper-imunoglobulina E ou Adenoma Hepatocelular Inflamatorio.

Palavras-chave: STAT3, modificagdes pos-traducionais, complementacdo de fluorescéncia
bimolecular, homodimerizagao, translocagdo nuclear.
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I. Introduction

1.1 The Signal Transducer and Activator of Transcription (STAT) pathway

1.1.1 The STAT family of transcription factors

STATs are dual function proteins which receive an activating signal from the cell surface and carry
it toward the nucleus to induce gene transcription [1]. In mammals, the STAT protein family consists
of seven members (STAT1, STAT2, STAT3, STAT4, STATSA, STATSB and STAT6) that share a
common structural organization represented by six distinct and functionally conserved domains (from
N- to C-termini): N-terminal domain (NTD), coiled-coil domain (CCD), DNA-binding domain
(DBD), linker domain (LD), Src homology 2 domain (SH2) and the C-terminally located
transactivation domain (TAD) (Figure 1.1) [2]. The NTD is involved in STAT dimerization and
tetramerization and heterologous protein—protein interactions. The CCD is a domain that mediates
STAT interactions with other proteins including IRF-9/p48 for STATI; c-Jun, StIP1 and GRIM-19 for
STAT3; and SMRT for STATSA and STAT5B. In STAT3, CCD is also required for receptor binding.
The DBD adopts an immunoglobulin-fold structure and binds to DNA as a dimer. It is also involved in
nuclear translocation, probably by maintaining proper conformation so that importins can recognize
and bind to the nuclear localization sequences of STATs. The LD is involved in protein—protein
interactions (e.g., association between STAT3 and GRIM-19) and it can also be involved in nuclear
export and DNA binding. In STATI, the LD is also associated with transcriptional activation [2].
STATs are the only transcription factors containing the phospho-tyrosine binding domain SH2, which
is the most conserved domain and is critical for receptor association and phospho-dimer formation.
Despite their highly conserved structure, each protein responds to a distinct group of extracellular
stimuli and control distinct cellular processes [2].

In mammalian cells, STAT1 and STAT2 were the first proteins identified in interferon signal
transduction pathways [3]. While STAT] is activated by type I interferons (IFN-a, -, -1, -®), IFN-y
and other cytokines (e.g., IL-6, IL-2, IL-3) [4], STAT2 is only activated by type I IFN [3]. In the IFN-I
signaling pathway, heterodimers of STAT2/STATI are assembled. These heterodimers associate with
the DNA binding protein interferon regulatory factor 9 (IRF9) to form the transcriptional complex
interferon stimulated gene factor 3 (ISGF3), activating the expression of IFN-I target genes (e.g.,
IRF1, IRF2, IFNBI, OAS, and MX1) [5]. STATI1 and STAT2 are involved in anti-viral and -bacterial
responses, immunomodulation, growth inhibition, apoptosis regulation, and tumor growth suppression
[3]. STATS3 is activated by a plethora of stimuli: the IL-6 family of cytokines (IL-6, IL-11, IL-22, IL-
27, IL-31, oncostatin M, cardiotrophin-1, ciliary neurotrophic factor, cardiotrophin-like cytokine
factor 1, and leukemia inhibitory factor (LIF)); hormones (growth hormone, prolactin, and leptin);
growth factors (EGF, PDGF, FGF and IGF); interferons; oncogenic non-receptor tyrosine kinases (Src
and ABL1); Toll-like receptors; and G-protein coupled receptors [6]-[10]. STAT3 is a pleiotropic
transcription factor that plays a key role in a variety of physiological processes, including cell
proliferation, survival, differentiation, inflammation, angiogenesis, apoptosis, cell cycle progression
and cell migration [11], [12]. Some of these roles will be further discussed in the following sections.
STAT4 is stimulated by IL-12 and is required for T helper 1 (Thl) cell development and IFN-y
production [3]. STATSA and STATS5B are activated by several cytokines and hormones such as
interleukins, erythropoietin, growth hormone, and prolactin and are involved in cell differentiation,
lipid mobilization and lymphocyte development. STATSA and STATSB are involved in prolactin and
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growth hormone signaling, respectively [3]. IL-4 and IL-13 activate STAT6, resulting in the
proliferation of lymphocytes, differentiation of macrophages, regulation of the IgE class switch in B
cells and prevention of apoptosis. STAT6 is also involved in the development of Th2 cells [3].

Among STATs, only the STAT3 knockout in mice leads to early embryonic lethality, which cannot
be compensated by other STAT members despite their high homology and shared pathways [13]. This
indicates a unique role of STAT3 in embryonic development.

STAT1
STAT2
STAT3
STAT4

STATS5a

STATSb

STAT6

Figure 1.1 - Structure of the STAT family of transcription factors. STAT proteins share six distinct and functionally
conserved domains: N-terminal domain (NTD), coiled-coil domain (CCD), DNA-binding domain (DBD), linker domain
(LD), Src homology 2 domain (SH2) and transactivation domain (TAD). Source: Guanizo et al., 2018 [14].

1.1.2 STAT3 importance at a pathological level

STATS3 is constitutively activated in many human cancers, mostly because of deregulated upstream
signaling pathways. Current estimates suggest that persistent STAT3 Y705 phosphorylation -the key
activating post-translational modification- is detected in about 70% of human cancers [15]. These
include both hematological tumors, such as leukemia, lymphoma or multiple myeloma, and solid
tumors of the bladder, bone, breast, brain, cervix, colon, esophagus, head-and-neck, kidney, liver,
lung, ovary, pancreas, prostate, stomach, and uterus. Most of these tumors frequently become
dependent on STATS3 activity and are correlated with a poor clinical outcome [3]. In the early stages of
cancer development, STAT3 allows tumor initiation without mutations because STAT3 prevents p53-
mediated growth control and apoptosis when activated [16]. STAT3 facilitates invasiveness and
metastasis of cancer cells through the stimulation of angiogenesis, proliferation, survival and
expression of matrix metalloproteinases (e.g. MMP-2 and MMP-7) that contribute to invasiveness
[17]-[19]. Cancer cells and other cell types that are found in the tumor microenvironment release 1L-6,
which in turn contributes to the activation of STAT3. STAT3 can bind to the promoter of the 1L-6
gene and induce its expression, creating a positive-feedback loop. In the tumor microenvironment,
STATS3 stimulates the production of other pro-inflammatory cytokines (e.g., IL-1f, IL-8 and CCL2)
through the recruitment of immune cells, exacerbating inflammation. STAT3 can also activate
immunosuppressive factors such as IL-10 and TGF-f, both of which can stimulate STAT3, creating
another positive-feedback loop [3]. Despite the clear role of STAT3 in cancer, there is also evidence of
tumor suppressive roles for STAT3. For example, activated STAT3 has been shown to suppress
proliferation, c-Myc-mediated and spontaneous malignant transformation of mouse embryonic
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fibroblasts [20]. In phosphatase and tensin homolog deleted on chromosome 10 (PTEN)-proficient
mouse astrocytes, STAT3 behaves as a tumor suppressor, preventing astrocyte proliferation and
invasiveness. Consistently, simultaneous suppression of PTEN and STAT3 led to astrocyte malignant
transformation [21]. The biological consequences of STAT3 activation in cancer depend on the tumor
type and cellular context.

Activating mutations in STAT3 (e.g. Y640F) have been associated with some diseases such as
large granular lymphocytic leukemia (LGL leukemia) [22] and inflammatory hepatocellular adenomas
(IHCAs) [23], whereas inactivating mutations in STAT3 (e.g. S636Y, T708S or T714A) associate
with hyper-Immunoglobulin E syndrome (HIES) [24]. LGL leukemia is a rare type of leukemia which
can be chronic or aggressive. Most cases are chronic, accounting for 2 to 5% of all chronic
lymphoproliferative diseases [25]. The most common symptoms are severe neutropenia with or
without anemia, and autoimmune-like manifestations including rheumatoid arthritis, autoantibodies,
and hyperglobulinemia [26]. Patients with aggressive LGL leukemia can also present splenomegaly,
hepatomegaly, and lymphadenopathy [27]. Both men and women are equally affected, and the median
age at diagnosis is 60 years [25]. As most cases have an indolent, chronic course, it is common to
apply a “watch-and-wait” approach. Current treatment involves a combination of chemotherapy and
immune-suppressing drug therapy which includes methotrexate, cyclophosphamide, cyclosporine,
fludarabine and alemtuzumab. Bone marrow or stem cell transplantation or splenectomy could also be
used to treat LGL leukemia [25]. However, there is no cure and patients with the chronic type of the
disease are estimated to live an average of 9 years after diagnosis. Life expectancy is likely to be much
lower for the aggressive type, as it does not respond well to current therapy [28]. LGL leukemia is
characterized by enlarged lymphocytes containing noticeable granules, and there are two types
depending on the type of white cell expanded: T-cell (T-LGL) and natural killer cell (NK-LGL). T-
LGL exhibits expansion of CD3+CD8+CD57+ T-cells and NK-LGL exhibits expansion of
CD3—CD16+CD56+ NK cells [29]. Heterozygous, somatic STAT3 mutations in the SH2 domain have
been reported in approximately 40% of LGL leukemia patients, with Y640F and D661Y being the
most common. Studies comparing patients with and without STAT3 mutations showed that the former
are more prone to have neutropenia and rheumatoid arthritis. However, no clear relation between
STAT3 mutations and the type of LGL leukemia has been established [29].

IHCAs are rare benign liver tumors derived from monoclonal proliferation of hepatocytes,
accounting for 40-50% of all adenomas. IHCAs develop predominantly in women (average age: 38
years) with a female/male ratio of 8:1 [30]. The therapeutic strategy is determined by tumor size,
localization, and sex. In women, when IHCAs are <5 cm, or regress to <5 cm following cessation of
oral contraceptives, with no further growth detected, a “watch-and-wait” policy is used. For lesions >5
cm, elective surgical resection is considered. In this case, a laparoscopic approach is preferred instead
of open surgery due to fewer complications. When it is not possible to perform surgery,
radiofrequency ablation and transcatheter arterial embolization can be performed [31]. In men, all
IHCAs should be surgically removed because of the high risk of malignant transformation [30].
IHCAs are characterized by constitutive uncontrolled activation of the inflammatory IL6/JAK/STAT
pathway, which leads to inflammatory infiltrates, dystrophic vessels, and sinusoidal dilatations.
IHCAs are associated to several mutations in different oncogenes that belong to this pathway: GP130
(65%), FRK (10%), STAT3 (5%), GNAS (5%), and JAKI (2%) [30]. Seven STAT3 somatic
monoallelic mutations have been reported in IHCAs: Y640F, L78R, D502Y, K658Y, E166Q,
Y657 M660dup and G656 Y657insF [23]. Besides these mutations, environmental factors can
increase the risk of IHCAs, such as hormonal exposure, obesity, metabolic syndrome, and high alcohol
consumption [30].
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HIES is a rare primary immunodeficiency characterized by a triad of eczema, recurrent skin and
pulmonary infections, and elevated IgE levels, although its clinical features might differ widely from
person to person. Most cases of HIES are sporadic, but autosomal recessive (AR), autosomal dominant
(AD) and X-linked variants were reported [32]. AD-HIES is caused mostly by germline, heterozygous
mutations with dominant-negative effect in STAT3 that cause its loss-of-function. AD-HIES affects
males and females equally in all ethnic groups, affecting fewer than 1 per million people worldwide
[33]. AD-HIES patients frequently show skeletal and connective tissue abnormalities, including
characteristic facial features (broad nasal bridge, prominent forehead, and facial asymmetry),
prolonged retention of primary teeth, hyperextensible joints, scoliosis, recurrent pathological fractures,
and vascular anomalies [32]. Some individuals with AD-HIES also develop lymphomas, suggesting a
greater risk of cancer than the general population [33]. Although AD-HIES has an early onset in most
of the cases, there are adult-onset cases. This complicates diagnostics and treatment. The strategies to
treat AD-HIES are purely symptomatic, most frequently involving long-term use of systemic
antibiotics and antifungals to prevent and manage infections and a proper skin care. Some patients
with low immunoglobulin levels and/or impaired immunity are treated with intravenous
immunoglobulin. For more severe cases, surgery is also required (e.g., to treat lung abscesses) [33],
and hematopoietic stem cell transplantation is currently being explored, although its efficacy remains
unclear [32]. AD-HIES is linked with high morbidity and mortality, but with proper care, continuous
monitoring, and patient cooperation, the prognosis can be improved, and patients can live more than
50 years [34].

1.1.3 STAT3 isoforms

The STAT3 gene is composed of 24 exons located on chromosome 1721, and is highly conserved
across species, as the translated protein has only 1 amino acid difference between mouse and human
[33]. The domains have been clearly defined and are shared with other STATSs (see section 1.1.1).
There are six known isoforms of human STAT3: STAT3a, STAT3B, STAT3AS-a, STAT3AS-B,
STAT3y and STAT36 [35]-[38]. STAT3a (92 kDa) and STAT3p (83 kDa) are formed by alternative
splicing but differ in structure and function. STAT3a is the most abundant isoform, has 770 amino
acids and is responsible for most cellular functions attributed to STAT3 [35]. In comparison with
STAT3a, STAT3p lacks the terminal 55 amino acids which are replaced by a unique 7 amino acid
sequence. This truncation eliminates key phosphorylatable residues such as S727 [35]. STAT3p
activation results in distinct gene expression profiles (e.g. 42M and FOS) [39]. STAT3AS-a and
STAT3AS-B are also STAT3 splice variants that result from the presence or absence of the three
nucleotides encoding serine 701 in STAT3a and STAT3p (Figure 1.2) [36], [37]. There is not much
information about the specific roles and importance of STAT3AS-a and STAT3AS-B. In eosinophils
and diffuse large B-cell lymphoma cells, STAT3 isoforms are found in the following proportions: o ~
75%, B ~ 12%, AS-0 ~ 10% and AS-B ~ 3%. The AS variants account for 10-26% of STAT3
transcripts across 16 human tissues, being therefore likely that all cells contain these 4 isoforms of
STATS3. Although AS variants are less abundant than STAT3a and STAT3, the ratio between AS and
the a and B variants remains relatively constant in tissues and is conserved among species [37]. This
suggests that STAT3AS-a and STAT3AS-B could have an important biological role. Indeed, it was
shown that the expression of all 4 variants (o, B, AS-a and AS-B) enabled the survival of activated B-
cell-like diffuse large B-cell lymphoma cells in culture and activated the target genes NFKBIA and
NFKBIZ [40]. STAT3y (72 kDa) and STAT30 (64 kDa) are C-terminal truncated forms of full-length
STAT3 generated by proteolytic processing. STAT3y is activated in the terminal stage of granulocytic
differentiation whereas STAT39 is activated in the early stage. These isoforms do not actively mediate
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transcription, so they might serve as negative regulators of STAT3 functions [38], [41].
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Figure 1.2 - Alternative splicing isoforms of STAT3. A, Scheme of the four STAT3 splice variants. Two splice sites near
the 3’ end of the STAT3 transcript produce four STAT3 isoforms: a (the longest isoform), B (a shorter isoform with distinct
seven residues at the C-terminus), Ser-701-deleted o (AS-a)), and Ser-701-deleted B (AS-B). White boxes indicate the non-
coding 3° UTR, and light blue boxes depict coding sequences due to alternative splicing. Phosphorylation sites present in the
translated form are also shown on the STAT3 transcript. Source: Zhu et al., 2019 [42]. B, Model of the STAT3B-DNA
complex in a ribbon diagram. Individual domains are color coded: coiled-coil domains (blue), DNA binding domains (red),
linker domains (green) and SH2-domains (yellow). PDB: 1BG1. Source: Becker et al., 1998 [43].

1.1.4 Intracellular signaling patterns of STAT3

1.1.4.1 The STATS3 canonical pathway

The canonical STAT3 signaling pathway starts with the binding of a cytokine to its receptor in the
cell membrane [44]. This activates one of the four receptor-associated kinases of the Janus Kinase
(JAK) family (JAK1, JAK2, JAK3 and tyrosine kinase 2 or TYK2), which in turn phosphorylates the
cytokine receptor [45]. STAT3 dimers are recruited to the activated receptor and phosphorylated on
the tyrosine residue 705 (Y705) in the transactivation domain. This leads to the accumulation of
phosphorylated STAT3 dimers in the nucleus [44]. The molecular mechanisms by which accumulation
in the nucleus occurs are still under discussion. Some researchers defend that STAT3 is mainly found
in the cytosol of unstimulated cells and only translocate to the nucleus after cytokine stimulation [46].
Others defend that STAT3 is permanently shuttling between the cytoplasm and the nucleus, being
retained in the nucleus after cytokine-induced phosphorylation [47]—[49].

As mentioned in section 1.1.1, the IL-6 family of cytokines can activate STAT3 trough the JAK-
STAT3 canonical signaling. LIF stimulation is a paradigmatic example of IL-6 family-mediated
STATS3 activation and is especially relevant for this thesis. LIF binds to the LIF receptor (LIFR) at the
cell surface, inducing its heterodimerization with signal transducer glycoprotein 130 (gp130). This
results in the activation of a gpl30-associated kinase (JAK), phosphorylation of gp130 cytoplasmic
domain and recruitment of the SH2 domain of STAT3 [50]. STAT3 is then phosphorylated at Y705
and accumulated in the nucleus. Once in the nucleus, phosphorylated STAT3 binds the Interferon-y
Activation Site (GAS) sequence CCT(N)3GAA to activate or repress gene transcription [33]. Some of
the genes activated by STAT3 are pro-survival genes (e.g., BCL2, BCL2L1, MCL1, and BIRCS) [51]-
[54]; cell-cycle progression genes (e.g., CCNDI and c-MYC) [55], [S6]; and pro-migratory genes (e.g.,
MMP?2) [18]. STATS3 also promotes angiogenesis through direct induction of the vascular endothelial
growth factor (VEGF) promoter [57]. Phosphorylated STAT3 was also reported to down-regulate the
expression of some genes related to cell proliferation and survival, such as 7P53, FAS and NDN [58].
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Phosphorylated STAT3 also induces its own gene expression via a STAT3-STAT3 positive
autoregulatory loop, producing de novo unphosphorylated STAT3 molecules [59]. If there is cytokine
stimulation, these STAT3 molecules can be phosphorylated at Y705. If not, there will be an increase
of unphosphorylated STAT3 which can progressively substitute the phosphorylated STAT3
molecules. During this process, various pools of STAT3 with different post-translational modification
profiles can coexist and possibly interact symmetrically or asymmetrically [60].

Expression and activation of STAT3 is tightly regulated through a wide range of endogenously
expressed proteins that can silence JAK-STAT3 signaling. These include Suppressors of Cytokine
Signaling (SOCS) proteins that bind to activated JAKs or receptor domains and efficiently block
STATS3 phosphorylation [61]. SOCS3 is a direct transcriptional target of STAT3, providing a negative
feedback to control the duration/intensity of STAT3 signaling [62]. The Protein Inhibitor of Activated
STAT (PIAS) family are small ubiquitin-like modifier (SUMO) E3 ligases that covalently attach
SUMO proteins to target substrates, thus promoting their degradation. PIAS3 directly inhibits STAT3
activity through SUMOylation [63]. In addition, protein tyrosine phosphatases, Src homology domain-
containing tyrosine phosphatases and the protein tyrosine phosphatase receptor T may specifically
dephosphorylate STAT3 and upstream kinases in the JAK-STAT3 pathway to terminate STAT3
signaling [64].

Constitutive activation of STAT3 (i.e., persistent phosphorylation at Y705) can affect the balance
between glycolytic and oxidative phosphorylation metabolisms, providing the necessary requirements
to support the metabolic shift toward aerobic glycolysis in the presence of oxygen, known as the
Warburg effect [65]. The Warburg effect is a metabolic program used by cancer cells early in
oncogenesis that promotes its sustained proliferation and hastens malignant progression [66].
Constitutively activated STAT3 induces the transcription of hypoxia-inducible factor I1-alpha
(HIF'14), which in turn promotes the expression of glycolysis-related genes (e.g., SLC2A1 and PDK1).
This allows for rapid proliferation while also significantly increasing glucose consumption, resulting
in glucose dependence [65]. Constitutively activated STAT3 also reduces the expression of many
nuclear genes encoding for mitochondrial proteins, leading to a blunted electron transport chain (ETC)
activity. Reduced mitochondrial activity may contribute to a reduction in reactive oxygen species
(ROS) accumulation, which is likely to result in high resistance of cells to apoptosis and senescence,
two hallmarks of cellular transformation [65]. Besides STAT3’s nuclear mechanisms, there are other
driving processes of the Warburg effect such as activation of oncogenes (e.g., c-MYC, MTORC1 and
AKT), loss of function of tumor suppressors (e.g., mutant p53 and mutant PTEN) and interaction with
components of the tumor microenvironment. The Warburg effect is related to resistance to
conventional therapies and poor patient outcomes [66].

The effects of STAT3 on glucose metabolism may also be mediated in part by ¢-MYC, a well-
known direct transcriptional target, that induces the expression of glycolysis genes such as SLC241,
HK2, ENOI, and PFKM [67], [68]. STATS3 also contributes more directly to the inactivation of ROS
through the upregulation of the superoxide dismutase 2 (SOD2) gene. SOD2 is a mitochondrial
antioxidant enzyme that scavenges superoxide radicals providing cytoprotection [69], [70].

1.1.4.2 Non-canonical STAT3 pathways

Non-canonical pathways include several STAT3 functions that have been revealed to be
independent of its phosphorylation on Y705. Unphosphorylated STAT3 (U-STAT3) regulates gene
expression and drives chromatin structure remodeling [71]. U-STAT3, either as dimer or as monomer,
can bind to similar DNA sites as tyrosine-phosphorylated STAT3. However, U-STAT3 works in
collaboration with transcriptional regulators such as the nuclear factor kappa-light-chain-enhancer of
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activated B cells (NF-xB) to control a set of genes not normally affected by tyrosine-phosphorylated
STATS3, including RANTES, MET and MRAS [72].

STAT3 can translocate into mitochondria through interaction with GRIM-19, where it promotes
mitochondrial respiration and metabolism by interacting with various mitochondrial proteins, as well
as the mitochondrial genome. STAT3 phosphorylation at S727, rather than Y705, is required for its
mitochondrial activity [73]. STAT3 enhances the activity of NADH:ubiquinone oxidoreductase
(complex I), succinate oxidoreductase (complex II), ATP synthase (complex V) and lactate
dehydrogenase [74]. Mitochondrial STAT3 is also implicated in the regulation of ROS. In the
mitochondria, STAT3 maintains an optimal ETC activity and can inhibit the opening of the
mitochondrial permeability transition pore through the interaction with cyclophilin D [75], reducing
ROS production [76], decreasing cell apoptosis, and enhancing cell proliferation and survival [77].
STAT3 can also facilitate the formation of respiratory supercomplexes in the mitochondria during
ETC process, minimizing electron leakage and reducing the generation of ROS [78]. The interaction
of mitochondrial STAT3 with GRIM-19 also dampens the ability of GRIM-19 to produce ROS [79].
Finally, mitochondrial STAT3 can also contribute to the control of ROS levels by indirectly inducing
the gamma-glutamyl cycle and consequently the synthesis of the major cellular ROS scavenger
glutathione, via an unknown mechanism [80]. Mitochondrial STAT3 has significant effects in normal
cellular homeostasis (e.g., cardioprotection, neurite outgrowth) and in pathological conditions (e.g.,
Ras-driven cancer) [14]. Despite these findings, it is still under discussion if STAT3 is in the
mitochondria. Recently, Su et al. (2020) [81] provided evidence that STAT3 does not exist in
mitochondria but localizes in the mitochondria-associated endoplasmic reticulum membrane (MAM).
MAM is a cellular structure formed by non-covalent protein interactions between the endoplasmic
reticulum (ER) and mitochondria membranes, which have extensive implications in mitochondrial
bioenergetics, ROS production, calcium (Ca®") signaling, lipid transport and dynamics. They also
hypothesized that STAT3 can regulate the mitochondrial metabolism via MAM function [81]. STAT3
can be found in the ER, where it interacts and facilitates the degradation of inositol 1,4,5-trisphosphate
receptor 3 (IP3R3) to control calcium efflux from the ER, enhancing cellular resistance to apoptotic
stimuli. For ER STATS3 localization or interaction with IP3R3, phosphorylation at Y705 or at S727 are
not strictly needed. However, phosphorylation at S727 is required for the degradation of IP3R3 and
regulation of Ca®" efflux [82]. IP3R3 has also been found to interact with the voltage dependent anion-
selective channel (VDAC) protein at the mitochondrial outer membrane to form the MAM contact
site. As a result, MAM STAT3 may control mitochondrial metabolism by regulating calcium
transport. Su et al. (2020) also reported that other proteins such as STAT1, MAPK 1/3, MAPK 14,
AMPK, mTOR and RELA are localized in the MAM and not in the mitochondria as previously
reported. STAT1, MAPK 1, mTOR and RELA are known interactors of STAT3, and AMPK has been
reported to suppress the JAK/STAT3 pathway [81].

Finally, STAT3 was also found associated with a variety of other cytosolic structures, including
focal adhesions, microtubules, mitotic spindles, lipid rafts and endolysosomal membranes [14].
STAT3 promotes cell migration and invasion by regulating the assembly of cytoskeleton networks,
such as actin microfilaments and microtubules [74].
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Figure 1.3 - Canonical and noncanonical pathways of STAT3. The canonical pathway (left side of the panel, black
arrows) consists of dimerization of STAT3 and its phosphorylation at residue Y705 by JAK family in response to IL-6
cytokine family or growth factors. Activated STAT3 dimers accumulate in the nucleus and induce the transcription of
specific genes, including STAT3 gene itself. STAT3 has several noncanonical pathways (right side of the panel, red arrows),
regarding the absence or the presence of PTM (i.e.,, phosphorylation) and the cellular localization. De novo
unphosphorylated STAT3 accumulates within the nucleus and induces a second wave of a distinct set of genes. STAT3
phosphorylated at S727 is found in the endoplasmic reticulum where it interacts with IP3R3 and blocks the ER calcium
release to mitochondria. STAT3 is also found in the inner mitochondrial compartment where it has transcriptional and non-
transcriptional activities. Bel2, B cell lymphoma 2; JAK, janus kinase; mras, muscle ras; socs3, suppressor of cytokine
signaling 3; IP3R3, inositol trisphosphate receptor 3. Source: Diallo et al., 2021 [60].

1.1.5 STAT3 post-translational modifications

According to PhosphoSitePlus, STAT3 has 80 identified post-translational modifications (PTMs)
[83]. Most studies only focus on the phosphorylation at Y705 and S727. However, other PTMs
including other phosphorylation events, acetylation, methylation, ubiquitination and SUMOylation

were found to play key roles on STAT3 functions (Figure 1.4).
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Figure 1.4 — STAT3 Post-Translational Modifications. Experimentally proven post-translational modifications of STAT3
and their localization in the domains of STAT3. NTD, N-terminal domain; CCD, coiled-coil domain; DBD, DNA binding
domain; LD, linker domain; SH2, Src homology 2 domain; TAD, transactivation domain; Y, tyrosine; T, threonine; S,
serine; K, lysine; C, cysteine. Source: Diallo et al., 2021 [60].
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1.1.5.1 Phosphorylation

The most common PTM in STAT3 is phosphorylation, which consists in the covalent addition of a
phosphate group to a specific amino acid (tyrosine, serine, and threonine). In total, STAT3 can be
phosphorylated at 41 different residues across its domains [60]. Many of them are rarely found and
could be background derived from the extremely high sensitivity of mass spectrometry approaches.
However, some of them have demonstrated biological relevance. This is the case of the SH2 domain
residue Y640. Y640 can be phosphorylated via the TK domain of TYK?2. Y640 along with Y705 are
buried in the STAT3 dimerization interface, but while the phosphorylation at Y705 promotes STAT3
dimerization, phosphorylation at Y640 interferes with it [84]. This occurs because the phosphate at
Y 640 partially occupies the binding site for T708, a threonine previously implicated in STAT3-DNA
complex formation [85]. In accordance with these findings, the Y640F mutation, which prevents the
phosphorylation at this residue, was found to enhance phosphorylation of STAT3 at Y705, resulting in
an increased formation and stability of STAT3 homodimers. This was demonstrated in cells stimulated
with interferon alpha 2 (IFNo2) and LIF. The effect is more pronounced for IFNa2, which is
consistent with TYK2 being a crucial JAK kinase of the IFN receptor (IFNAR) complex [84].
Interestingly, even when the cells are not stimulated, a significant fraction of STAT3 Y640F is
constitutively phosphorylated and dimerized [23], [84]. Moreover, STAT3 Y640F showed increased
nuclear translocation compared with STAT3 wild type after stimulation with IFNo2 [84]. As
mentioned in the section 1.1.2, the mutation Y640F has been associated with LGL leukemia and
IHCAs. In these diseases, STAT3 Y640F increases the hydrophobicity of the STAT3 dimerization
site, resulting in a more stable STAT3 dimer, constitutive Y705 phosphorylation and improved nuclear
stability and transcriptional activity [23], [86]. In LGL leukemia, constitutive STAT3 activation
eventually leads to the activation of a LGL leukemia tumor cell survival network via immune
dysregulation of Fas/FasL or activation of antiapoptotic genes [86]. In IHCAs, JAKI is required for
maximal activation of STAT3 Y640F mutant, whereas Src is required for constitutive activation [23].

Other residues that suffer phosphorylation but have barely been studied are T714, located in the
TAD, and T236, located in the CCD. In response to simultaneous activation of epidermal growth
factor receptor (EGFR) and protease-activated receptor 1 (PAR-1), glycogen synthase kinase 3o and -
B (GSK-30/B) phosphorylates simultaneously T714 and S727, inducing the expression of MCLI and
EGRI. The levels of double phosphorylated STAT3 are increased in renal tumors, implying that the
GSK-3a/B/STAT3 signaling axis is active in the disease [87]. The 714 phosphorylation could also
have a relevant role in the study of HIES, since the T7141 and T714A mutations, which prevent
phosphorylation at this residue, have been reported in patients with this disease [24], [88]. The
phosphoresistant T236M mutation has been associated with adenocarcinomas in the biliary tract and in
the prostate [89].

1.1.5.2 Acetylation

STAT3 can be acetylated at 10 different lysine residues [60]. This PTM consists in the transfer of
an acetyl group from acetyl-coenzyme A to the g-amino group of lysine residues. In the N-terminal
domain, STATS3 is acetylated at K49 and K87 by the histone acetyltransferase p300/CBP, in response
to IL-6 and oncostatin M [90]. Studies using K49R and K87R mutations, which block acetylation,
found that acetylation of the N-terminus of STAT3 enhances its interaction with p300 and is required
for STAT3-dependent transcription. However, K49 and K87 acetylation do not influence the DNA
binding activity of STAT3 [90]. It was hypothesized that the acetylation at K49 and K87 causes the
p300 bromodomain to recognize the N-terminal domain, resulting in a stronger recruitment of p300 to
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the promoter of the STAT3 target gene, and facilitating subsequent enhanceosome assembly [91].
Acetylated STAT3 is deacetylated by histone deacetylases 1 and 4 (HDACs 1 and 4). Deacetylation
reduces STAT3's affinity for the p300 co-activator, resulting in STAT3 dephosphorylation,
ubiquitination, and/or cytoplasmic redistribution [90].

The most studied acetylation of STAT3 is at the K685 residue in the SH2 domain. K685 is
acetylated by the histone acetyltransferase p300/CBP [92], [93] and deacetylated by HDACs 1,2,3,6
and sirtuins (SIRTs) 1-3 [92], [94]. Phosphorylation at Y705 stabilizes the acetyl group at K685,
protecting it from deacetylation. Studies in vivo demonstrated that K685 acetylation promotes STAT3
dimerization and transcriptional activity, implying an acetylation-dependent mode of DNA binding
and transcriptional activity [92], [93]. However, a more recent study in vitro did not find any direct
influence of K685 acetylation on STAT3 DNA binding affinity or specificity. It was hypothesized that
the results observed in vivo could depend on other factors or conditions found in the cellular
environment, such as additional post-translational modifications, protein-protein interactions, and sub-
cellular compartmentalization [94].

1.1.5.3 Methylation

Methylation consists in the addition of a methyl group to proteins by methyltransferases that use S-
adenosyl-L-methionine as a cofactor. The primary acceptors of methyl groups in the protein are lysine
and arginine residues. STAT3 can be methylated in its N-terminal domain (K49) and coiled-coil
domain (K140 and K180) [95]-[97]. In response to IL.-6 and after phosphorylation at Y705, STAT3 is
dimethylated at K49 by the enhancer of zeste homolog 2 (EZH2). This dimethylation is essential for
the expression of a major fraction of STAT3 target genes such as SERPINAI, SOCS3, and GADD45G
[95]. STAT3 is also dimethylated at K140 by SET domain containing lysine methyltransferase 9
(SET9) [96] and trimethylated at K180 by EZH2 [97].

1.1.5.4 Ubiquitination and SUMOvlation

Ubiquitin and SUMO proteins can be covalently attached to lysine residues of target proteins,
respectively. Ubiquitination is a three-step enzymatic reaction that requires three types of enzymes: E1
ubiquitin-activator, E2 ubiquitin-conjugator and E3 ubiquitin ligase [98]. SUMOylation is similar to
ubiquitination but the process is carried out by SUMO-specific enzymes and involves fewer enzymatic
components. The best-known SUMO E3 ligases are the PIAS 1-4 [99]. Both ubiquitination and
SUMOylation are reversible processes that determine the fate of modified proteins, including
proteasomal degradation, cellular re-localization, and binding partner alteration [98]. STAT3 has been
reported to have 31 sites for ubiquitination and 3 sites for SUMOylation [60]. Most studies about
STAT3 ubiquitination or SUMOylation only emphasize the role of these PTMs in STAT3’s
degradation and stability. For example, STAT3 is poly-ubiquitinated after activation and
transcriptional activity, which promotes its degradation by the 26S proteasome [100]. In
granulomatous inflammation, the nuclear ubiquitin E3 ligase PDLIM2 promotes the poly-
ubiquitination and proteasomal degradation of STAT3, inhibiting T helper 17 cell development [101].
Nonetheless, ubiquitination and SUMOylation also play important roles in STAT3 canonical
phosphorylation and transcriptional activity. STAT3 can be mono-ubiquitinated at K97 in the N-
terminal domain. Mono-ubiquitinated STAT3 recruits the bromodomain-containing protein 4 (BRD4)
to promote the expression of SOCS3, a negative STAT3 regulator, and pro-proliferative and anti-
apoptotic genes such as CCNDI, BCL2L1, APEXI, SOD2, BCL2, MYC. Mono-ubiquitination of
STAT3 has, therefore, a crucial role in cell survival [102]. Contrary to ubiquitination of STATS3,
SUMOylation has been reported to negatively regulate STAT3’s transcriptional activity. STAT3 can

10



PTMs control translocation of STAT3 dimers Introduction

be SUMOylated at K451 in the DNA binding domain. This SUMOylation promotes the interaction
between STAT3 and the nuclear phosphatase TC45, restraining STAT3 Y705 phosphorylation in the
nucleus. In contrast, the deSUMOylation by the sentrin/SUMO2/3-specific protease (SENP3)
enhances Y705 phosphorylation and STAT3’s transcriptional activity (upregulation of c¢-MYC,
CCNDI, BCL2L1, MCL1, VEGF and BIRC5) [103].

1.2 STATS3 protein-protein interactions

The human genome comprises approximately 20 000 genes which can encode for more than
100 000 transcripts (and subsequent proteins) due to genomic recombination, transcription initiation at
alternative promoters, differential transcription termination and alternative splicing. Post-translational
modifications of proteins can further increase the total number of proteoforms in the human proteome
to over 1 million [104]. As described for STAT3 in the previous sections, PTMs can modulate and
expand the range of possible functions for proteins, and so do protein-protein interactions. Protein-
protein interactions are defined as specific, direct, or indirect, physical contacts between proteins that
occur by selective molecular docking in a particular biological context [105]. A protein-protein
interaction is direct if the molecular interfaces of two proteins contact with each other and is indirect if
the proteins are physically separated but interact through other intermediates building a complex
[105]. Proteins can interact with different proteins (heterodimerization) or proteins of the same kind,
forming homodimers. In this sense, homodimerization occurs more frequently in nature than expected
by chance, suggesting that it plays key biological roles [106]. Both hetero- and homodimerization are
rate-limiting events that control STAT3 signaling. Whether homodimerization occurs between
identically modified monomers (symmetric interaction) or monomers with different post-translational
modifications (asymmetric interaction) is unclear, but certainly possible considering the heterogeneous
pools of molecules that can coexist during cell signaling events. Herrera’s laboratory recently reported
a surprisingly strong effect of STAT3 asymmetric homodimers in its subcellular localization in the
absence of cytokine stimuli, but their role in canonical STAT3 pathways remains unknown [107].

1.2.1 Methods to study protein-protein interactions

Protein-protein interactions can be studied by means of biochemical techniques such as
crosslinking, co-immunoprecipitation and co-fractionation by chromatography. These techniques
require the lysis of cells and the purification of proteins for analysis in vitro. Some protein-protein
interactions may be lost or abolished, whereas other proteins can be brought close enough to the
potential interacting proteins, causing interactions that would never occur under physiological
conditions [108].

In 1989, Stanley Fields and Ok-kyu Song developed the yeast two-hybrid system (Y2H) to study
protein-protein interactions in vivo [109], overcoming some of the limitations of the methods
mentioned before. In their genetic system, the glucose sensor SNF1 (protein of interest X) was fused
to the DNA binding domain (DBD) of the transcriptional activator Gal4, a construct called bait. The
bait binds the upstream activator sequence of the promoter. The regulatory protein SNF4 (potential
interacting protein Y) was fused to the activation domain (AD) of Gal4 and was called prey (Figure
1.5A). The two proteins, SNF1 and SNF4, interacted and reconstituted Gal4, leading to transcription
of a GALI-lacZ fusion gene (Figure 1.5B). This reporter gene encoded the enzyme beta galactosidase
which labeled the yeast cells where interaction occurred upon incubation with a colorimetric substrate
[109], [110]. Other DNA-binding proteins (e.g., DBD of Escherichia coli repressor protein LexA),
transcriptional activators (e.g., AD of Herpes simplex virus VP16) and reporter genes can be used in
the classic Y2H system [110]. This system can be easily used to identify interacting proteins for a
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given protein, to check direct interactions between two known proteins, or to map interacting domains
[111]. The main advantages of Y2H assays are simplicity, time efficiency and low cost [108]. The
biggest limitations of the classic Y2H are the obligatory nuclear localization of the interaction
partners, the use of a non-physiological yeast environment and the forced protein co-expression. This
system is also prone to yield relatively high false-positive and false-negative interactions [110]. To
overcome these limitations, many improvements, and variations of the classical Y2H have been
developed. Currently two-hybrid (2H)-based methods include a large series of different technologies
to be used not only in yeast cells but also in mammalian and bacterial cells [112]. Additionally, new
variants of 2H methodologies have been developed to overcome the limitations of the classic ‘nuclear’
Y2H, allowing the visualization of interactions in cytosolic and membrane proteins [110]; or to allow
the screen for novel DNA-protein [113], RNA-protein [114], and small molecule-protein interactions
[115].

Further methods were later developed to study protein-protein interactions, which include
fluorescence or bioluminescence resonance energy transfer (FRET or BRET) and protein-fragment
complementation assays (PCAs).

A
SNF4 . Gal4
AD PREY
SNF1
BAIT
_— UAS —— Reporter Gene (GAL1-lacZ) E—
NO TRANSCRIPTION
B Gal4
SNF4 - AD
&
-_— UAS —— Reporter Gene (GAL1-lacZ) I

TRANSCRIPTION

Figure 1.5 — The classical yeast two-hybrid system. A, SNF1 is fused to the DNA binding domain (DBD) of Gal4, a
construct called bait. The potential interacting protein SNF4 is fused to the activation domain (AD) of Gal4 and is called
prey. B, The bait binds the upstream activator sequence (UAS) of the promoter. The interaction of the bait with the prey,
recruits the AD and thus reconstitutes the functional transcription factor Gal4, leading to the subsequent transcription of the
reporter gene (GALI-lacZ).

1.2.1.1 FRET and BRET

FRET is a physical phenomenon of energy transfer that occurs between two compatible light-
sensitive molecules (fluorochromes). The fluorescence emitted by one of them (donor) upon excitation
at the corresponding wavelength is absorbed by and excites the other (acceptor) when they are close
enough. In FRET setups, the fluorescent donor molecule is fused to one of the proteins of interest and
the acceptor to the other protein. If there is no interaction, only the fluorescence of the donor should be
detected. However, if an interaction takes place the energy relaxation of the excited fluorescent donor
protein is not emitted via its own fluorescence but instead is emitted through non radiative transfer of
this energy to the nearby acceptor molecule [116]. For FRET to occur, the spectral overlap of donor
emission and acceptor absorption must be sufficient for effective energy transfer; the distance between
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the fluorescent proteins (donor and acceptor) must be below 10 nm; and the dipole orientation of the
fluorescent proteins must be aligned. The FRET ratio (emission of the acceptor divided by emission of
the donor) is normally used for quantification. A significant increase in the ratio indicates an
interaction between the two proteins of interest [116]. A limitation of FRET is the requirement for
external illumination to initiate the fluorescence transfer. This could result in direct excitation of the
acceptor, photobleaching or autofluorescence, which leads to high background noise and consequently
low signal-to-noise ratios [117]. BRET is similar to FRET, but instead of using a fluorescent protein as
a donor it uses an enzyme (e.g., luciferase). The enzyme catalyzes a substrate to become
bioluminescent, thus exciting the acceptor [117]. Unlike FRET, this method does not require an
external light to excite the donor and therefore has a very small background noise. However, BRET
signals are very weak and dim, and BRET experiments do not provide spatial information of protein-
protein interactions since the substrate cannot be allocated to a specific cellular region [117].

1.2.1.2 Protein complementation assays

Protein-fragment complementation assays (PCAs) are a family of simple and direct assays for
detecting protein-protein interactions in any living cell, multicellular organism, or in vitro. PCAs can
be used to detect protein-protein interactions between proteins of any molecular weight and expressed
at their endogenous levels [118]. In this method, each of the proteins of interest is fused to
complementary N- or C-terminal fragments of a reporter protein. If the proteins of interest interact, the
reporter fragments reassemble, and the reporter recovers its native structure and activity [118]. The
first PCA method was described by Johnsson and Varshavsky in 1994 [119], who used ubiquitin as the
reporter protein. Subsequently many other types of reporter proteins have been used such as B-
galactosidase, dihydrofolate reductase (DHFR), B-lactamase, Tobacco Etch Virus (TEV) protease,
various fluorescent proteins, luciferase, thymidine kinase, Cas9, horseradish peroxidase, RNA
polymerase, aminoacyl tRNA synthetase and miniSOG [120]—-[122]. The types of readouts for these
assays include fluorescence, bioluminescence, cell survival, gene transcription, protein translation,
positron emission, genome editing, and electron microscopy [120], [122]. Among these, one type of
assay stands out since it enables to monitor the intracellular localization and dynamics of protein-
protein interactions in living cells: Bimolecular Fluorescence Complementation (BiFC) (Figure 1.6)
[123].

1.2.1.2.1 Bimolecular Fluorescence Complementation

BiFC was originally described in vitro and in vivo (Escherichia coli) by Ghosh, Hamilton, and
Regan in 2000 [124]. They demonstrated that complementary fragments of the green fluorescent
protein (GFP) fused to leucine zippers could reassemble upon interaction, reconstituting the
fluorescence of GFP [124]. Subsequently, in 2002, Hu et al. [125] described a BiFC assay using the
yellow fluorescent protein (YFP) as a reporter to investigate interactions between bZIP and Rel
transcription factors in living mammalian cells. BiFC has the advantage that the assembled complex
has strong intrinsic fluorescence that can be easily quantified in living cells by conventional methods,
such as flow cytometry and microscopy [126]. Therefore, the interaction can be directly visualized
without the requirement for staining with exogenous molecules (as in other PCAs), lysis or cell
fixation that could affect the detection of the interaction. This ensures minimal perturbation of the
normal cellular environment [127].

Although BiFC has advantages in comparison with other methods, it also has some limitations that
are important to consider. One of the biggest limitations is the virtual irreversibility of the BiFC
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complexes in live cells, although the reporter fragments do not form covalent bonds and they can be
separated by mild denaturalizing agents in vitro. This can be advantageous to detect transient or weak
protein-protein interactions [123]. However, the irreversible reconstitution of the fluorophore prevents
the observation of transitions between different complexes in real time and can interfere with the
function of the interacting proteins under investigation [128], [129]. Furthermore, proper reporter
protein folding, and fluorophore maturation require some time, making difficult to use these systems
to visualize real-time dynamics of protein-protein interactions [128]. Finally, the two non-fluorescent
fragments have an inherent binding affinity for each other independent of the interaction of their
fusion proteins. This spontaneous self-assembly leads to higher background fluorescence, an increase
in false-positives and a consequent decrease in the signal-to-noise ratio [120].

Every BiFC assay should be set up and adjusted empirically for each protein of interest or
experimental condition. To choose the fluorescent reporter protein, it is important to consider what is
the purpose of the experiment, the tools available and the properties of the fluorescent reporter protein
[126]. Some of the parameters to consider are the relative location of the protein of interest versus the
reporter protein, physical-chemical properties of the reporter protein of choice, temperature of
incubation, or the ability to self-assemble of the reporter protein. Furthermore, if the BiFC system will
be combined with other fluorescent markers, it is important to consider the excitation and emission
wavelengths of the reporter protein [126]. The fluorescent reporter protein chosen can be of first- or
second-generation, such as GFP and YFP, or enhanced green fluorescent protein (EGFP) and
enhanced yellow fluorescent protein (EYFP), respectively. However, these proteins are less bright and
require a conformational maturation at a temperature of 30 °C to efficiently reconstruct the functional
fluorophore. This is a low temperature for mammalian cells and consequently can elicit undesirable
intracellular pathways that could cover biologically important events [126]. The third generation of
fluorescent proteins is usually much brighter than the first generation and have intrinsically improved
folding efficiency, being able to reconstruct the fluorophore very efficiently even at 37 °C (e.g. Venus,
Cerulean,...). Besides that, third generation fluorescent proteins enable the use of weaker promoters
and therefore, to approximate the expression of the interactors at physiological levels. Nevertheless,
they may produce more background and lower signal-to-noise ratios [126].

One of the most widely used third-generation fluorescent protein in BiFC assays is Venus. Venus
was generated from EYFP by introducing several point mutations: F46L, F64L, M153T, V163A, and
S175G [130]. Venus is less sensitive to the environment (e.g., temperature) [130] and the fluorescence
intensity of the Venus-based BiFC was approximately 10 times higher than that of EYFP-based BiFC
[131]. It also has faster and more efficient maturation [132]. However, it has higher levels of
spontaneous binding and lower signal-to-noise (S/N) ratios than its antecessors YFP and EYFP [126].
Several groups tried to overcome this problem by mutating Venus. The mutations V150L, V150A,
I152L, L201V, and L207V can increase S/N ratios in the Venus-based BiFC system [133]. The use of
Venus’ fragments with different sizes (e.g. fragments 1-210 and 210-238) was also shown to improve
the spontaneous binding and lower S/N ratio [128].

Besides proteins derived from the GFP, there is another type of proteins that can be used as
fluorescent reporters in BiFC called bacterial phytochromes [134]. These proteins have excitation
wavelengths in the near-infrared region (>600 nm) and use biliverdin, which is an intermediate of
normal mammalian heme metabolism, as their chromophore. The higher excitation wavelengths of
phytochromes compared with GFP-derived proteins make them more suitable to do BiFC assays in
animal tissues [134].

After the choice of the fluorescent reporter protein, it is necessary to develop a series of constructs,
where the fragments of the reporter protein are fused to either the N- or the C-terminal of the proteins
of interest to know what are the combinations which will allow their interaction [126]. Finally, the
constructs must be tested for their functionality in living cells and their physiological relevance [126].
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The basic principle of the BiFC assay has also been utilized to investigate post-translational
modifications (e.g., ubiquitination of the JUN transcription factor [135]); protein folding and
aggregation (e.g., study of the aggregation of huntingtin [136], synuclein [137] and tau [138] in vivo);
protein conformational changes (e.g., conformational changes in the maltose binding protein [139]);
and protein topology (e.g., study of the topology of TGBp2 proteins [140]).

Protein of interest A
giseiauljo

Figure 1.6 — Bimolecular Fluorescence Complementation (BiFC). In BiFC assays two proteins of interest are fused to
two complementary non-fluorescent N- or C-terminal fragments of a fluorescent reporter. If the proteins of interest interact,
they bring the reporter fragments back together, reconstituting the functional fluorophore. Fluorescence is therefore
proportional to the dimerization of the proteins and can be easily measured by flow cytometry or microscopy. Source:
Kerppola, 2006 [127].

A multicolor BiFC version has been developed to allow the visualization of multiple protein
interactions (Figure 1.7A). In this assay, the N-terminal fragments of two different fluorescent
proteins are fused to two proteins, and a C-terminal fragment that can complement with the two N-
terminal fragments is fused to a third protein (a shared interaction partner of the two proteins). Any
interaction that occurs between the third protein and either of the two interacting proteins will lead to
the reconstitution of fluorescence, and its interaction partner can be determined based on which
spectrum is obtained [141]. Some of the applications of this assay until now are the study of
dimerization selectivity and subcellular sites of interactions of the bZIP family proteins, the AP-1 and
the Myc/Max/Mad families of transcription factors, among others [141]. BiFC-based FRET also
allows the visualization and identification of ternary complexes in living cells (Figure 1.7B). In this
assay, two interacting proteins are fused to non-fluorescent fragments of Venus. A third protein is
fused to a full-length Cerulean, an improved version of enhanced cyan fluorescent protein (ECFP).
The interaction between the first two proteins reconstitutes an intact Venus, which serves as a FRET
acceptor. If the third protein is interacting with the protein complex, Cerulean, the FRET donor, is
brought into proximity to the reconstituted Venus and allows FRET to occur [141]. Using such a
BiFC-FRET assay, the p65 subunit of the transcription factor NF-kB was shown to form a ternary
complex with the FOS-JUN heterodimer [141].
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Figure 1.7 - Visualization of multiple protein interactions and complexes using BiFC. A, Multicolor BiFC system.
Proteins A and C are fused to N-terminal fragments of two different fluorescent proteins (FPs): FP1-N and FP2-N. Protein
B, a common partner of proteins A and C, is fused to the C-terminal fragment of FP1 (FP1-C). When coexpressed in the
same cells, A—B interaction reconstitutes FP1 and B-C interaction reconstitutes FP2, allowing the simultaneous
visualization of two distinct interactions in the same cell. The images below show subcellular localization of bFOS-bJUN
(CFP Image) and bFOS-JUN (YFP Image) in the same cell. B, BiFC-based FRET/BRET system. Protein A is fused to a
donor chromophore, such as a full-length FP (FP1) or a Renilla luciferase (Luc), and proteins B and C are fused to the N-
and C-terminal fragments (FP2-N and FP2-C) of a second FP. B—C interaction reconstitutes an intact FP2, which serves as a
FRET acceptor. If protein A interacts with either B or C, or with both, FP1 (or Luc) is brought into proximity to FP2,
allowing FRET or BRET to occur. Images below show the subnuclear localization of ternary complexes between FOS, JUN
and p65. Source: Shyu et al., 2008 [141].
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II. Aims

The main goal of this work is to determine the influence of key post-translational modifications on
STATS3 translocation to the nucleus upon canonical stimulation with cytokines from the IL-6 family.
To address this question, we will use STAT3 knockout HeLa cells recently developed in Herrera's
laboratory. First, we will characterize the features of this cell strain and create a series of molecular
tools to analyze the dynamics of STAT3 homodimers in living cells based on BiFC (i.e., STAT3
expression plasmids with mutations preventing key PTMs, such as Y705F, K49R, K685R, S727A,
T236A, Y640F and T714A). Second, we will study the influence of symmetrically and asymmetrically
modified STAT3 homodimers in their response to cytokines. And third, we will study the effect of the
disease-associated phosphoresistant Y640F mutation in the behavior of STAT3 dimers.
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II1. Materials and methods

3.1 STAT3 BiFC Constructs

The original Venus-STAT3 BiFC constructs (Figure 3.1) were previously designed as described in
[107] and were already available in Herrera’s laboratory. The single or double mutant constructs were
produced by polymerase chain reaction (PCR)-based site-directed mutagenesis using the original
Venus-STAT3 BiFC or the mutant Venus-STAT3-Y705F BiFC constructs as templates. The primers
used for the  mutagenesis were  designed using  PrimerX = free  software
(https://www.bioinformatics.org/primerx/) (Table 3.1). The original tyrosines (Y) on position 640 and
705 were replaced by phenylalanine (F), the lysines (K) on position 49 and 685 were replaced by
arginine (R), and serine (S) 727 and threonines (T) 236 and 714 were replaced by alanine (A). The
Venus-STAT3 BIFC constructs Y705F (Addgene plasmid #123172 and #123173), Y705F/K49R,
Y705F/K685R and Y705F/S727A (Addgene plasmid #123176 and #123177) were already available in
Herrera’s laboratory. PCR was carried out using 20 ng of the template plasmid, 0.2 uM of forward and
reverse primers, 200 uM of deoxynucleotide triphosphates (ANTP) mix (NZY Tech, Lisbon, Portugal)
and 2.5 U of PfuTurbo DNA Polymerase (Agilent, Santa Clara, CA, USA). The conditions were 30
sec at 95 °C and 12 cycles of 30 sec at 95 °C, 1 min at 67 °C and 10 min at 68 °C. The template DNA
was digested with 10 U of Dpn I (NZYTech, Lisbon, Portugal) for 1 hour at 37 °C. Transformation of
the Dpn I-treated DNA was carried using chemically competent Escherichia coli cells (Thermo Fisher
Scientific, Waltham, MA, USA). The mix of DNA and competent cells was incubated at 4 °C for 30
min, followed by heat shock at 42 °C for 45 sec and incubated again at 4 °C for 2 min. Then Luria
Broth (LB) medium (1% w/v tryptone, 0.5% w/v yeast extract, 171 mM NaCl) without antibiotics was
added to the bacteria suspension and incubated in agitation at 180 rpm, 37°C for 1 hour. Transformed

bacteria were seeded on LB agar (1% w/v tryptone, 0.5% w/v yeast extract, 171 mM NaCl, 1.5% w/v
Agar) petri dishes (Thermo Fisher Scientific, Waltham, MA, USA) containing 100 pg/mL of
ampicillin (ITW Reagents, Chicago, IL, USA) and incubated overnight at 37°C. In the next day, the
colonies were poked and grown in 3 mL of LB medium containing 100 pg/mL of ampicillin at 180
rpm, 37 °C, overnight. DNA was then extracted and purified using the ZR Plasmid Miniprep™-Classic
D4016 (Zymo Research, Irvine, CA, USA), following the manufacturer’s instructions. DNA was
quantified using Nanodrop 1000 (Thermo Fisher Scientific, Waltham, MA, USA) and sent for
sequencing to STAB VIDA (Caparica, Portugal).
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Figure 3.1 - Venus-STAT3 BiFC constructs. VN-STAT3 corresponds to the fusion of the fragment 1-157 of Venus to
STAT3 (Addgene plasmid #123164). VC-STAT3 corresponds to the fusion of the fragment 158-238 of Venus to STAT3
(Addgene plasmid #123165).
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Table 3.1 - Sequence of the primers used to perform PCR-based site-directed mutagenesis. Fwd: forward. Rev: reverse

. Template . Resulting
Mutation Plasmid Eximers Construct
Venus- | Fwd: 5" CAGGTAGCGCTGCCCCATTCCTGAAGACCAAGTTTATC 3’ Venus-
STAT3
Y705F BiFC STAT3-
constructs | Rev: 5 GATAAACTTGGTCTTCAGGAATGGGGCAGCGCTACCTG 3’ Y705F
Venus- Fwd: 5 CATATGCGGCCAGCAGAGAATCACATGCCAC 3’
STATS3- Venus-
K49R Y705F STAT3-
BiFC o , Y705F/K49R
constructs Rev: 5’ GTGGCATGTGATTCTCTGCTGGCCGCATATG 3
Venus- Fwd: 5> GAGGCATTCGGAAGGTATTGTCGGCC 3’
STATS3- Venus-
K685R Y705F STAT3-
BiFC . , Y705F/K685R
constructs Rev: 5’ GGCCGACAATACCTTCCGAATGCCTC 3
Venus- Fwd: 5 CATTGACCTGCCGATGGCACCCCGCACTTTAGATTC 3’
STATS3- Venus-
S727A Y705F STAT3-
BiFC Y705F/S727A
Rev: 5" GAATCTAAAGTGCGGGGTGCCATCGGCAGGTCAATG 3’
constructs
Venus- Fwd: 5> CAGAAAACTCTCGCGGACGAGGAGC 3’
STAT3 Venus-
T236A BiFC STAT3-
constructs Rev: 5’ GCTCCTCGTCCGCGAGAGTTTTCTG 3° T236A
Venus-
Venus-
Y640F sgi?? STAT3-
Y640F
constructs
Fwd: 5' GTCCGTGGAACCATTCACAAAGCAGCAG 3'
Venus- Rev: 5' CTGCTGCTTTGTGAATGGTTCCACGGAC 3'
STAT3- ! Venus-
Y640F Y705F STAT3-
BiFC Y705F/Y 640F
constructs
Venus- Fwd: 5' GTTTATCTGTGTGGCACCAACGACCTGC 3' v
STAT3 enus-
T714A BiFC STAT3-
constructs Rev: 5' GCAGGTCGTTGGTGCCACACAGATAAAC 3' T714A
3.2 Cell Cultures

HeLa cells (ATCC, Manassas, VA, USA) were cultivated and maintained in Dulbecco's Modified
Eagle Medium (DMEM) Low Glucose with stable Glutamine (862 mg/L) and Sodium Pyruvate (110
mg/L) (biowest, Nuaillé, France), supplemented with 10% v/v fetal bovine serum (biowest, Nuaillé,
France) and 1% v/v of a penicillin/streptomycin commercial antibiotic mixture (Cytiva, Marlborough,

MA, USA) at 37°C in a humidified atmosphere containing 5% CO,. Medium was changed every other
day and cells were passed once a week by trypsinization (TrypLE Express, Thermo Fisher Scientific,
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Waltham, MA, USA) for 5 min at 37°C. For all the experiments, cells were counted using a Neubauer
Chamber (Glaswarenfabrik Karl Hecht, Sondheim vor der Rhén, Germany) and seeded in different
types of dishes according to the type of assay. Transfection was performed 24 hours after seeding,
with the transfection reagent jetPRIME (Polyplus-transfection, Illkirch-Graffenstaden, France) in a 1:3
proportion (1 pug of DNA: 3 pL jetPRIME) or with the Lipofectamine 3000 Reagent (Thermo Fisher
Scientific, Waltham, MA, USA) in a 1:2 proportion (I pg of DNA: 2 uL Lipofectamine 3000
Reagent). Conditions and protocols were used according to the manufacturer’s instructions. STAT3
knockout (STAT3-/-) HeLa cells transfected with the corresponding Venus-STAT3 BiFC constructs
were stimulated with LIF (R&D systems, Minneapolis, MN, USA) at 200 ng/mL for 20 minutes or 2
hours, as indicated in the corresponding figures (Figure 3.2). Prior to LIF stimulation, STAT3-/- HeLa
cells were maintained in DMEM without fetal bovine serum for 2 hours to avoid unwanted stimulation
by the serum components.

Knockout of the endogenous STAT3 gene from HeLa cells was previously done by Ricardo Vilela,
a PhD student from Herrera’s laboratory. HeLa cells at 80% confluence were transfected with the
STAT3 CRISPR/Cas9 Knockout plasmid (Santa Cruz Biotechnology, Dallas, TX, USA) according to
the manufacturer’s instructions. Cells transfected with CRISPR/Cas9 constructs expressed temporarily
GFP. Forty-eight hours after transfection, positive clones were selected by fluorescence-assisted cell
sorting by means of a BD FACSAria III sorter (BD Biosciences, Franklin Lakes, NJ, USA) at Instituto
de Medicina Molecular (Lisbon, Portugal). Single cells were distributed into 96-well plates (VWR
International, Radnor, PA, USA) to grow. When cells reached confluence, the proteins were extracted
to confirm the knockout by Western Blot. A STAT3-knockout clone was selected for further growth
and experiments.
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Figure 3.2 - Representative scheme of transfection of STAT3-/- HeLa cells with Venus-STAT3 BiFC constructs.
STAT3-/- HeLa cells were transfected with symmetric or asymmetric combinations of BiFC plasmids: symmetric wild type
STAT3 pair; symmetric STAT3-Y705F pair, and an asymmetric wild type STAT3 + STAT3-Y705F pair. Cells were then
treated with leukemia inhibitory factor (LIF) at 200 ng/mL for 20 min or 2 hours.

3.3 Protein Extraction

For total protein extraction, 1.10 x 10° cells were seeded in 100 mm dishes (Orange Scientific,
Braine-1'Alleud, Belgium). Cells were trypsinized for 5 min and collected into a microcentrifuge tube.
Cells were centrifuged at 500 x g for 5 min at room temperature. The supernatant was discarded, and
the pellet was resuspended in 100-200 pL (depending on the size of the pellet) of lysis buffer [150
mM NaCl and CelLytic M (Sigma-Aldrich, St. Louis, MO, USA)] containing a cocktail of protease
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and phosphatase inhibitors (1 mM PMSF, 1X pepstatin, 5 pg/mL leupeptin and 1 mM Na3;VO,). Cells
were sonicated (Fisher Scientific, Waltham, MA, USA) for 10 seconds and incubated on ice for 45
min. Cells were then centrifuged at 15000 x g for 15 min at 4 °C. The supernatant corresponding to the
total proteins was collected and stored at -30°C.

For nuclear and cytoplasmatic protein extraction, 375 000 cells were seeded in 60 mm dishes
(Orange Scientific, Braine-1'Alleud, Belgium). The protein extraction was carried out using the NE-
PER Nuclear and Cytoplasmic Extraction Reagents kit (Thermo Fisher Scientific, Waltham, MA,
USA), 24 hours after transfection and the corresponding treatments with LIF. Cells were washed with
PBS, trypsinized for 5 min, and collected into a microcentrifuge tube. Cells were then centrifuged at
500 x g for 5 min at room temperature. The supernatant was discarded, and the pellet was resuspended
in PBS. The suspension was centrifuged at 500 x g for 3 minutes. The supernatant was discarded, and
the pellet was resuspended in ice-cold Cytoplasmic Extraction Reagent I with protease inhibitors
(Protease Inhibitor Cocktail EDTA Free, abcam, Cambridge, UK) and phosphatase inhibitors (Halt
Phosphatase Inhibitor Single-Use Cocktail, Thermo Fisher Scientific, Waltham, MA, USA). To fully
suspend the cell pellet, the suspension was vortexed for 15 seconds and incubated on ice for 10
minutes. Next, ice-cold Cytoplasmic Extraction Reagent II was added, and the suspension was
vortexed for 5 seconds and incubated on ice for 1 minute. The mixture was once again vortexed for 5
seconds and centrifuged at 16000 x g for 5 min at 4°C. The supernatant, which corresponded to the
cytoplasmic extract, was collected into a new sterile eppendorf, and stored at -30°C. The pellet was
resuspended in ice-cold Nuclear Extraction Reagent with protease and phosphatase inhibitors and
homogenized by vortex 4 times for 15 seconds every 10 minutes. Then, the suspension was
centrifuged at 16000 x g for 10 minutes at 4°C. The supernatant corresponding to the nuclear extract
was collected into a new sterile eppendorf and stored at -30°C.

Protein concentrations were quantified using the Bradford assay [142]. A standard curve with
known concentrations of bovine serum albumin (BSA, 0.125 to 2 pug/ul) was used to determine
protein concentration. Samples were incubated with 200 pL of Bradford reagent (Alfa Aesar, Ward
Hill, MA, USA) for 10 minutes and read at 595 nm in the absorbance microplate reader Sunrise
(Tecan, Mannedorf, Switzerland).

3.4 Western Blot

Forty micrograms of total protein or 7.5-10 pug of nuclear extracts were mixed with 4x loading
buffer (250 mM Tris-HCI pH 6.8, 10% w/v sodium dodecyl sulphate (SDS), 40% v/v glycerol, 20%
v/v B-mercaptoethanol, 0.008% w/v bromophenol blue). Samples were heated for 5 minutes at 95°C
and then incubated at 4°C for 5 minutes. Samples were resolved in 10% w/v SDS-polyacrylamide gel
electrophoresis at 120V in running buffer (25 mM Tris, 190 mM glycine, 0.1% SDS); and transferred
to a nitrocellulose membrane (Cytiva, Marlborough, MA, USA) at 100V for 1 hour in transfer buffer
(25 mM Tris, 190 mM glycine, 20% methanol). Transfer efficiency and equal sample loading was
confirmed by staining with Ponceau S solution [0,1% w/v Ponceau S (Amresco, Solon, OH, USA), 5%
v/v acetic acid and ddH,O (double-distilled water)]. Ponceau solution was later removed from the
membranes by washing them with Tris-Buffered Saline with Tween 20 (TBS-T) (150 mM NacCl, 20
mM Tris pH 7.5, 0.05% v/v Tween 20). Membranes were blocked with 5% w/v skim milk (Nestlé,
Vevey, Switzerland) in TBS-T for 1 hour at room temperature and then washed 3 times, 10 minutes
each, with TBS-T before incubation with the primary antibodies overnight (Table 3.2). The
membranes were then washed 3 times with TBS-T and incubated for 2 hours with the appropriate
secondary antibodies (Table 3.2). Next, the membranes were washed 3 times, 10 minutes each, with
TBS-T and incubated for 5 min with chemiluminescent HRP substrate (Thermo Fisher Scientific,
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Waltham, MA, USA) before imaging in an Amersham Imager 680 RGB (Cytiva, Marlborough, MA,
USA). The primary antibodies were diluted in a solution with 5% w/v BSA, 0.05% sodium azide and
TBS-T. The secondary antibodies were diluted in 5% w/v skim milk in TBS-T.

Table 3.2 - Antibodies used in Western Blot. Identification of the primary and secondary antibodies used with the
respective dilution, manufacturer, and reference.

Primary Antibody Dilution Manufacturer Reference
A oo STAT o[ o SimatngFeoon | o
et [T e [ | e
Anti-aceg;i”ift?T3 K49 1:1000 St oil:)l;lii f;rzll’bgrlagory, STI193228
Anti—acet(yrlé;stigT3 K685 1:1000 Th\eVrzlli)hi rlliflg[ i’ciérét/i\ﬁc, PAS-17429
Anti-STAT3 (rabbit) 1:1000 Ce“;;ﬁigf:}i;:f}[}n&ogy’ #12640
Anti-STAT3 (mouse) 1:1000 Sam%i{l‘;zs DBTi;’(t,eg’;‘zl"gy’ 5c-8019
Anti-phoif:;)b-iltl){E 1-S724 1:1000 ABclonal,JZlc;burn, MA, APOSTS
Anti-Calnexin (rabbit) 1:1000 ABClonalfU‘Zibum’ Ma, A15631
Anti-VDAC (rabbit) 1:3000 Millipore, %‘gﬁ“gm’ Ma, AB10527
Anti-GAPDH (rabbit) 1:2000 Sama})(;lrgzs F;;’fg?{gbg% 5c-25778
Anti-PCNA (rabbit) 1:500 Ce”;;ﬁgi:%ﬁfgns‘i"gy’ #13110
Anti-PCNA (mouse) 1:500 Ce“;;ﬁg:gﬁ&fgns":’gy’ #2586
Secondary Antibody Dilution Manufacturer Reference
Goat an(tli_ﬁil))bit IgG 1:10 000 Th&rt;ﬁ)hzrirs:lle\z i?i[igt/ixﬁc’ A16096
Goat an(tllgll/lﬁ))use IgG 1: 10 000 Th;g;?h:riiliz i?ilejr;t[;ﬁc, A16066

3.5 Proliferation Assay

For this assay, 100 000 cells per well were seeded in a 6-well plate (Orange Scientific, Braine-
'Alleud, Belgium). After 48 hours, cells were trypsinized for 5 min at 37°C. Trypsin was neutralized
with complete DMEM medium, and cells were collected into a microcentrifuge tube. Cells were then
centrifuged at 500 x g for 5 min at room temperature. The supernatant was discarded, and the pellet
was resuspended in PBS. Cells were counted using a Neubauer Chamber.

3.6 Flow Cytometry and Fluorimetry

For this assay, 200 000 cells were seeded per well in a 6-well plate. Cells were trypsinized for 5
min at 37°C and collected into microcentrifuge tubes. Cells were then centrifuged at 500 x g for 5 min
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at room temperature. The supernatant was discarded, and the pellet was resuspended in a specific
reporter solution according to the type of assay, followed by incubation in a 37°C bath in agitation in
the dark, as described in Table 3.3. The reporter solutions were prepared in PBS except for Fluo-3
AM and MitoSOX Red. Fluo-3 AM was prepared in DMEM with 1% fetal bovine serum and
MitoSOX Red was prepared in CPBS (PBS, 0.5 mM MgCl,, 0.7 mM CaCl,, 5 mM glucose). Cells
were then centrifugated at 500 x g for 5 min. The supernatant was discarded, and the pellet was
resuspended in PBS. In the assay using MitoSOX Red, the pellet was resuspended in CPBS. The
resuspension was transferred to cytometer tubes (VWR International, Radnor, PA, USA) or to a quartz
96-well plate (Thermo Fisher Scientific, Waltham, MA, USA) to measure the fluorescence intensity of
cells by flow cytometry (Cytomics FC500, Beckman Coulter, Brea, CA, USA) or fluorimetry
(FLx800, BioTek Instruments, Winooski, VT, USA), respectively.

Table 3.3 — Flow cytometry and Fluorimetry Assays. Compounds used in each assay with the respective properties:
wavelength of excitation (Aex) and of emission (Aem) in nanometers (nm), concentration, time of incubation in minutes (min)
and manufacturer.

Time of
Type of Assay Compound her/ dem Concentration | incubation Description Manufacturer
used (nm) .
(min)
Fluo-3AM is a permeable
molecule. Inside the cell, it is Thermo Fisher
Measure of . S Lo
intracellular Fluo-3, AM 506/526 1 ug/mL 20 split by esterases originating Scientific,
Ca levels (F1242) Fluo-3 which can ligate to free | Waltham, MA,
Ca?' ions, producing USA
fluorescence.
DCFH2-DA (2’-
7’dichlorohidrofluorescin
diacetate) is a non-polar, non-

Measure of DCFH,-DA fluorescent molecule that enters | Sigma-Aldrich,
intracellular 492/517 10 uM 20 the cell and is converted to St. Louis, MO,
ROS (D6883) DCFHaz by esterases. DCFHa is USA

oxidated by intracellular ROS

and converts into DCF, which

is fluorescent.

In physiological conditions,

Rhod-2 presents a net positive

charge which facilitates its

capture inside the mitochondria,

due to the electrochemical Thermo Fisher
Measure of . .

mitochondrial Rhod-2, AM 552/581 3uM 30 gradient that occurs trough the Scientific,

Ca* levels (R1244) mitochondrial membrane. | Waltham, MA,

Rhod-2 exhibits a fluorescence USA

which depends on the calcium

but only after its oxidation

(process that occurs inside the

mitochondria).

MitoSOX Red enters quickly
Measure o.f MitoSOX an‘d sele-ctively 4 in  the The@o Fisher

mitochondrial Red 510/580 5 UM 20 mitochondria of alive cells, Scientific,
superoxide (M36008) where it is oxidized by | Waltham, MA,
levels superoxide, producing USA
fluorescence.
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Rhodamine 123 is a lipophilic
and fluorescent cation that is
sequestered by the
mitochondria and retained in
the inner membrane. The ability
of cells to retain this compound

Measure of in their inner membrane
mitochondrial Rhodamine 488/515- 263 UM depends  direct] on  the Sigma-Aldrich,
membrane 123 (R8004) 575 oK 20 P . Y . . St. Louis, MO,
. electrochemical potential in
potential USA

said membranes, in this way, a
decrease in the mitochondrial
membrane  potential  would
imply less retention of
Rhodamine 123 and therefore a
decrease in the fluorescence

emitted by cells.

3.7 Real-Time Quantitative PCR (qPCR)

For this assay, 1.10 x 10° cells were seeded in 100 mm dishes. Total RNA was isolated using the
GenElute Mammalian Total RNA Miniprep Kit (Sigma-Aldrich, St. Louis, MO, USA), according to
manufacturer’s instructions. RNA was quantified using Nanodrop 1000 (Thermo Fisher Scientific,
Waltham, MA, USA). Then, reverse transcription of total RNA (2 pg) to single-stranded cDNA was
performed using the High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific,
Waltham, MA, USA), according to manufacturer’s instructions. The resulting solution containing
cDNA was diluted with nuclease-free water (dilution ratio 1:6). qPCR was done using the equipment
QuantStudio5 (Thermo Fisher Scientific, Waltham, MA, USA). The reaction had a final volume of 10
pulL, with 5 uL. of Power SYBR Green PCR Master Mix (Thermo Fisher Scientific, Waltham, MA,
USA), 0.25 pL of each primer (forward and reverse) and 4.5 pL of cDNA. The qPCR conditions were
50°C for 2 min, 95°C for 10 min, followed by 40 cycles of 95°C for 15 sec and 60°C for 1 min. The
dissociation curve was analyzed to confirm the desired genetic product: one cycle of 95°C for 15 sec,
60°C for 1 min, and 95°C for 15 sec. Comparative quantification was carried out using the AACq
method, where the Cq values for the genes were normalized using a reference gene (GAPDH) and a
calibrator (wild type HeLa cell samples). All the primers used (Table 3.4) were kindly lend to us by
Carmen Rodrigez’ laboratory at University of Oviedo, Spain.

Table 3.4 — Sequence of the primers used to perform qPCR. Fwd: forward. Rev: reverse.

Target Gene Primers
Fwd: 5> GCTGCGAAGTGGAAACCATC 3’
CCND1
Rev: 5 CCTCCTTCTGCACACATTTGA 3’
Fwd: 5> GGAGGATTGTGGCCTTCTTT 3'
BCL2
Rev: 5 GCCCAATACGACCAAATCCGTTGA 3'
Fwd: 5> GCCACGTCTCCACACATCAG 3’
c-MYC
Rev: 5 TGGTGCATTTTCGGTTGTTG 3’
Fwd: 5> AAGGCCGTGTGCGTGCTGAA 3’
SOD1
Rev: 5 CAGGTCTCCAACATGCCTCT 3’
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Fwd: 5 GCACATTAACGCGCAGATCA 3’
SOD2
Rev: 5> AGCCTCCAGCAACTCTCCTT 3’
Fwd: 5 GTGTATGCCTTCTCGGCGCG 3’
GPX1
Rev: 5 CGTTGCGACACACCGGAGAC 3’
Fwd: 5> GCTGTGCTTATGGGCTTCTC 3’
SLC2A1
Rev: 5 CACATACATGGGCACAAAGC 3’
Fwd: 5 GACACACTGAATCACCTGAAGT 3’
IGFBP3
Rev: 5 TATCCACACACCAGCAGAAG ¥’
Fwd: 5 CGGAGTCAACGGATTTGGTC 3’
GAPDH
Rev: 5 AATCATATTGGAACATGTAAACCATGTAGT 3’

3.8 Statistical Analysis

All the data were presented as the arithmetic mean + Standard Error of the Mean (SEM). The
minimum number of biological replicates was 1 (n=1). Statistical comparison between two groups was
performed using unpaired t test with Welch’s correction and between more than two groups was
performed using Ordinary one-way ANOVA test. All statistical analyses were performed with
GraphPad Prism 8 (GraphPad Software Inc., San Diego, CA, USA). P-values less than 0.05 were
considered statistically significant (*P < 0.05; **P < 0.01; ***P < 0.001).
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IV. Results

4.1 Characterization of STAT3-/- HeLa cells

STAT3-/- HeLa cells were characterized in comparison to wild type (WT) HeLa cells. First,
STAT3 knockout was confirmed by extracting total proteins from WT and STAT3-/- HeLa cells and
analyzing them by Western Blot. As shown in Figure 4.1A, the bands corresponding to phospho-
STAT3 (Y705) and STAT3 only appeared in the sample from WT HeLa cells, as expected. This
confirms the absence of endogenous STAT3 in STAT3-/- HeLa cells. To assess if STAT3 had an
impact in the proliferation of cells, WT and STAT3-/- HeLa cells were seeded and counted 48 h later.
No significant difference between the two groups was evident, suggesting that STAT3 does not have a
critical role in the proliferation of HeLa cells (Figure 4.1B). ROS and Ca*" homeostasis are
fundamental for the survival of cells and STAT3 has been implicated in both, as described in section
1.1.4. As shown in Figure 4.1C, STAT3-/- HeLa cells presented higher levels of intracellular ROS,
and consequently higher oxidative stress than WT HelLa cells. To determine if mitochondria
contributed to elevated ROS observed in STAT3-/- cells, the fluorescent probe MitoSOX Red was
used. Unlike DCF, MitoSOX Red selectively fluoresces in mitochondria and is retained there in
response to superoxide production (Figure 4.1D). There were no significant alterations in the levels of
superoxide in the mitochondria of STAT3-/- HeLa cells. As the measurement of mitochondrial
superoxide was performed only with 3 technical replicates and no biological replicates, more assays
are needed to do a more accurate interpretation of the results. Intracellular and mitochondrial Ca**
levels were obtained by measuring Fluo-3 AM and Rhod-2 AM fluorescence, respectively. As shown
in Figure 4.1E and Figure 4.1F, there is no significant difference in the intracellular and
mitochondrial Ca*" levels between the two cell lines. The results regarding the intracellular Ca*" levels
are still preliminary, and further optimization is required. Figure 4.1G shows that although there is a
slight decrease in the mitochondrial membrane potential in STAT3 -/- HeLa cells, the difference is not
significant.
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Figure 4.1 - Characterization of STAT3-/-HeLa cells. A, Proteins from wild type (WT) and STAT3 -/- (KO) HeLa cells
were collected and analyzed by Western Blot. The antibodies used were anti-phospho-STAT3 (Y705), anti-STAT3 and anti-
GAPDH. GAPDH levels were used as loading control. B, WT and KO HeLa cells were counted 48 h after seeding.
Statistical analysis was carried out on the mean + SEM of 2 independent experiments carried out in triplicate. C,
Measurement of intracellular oxidative stress using 2’-7’dichlorofluorescin (DCF) fluorescence in WT and KO HeLa cells.
Statistical analysis was carried out on the mean + SEM of 4 independent experiments carried out in triplicate. D,
Measurement of mitochondrial oxidative stress using MitoSOX Red fluorescence in WT and KO HeLa cells. Statistical
analysis was carried out on the mean = SEM of 1 experiment carried out in triplicate. E, Measurement of intracellular Ca?*
levels using Fluo-3 AM fluorescence in WT and KO HeLa cells. Statistical analysis was carried out on the mean + SEM of 2
independent experiments carried out in triplicate. F, Measurement of mitochondrial Ca*" levels using Rhod-2 AM
fluorescence in WT and KO HeLa cells. Statistical analysis was carried out on the mean + SEM of 3 independent
experiments carried out in triplicate. G, Measurement of the mitochondrial membrane potential using Rhodamine 123
fluorescence in WT and KO HeLa cells. Statistical analysis was carried out on the mean + SEM of 3 independent
experiments carried out in triplicate. **, Significant vs the WT cells, P < 0.01; ns, P > 0.05. In this figure all ns corresponds
toP>0.2.
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4.1.1 Effect of STAT3 knockout on HeLa cells gene expression

Further characterization of STAT3-/- cells was performed by measuring the expression of a set of
genes that are induced by STAT3 (CCNDI, BCL2 and ¢-MYC). CCNDI and c-MYC are cell-cycle
progression genes and BCL2 is a pro-survival gene [51], [55], [56]. As STAT3 regulates the
production of ROS in the cell and it was shown that STAT3-/- HeLa cells presented higher levels of
intracellular oxidative stress (Figure 4.1C), it was also measured the expression of antioxidant genes
(SOD1, SOD2 and GPX1). Among these, only SOD2 was shown to be upregulated by STAT3 [69],
[70]. STATS3 also affects glucose metabolism [67], so the expression of SLC241 (commonly known as
GLUT1) which encodes the glucose transporter protein type 1 was also measured. According to the
dataset “CHEA Transcription Factor Targets” [143], /GFBP3 is also a target gene of STATS3.
However, if STAT3 up or down regulates /GFBP3 is still unknown. /GFBP3 encodes for insulin like
growth factor binding protein 3 which binds to insulin-like growth factor-1 (IGF-1). This binding can
inhibit or enhance IGF-1’s activity in promoting cell proliferation and survival. /[GFBP3 has also been
linked to the pathogenesis of cancers [144]. As shown in Figure 4.2, only the expression of CCND1
was significantly reduced in STAT3-/- cells compared with WT cells. The other six genes were more
expressed in STAT3-/- cells, but the differences were only statistically significant for SODI, SLC2A41
and /GFBP3.

2-AACq
(normalized vs WT HelLa)

G+ (;»"\ &
© ¥ \OQ

‘v O N V
Q Vv QL
F &S L P

\y

Figure 4.2 - Gene expression levels in WT and STAT3-/- HeLa cells. The expression levels for eight genes were
determined by real time quantitative polymerase chain reaction (QPCR) in WT and STAT3-/- HeLa cells. These genes are
cyclin D1 (CCND1), BCL2 apoptosis regulator (BCL2), MYC proto-oncogene (c-MYC), superoxide dismutase 1 (SODI),
superoxide dismutase 2 (SOD2), glutathione peroxidase 1 (GPXI), solute carrier family 2 member 1 (SLC2A1) and insulin
like growth factor binding protein 3 (/GFBP3). Comparative quantification was carried out using the AACy method, where
the Cq values for the genes were normalized using a reference gene (GAPDH) and a calibrator (wild type HeLa cell (WT
HeLa) samples). In WT HeLa cells, 2244 = 1 for all genes. Statistical analysis was carried out on the mean + SEM of data
(n=4). *, Significant vs the WT cells, P < 0.05; **, Significant vs the WT cells, P < 0.01; ***, Significant vs the WT cells, P
<0.001; ns, P> 0.05.
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4.1.2 Levels of ER and mitochondria related proteins in WT and STAT3-/- Hel a cells

To know if the elevated oxidative stress observed in STAT3-/- cells (Figure 4.1C) could lead to
ER stress and mitochondrial dysfunction, the levels of three proteins related to these phenomena were
analyzed. Inositol-requiring enzyme 1 (IRE1) and calnexin are ER-resident proteins that maintain the
good functioning of this organelle. In conditions of ER stress, IRE1 is phosphorylated (pIRE1) during
the unfolded protein response (UPR) and calnexin is up-regulated [145]. Voltage dependent anion-
selective channel (VDAC) is a protein localized in the outer mitochondrial membrane that participates
in mitochondrial stress response [146]. As show in Figure 4.3, the levels of the three proteins (pIRE1,
calnexin and VDAC) did not show a significant difference between WT and STAT3-/- cells. However,
there seems to be a tendency of higher levels of calnexin and VDAC in STAT3-/- cells. Further assays
are necessary to confirm or dismiss this tendency. The level of STAT3 was also observed to ensure the
absence of STAT3 in STAT3-/- cells.
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Figure 4.3 - Levels of ER and mitochondria related proteins in WT and STAT3-/- HeLa cells. A, Total proteins from
wild type (WT) and STAT3 knockout (KO) HeLa cells of three different assays were extracted and analyzed by Western
Blot. The antibodies used were anti-phospho-IRE1 (S724), anti-Calnexin, anti-STAT3, anti-VDAC and anti-PCNA. PCNA
levels were used as loading control to ensure that the same amount of protein was used in all samples. B, C, D, Semi-
quantification of Western Blot bands was performed by calculating the ratio P-IRE1/PCNA (B), Calnexin/PCNA (C) and
VDAC/PCNA (D). Statistical analysis was carried out on the mean + SEM of 3 independent experiments. ns, P > 0.05.
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4.2 Effects of post-translational modifications in the translocation of STAT3
homodimers to the nucleus

4.2.1 Phosphorylation of one of the STAT3 monomers is enough to drive STAT3 dimers into
the nucleus after LIF stimulation

STAT3 homodimers are phosphorylated at Y705 and accumulate in the nucleus upon stimulation
with various cytokines, such as LIF [44]. A question that our laboratory is currently investigating is
whether Y705 phosphorylation and other post-translational modifications must occur on the two
monomers of the STAT3 dimer for it to become active. To address this question, STAT3 -/- HeLa
cells were transfected with combinations of two complementary Venus-STAT3 BiFC plasmids, either
wild type or carrying the phosphoresistant Y705F mutation in both constructs (symmetric), or an
asymmetric mixture of one wild type monomer and a Y705F monomer 1:1 (Figure 4.4A). Twenty-
four hours later, cells were treated with LIF for 20 min or 2 hours and their nuclear proteins analyzed
by Western Blot. As shown in Figure 4.4A, there is accumulation of phospho- and total wild type
STATS3 in the nucleus after only 20 minutes of stimulation with LIF, but not of symmetric STAT3-
Y705F dimers. Asymmetric STAT3 dimers (i.e., formed by one wild type molecule and one Y705F
molecule) responded as wild type STAT3 symmetric dimers, suggesting that phosphorylation of only
one of the STAT3 molecules is enough to drive STAT3 dimers into the nucleus.

Nuclear accumulation of wild type STAT3 dimers after 2 hours of stimulation with LIF was not
higher than at 20 min. Regarding STAT3-Y705F symmetric dimers, there was more quantity in the
nucleus comparing to 20 min. However, this was not related to the presence of LIF because the
intensity of the bands is similar with or without LIF. This supports previous reports that
unphosphorylated STAT3 dimers can translocate to the nucleus or shuttle freely between cytoplasm
and nucleus in the absence of cytokine stimuli [47]-[49]. Asymmetric dimers did not accumulate in
the nucleus in response to LIF, as wild type symmetric dimers, indicating that the effect observed at 20
min was transient. Since the aim of this work was to see a more immediate response of STAT3 to LIF
stimulation, the following experiments were done after 20 minutes of stimulation with LIF, and the
same experimental design and workflow was used.

The previous result suggests that phosphorylation of only one of the STAT3 molecules is enough to
drive STAT3 dimers into the nucleus. To investigate if this was still observed when adding an
additional inactivating mutation to the STAT3-Y705F construct, double mutant plasmids were
designed and produced. STAT3 -/- HeLa cells were transfected with asymmetric combinations of two
complementary Venus-STAT3 BiFC plasmids, one wild type and the other carrying the
phosphoresistant Y705F mutation or carrying a double PTM-resistant mutation (Y705F/K49R,
Y705F/K685R, Y705F/S727A) (Figure 4.4B). The mutations K49R and K685R prevent the
acetylation, methylation, ubiquitination and/or SUMOylation of these residues and the mutation
S727A prevents its phosphorylation. Twenty-four hours after transfection, cells were treated with LIF
for 20 minutes and their nuclear proteins analyzed by Western Blot. As shown in Figure 4.4B, there is
accumulation of STAT3 in the nucleus in all the asymmetric combinations with double mutants. The
addition of the mutations K685R and S727A appeared to reduce slightly the accumulation of wild type
STAT3 in the nucleus. However, the levels of the loading control (PCNA) used were also reduced
compared to the other samples. This suggests that the decrease in STAT3 accumulation could be due
to unequal sample loading. Therefore, even if one of the STAT3 monomers carries the
phosphoresistant Y705F mutation or the double inactivating mutations Y705F/K49R, Y705F/K685R,
Y705F/S727A, the presence of one phosphorylatable wild type STAT3 monomer is sufficient to drive
STAT3 accumulation in the nucleus.

31



PTMs control translocation of STAT3 dimers Results

20 minutes of LIF stimulation 2 hours of LIF stimulation
WT Y705F WT WT Y705F WT VN
WT Y705F Y705F WT Y705F Y705F VC
kDa —— + - + - + - + - + - +  LIF
1:2 - — ——| PSTAT3 (Y705)
100-
gg Ml o | oo gmmm Tum SR omee o | STATS

¢ Koo
A D& K AV
S & s«\@i\*&&«é\
B wr S& & & ¢
WT L0
kDa - + + + + + LIF
1004
75 S SR gemm AR gm0 [STAT3
35 g— — g— g— . PCNA

Figure 4.4 - Nuclear translocation of STAT3 dimers after LIF stimulation. A, STAT3-/- HeLa cells were transfected
with symmetric or asymmetric combinations of BiFC plasmids: symmetric wild type STAT3 pair (WT); symmetric STAT3-
Y705F pair (Y705F), and an asymmetric STAT3-WT / STAT3-Y705F pair (WT+Y705F). Cells were then treated with
leukemia inhibitory factor (LIF) at 200 ng/mL for 20 min or 2 hours, and nuclear extracts collected. Figure corresponding to
20 min of LIF stimulation is representative of 4 experiments. Figure corresponding to 2 hours of LIF stimulation is
representative of 2 experiments. B, STAT3-/- HeLa cells were transfected with symmetric or asymmetric combinations of
BiFC plasmids: symmetric wild type STAT3 pair (WT); an asymmetric STAT3-WT / STAT3-Y705F pair; an asymmetric
STAT3-WT / STAT3-Y705F/K49R pair; an asymmetric STAT3-WT / STAT3-Y705F/K685R pair and an asymmetric
STAT3-WT / STAT3-Y705F/S727A pair. Cells were then treated with LIF at 200 ng/mL for 20 min, and nuclear extracts
collected. Representative image of 2 experiments. Nuclear extracts were analyzed by Western blot, using anti-phospho-
STAT3 (Y705), anti-STAT3 and anti-PCNA antibodies. PCNA levels were used as loading control to ensure that the same
amount of protein was used in all samples.
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4.2.2 Influence of inactivating mutations on the nuclear accumulation of unphosphorylated
STAT3

As shown above, symmetric STAT3-Y705F dimers can translocate to the nucleus independently of
LIF stimulation. To investigate if an additional mutation could affect the accumulation of STAT3 in
the nucleus, STAT3 -/- HeLa cells were transfected with symmetric and asymmetric combinations of
two complementary Venus-STAT3 BiFC plasmids. The symmetric dimers were formed by two wild
type monomers, by two STAT3-Y705F monomers and by two double mutant Y705F/K49R,
Y705F/K685R or Y705F/S727A STAT3 monomers. The asymmetric dimers were formed by one
STAT3-Y705F monomer with one double mutant (Y705F/K49R, Y705F/K685R or Y705F/S727A)
monomer. Twenty-four hours later, cells were treated with LIF for 20 minutes and their nuclear
proteins analyzed by Western Blot. As shown in Figure 4.5A, the mutation K49R does not affect the
nuclear accumulation of Y705-unphosphorylated STAT3 because the intensity of the bands
corresponding to the dimers bearing the mutation Y705F is similar. This is not observed for the
mutation K685R, as the dimers containing this mutation present a decrease in the intensity of bands
compared to the Y705-unphosphorylated dimer, suggesting a reduced accumulation in the nucleus.
This effect is more accentuated in the asymmetric dimer (Figure 4.5B). The phosphoresistant
mutation S727A appears to only affect the accumulation of Y705-unphosphorylated STAT3 in the
nucleus when it is present in both monomers (Figure 4.5C).
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Figure 4.5 - Nuclear accumulation of Y705-unphosphorylated STAT3 dimers. STAT3-/- HeLa cells were transfected
with symmetric or asymmetric combinations of BiFC plasmids. Cells were then treated with leukemia inhibitory factor
(LIF) at 200 ng/mL for 20 min, and nuclear extracts collected. Nuclear extracts were analyzed by Western blot, using anti-
STAT3 and anti-PCNA antibodies. PCNA levels were used as loading control to ensure that the same amount of protein was
used in all samples. A, Transfection with a symmetric wild type (WT) STAT3 pair; symmetric STAT3-Y705F pair,
symmetric STAT3-Y705F/K49R pair and an asymmetric STAT3-Y705F + STAT3-Y705F/K49R pair. B, Transfection with
a symmetric WT STAT3 pair; symmetric STAT3-Y705F pair, symmetric STAT3-Y705F/K685R pair and an asymmetric
STAT3-Y705F + STAT3-Y705F/K685R pair. C, Transfection with a symmetric WT STAT3 pair; symmetric STAT3-
Y705F pair, symmetric STAT3-Y705F/S727A pair and an asymmetric STAT3-Y705F + STAT3-Y705F/S727A pair.
Representative images of 2 experiments.
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4.2.3 The role of the disease-related Y640F mutation in STAT3 nuclear translocation,
intracellular oxidative stress, and gene expression

As mentioned before, the STAT3 Y640F mutation has been found in patients with LGL leukemia
and IHCAs. To observe how this mutation impacts the translocation of STAT3 to the nucleus,
STAT3 -/- HeLa cells were transfected with symmetric combinations of two complementary Venus-
STAT3 BiFC plasmids, either wild type, carrying the phosphoresistant Y705F or Y640F mutations or
carrying the double mutation Y705F/Y640F in both constructs (symmetric combinations, Figure
4.6A). Twenty-four hours later, cells were treated with LIF for 20 min and their nuclear proteins
analyzed by Western Blot. As shown in Figure 4.6A, symmetric wild type and mutant Y640F dimers
can be phosphorylated and accumulate in the nucleus in response to LIF. Interestingly, the
accumulation was higher in Y640F mutant symmetric dimers in terms of both phospho- and total
STAT3, confirming previous reports that this mutation increases the accumulation of STAT3 in the
nucleus [23], [84]. As expected, the Y705F mutant and Y705F/Y640F double mutant symmetric
dimers could not be phosphorylated. These mutant symmetric dimers did not display any alterations in
the absence or presence of LIF, suggesting that these dimers do not respond to LIF stimulation. In the
double mutants, the mutation Y705F prevents the effect of the Y640F mutation.

To further characterize the function of STAT3 Y640F, STAT3-/- HeLa cells were transfected with
one wild type Venus-STAT3 BiFC plasmid or with one Venus-STAT3-Y640F BiFC plasmid. As
shown in Figure 4.6B, both cells transfected with wild type STAT3 or STAT3-Y640F presented
significantly higher levels of ROS than WT cells, instead of restoring the levels of oxidative stress of
WT HeLa cells. The difference between STAT3-/- cells transfected with wild type STAT3 and with
STAT3-Y640F was not significant, which suggests that the mutation Y640F was not the cause of the
higher oxidative stress observed.

The gene expression profile of transfected STAT3-/- was also determined for the same gene set
described before (Figure 4.6C). Both STAT3-/- cells transfected with wild type STAT3 and with
STAT3-Y640F plasmids presented significantly higher expression of the genes BCL2, c-MYC and
IGFBP3 in comparison to WT HeLa cells. The expression of GPXI was significantly decreased in
both STAT3-/- transfected cells and the expression of CCNDI and SOD2 was not significantly
different comparing with WT HeLa cells. However, the differences between STAT3-/- cells
transfected with wild type STAT3 and with Y640F STAT3 were not significant, suggesting that the
mutation Y640F did not have influence in the transcriptional activity of STAT3 or in the expression
alterations observed in this gene set. Since these measurements were carried out in the absence of
cytokine stimuli, we cannot rule out the possibility that the Y640F mutation had an effect on the
canonical STAT3 pathway.
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Figure 4.6 - The role of mutation Y640F in STAT3 nuclear translocation, intracellular oxidative stress, and gene
expression. A, STAT3-/- HeLa cells were transfected with symmetric combinations of BiFC plasmids: wild type STAT3
pair (WT); STAT3-Y705F pair (Y705F); STAT3-Y640F pair (Y640F), and STAT3-Y705F/Y640F pair (Y705F/Y640F).
Cells were then treated with leukemia inhibitory factor (LIF) at 200 ng/mL for 20 min, and nuclear extracts collected.
Nuclear extracts were analyzed by Western blot, using anti-phospho-STAT3 (Y705), anti-STAT3 and anti-PCNA
antibodies. PCNA levels were used as loading control to ensure that the same amount of protein was used in all samples.
Representative image of 2 experiments. B, Measurement of intracellular oxidative stress using DCF fluorescence in wild
type (WT) cells, STAT3-/- (KO) cells, STAT3-/- cells transfected with one wild type STAT3 plasmid (KO + STAT3) and
STAT3-/- cells transfected with one STAT3-Y640F plasmid (KO + STAT3-Y640F). Statistical analysis was carried out on
the mean + SEM of 3 independent experiments carried out in triplicate. C, The expression levels for eight genes were
determined by real time quantitative polymerase chain reaction (qQPCR) in WT, KO and STAT3-/- transfected HeLa cells
(KO + STAT3 and KO + STAT3-Y640F). These genes are cyclin D1 (CCNDI), BCL2 apoptosis regulator (BCL2), MYC
proto-oncogene (c-MYC), superoxide dismutase 1 (SODI), superoxide dismutase 2 (SODZ2), glutathione peroxidase 1
(GPX1), solute carrier family 2 member 1 (SLC241) and insulin like growth factor binding protein 3 (/GFBP3).
Comparative quantification was carried out using the AAC, method, where the Cq values for the genes were normalized
using a reference gene (GAPDH) and a calibrator (wild type HeLa cell (WT HeLa) samples). In WT HeLa cells, 2-44C1= |
for all genes. Statistical analysis was carried out on the mean + SEM of data (n=4). *, Significant vs the WT cells, P < 0.05;
**_ Significant vs the WT cells, P < 0.01; ***, Significant vs the WT cells, P < 0.001; ns, P > 0.05.
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V. Discussion

In the present work, the influence of key post-translational modifications on the nuclear
translocation of symmetric and asymmetric STAT3 dimers was analyzed upon LIF stimulation. A
previous study by Herrera’s laboratory had already reported that asymmetric dimers could be formed
and observed striking changes in the intracellular distribution of unstimulated asymmetric STAT3
dimers [107]. However, this study was carried out in cells that expressed endogenous STAT3. Thus,
there was a need to expand these observations on cells lacking STAT3 to avoid the interference of
endogenous STAT3 and in the presence of cytokines to determine the possible influence of
asymmetric PTMs on the canonical STAT3 pathway.

We started by characterizing STAT3-/- HeLa cells recently developed in Herrera’s laboratory. As
expected, STAT3-/- cells did not express STAT3 protein. However, we observed that WT HeLa cells
presented levels of phosphorylated STAT3 at Y705 in the absence of LIF stimulus (Figure 4.1A).
This could be explained by the fact that HeLa cells were not subjected to serum starvation prior to
protein extraction, and fetal bovine serum used is rich in growth factors and cytokines. Therefore, WT
HeLa cells presented heterogeneous pools of Y705-phosphorylated and -unphosphorylated STATS3.
Removal of serum 2 hours before cytokine stimuli seemed to decrease substantially the basal levels of
phospho-STATS3 (Figure 4.4).

STAT3 knockout did not impact HeLa cell proliferation (Figure 4.1B). Previous reports indicated
that STAT3 promotes the expression of genes involved in cell proliferation such as CCNDI and c-
MYC and has been shown to be essential for the proliferation of cutaneous squamous cell carcinoma
cell lines, glioblastoma stem cells, and other cell lines [147]-[149]. However, other studies show that
STAT3 expression does not necessarily correlate with cell proliferation and can even inhibit
proliferation of specific cell types [150], [151]. Consistently, STAT3 deletion did not change the
expression of ¢-MYC in HeLa cells (Figure 4.2), which could explain the similar levels of
proliferation between WT and STAT3-/- cells.

STAT3 knockout increased intracellular oxidative stress (Figure 4.1C), which is consistent with
the role of STAT3 on ROS homeostasis. As mentioned in section 1.1.4., both nuclear and
mitochondrial STAT3 can reduce ROS production and increase ROS scavenging in different cellular
contexts. The increased oxidative stress in STAT3-/- cells could correlate to the slightly decrease of
GPXI expression in the same cell line (Figure 4.2). GPX! encodes for the enzyme glutathione
peroxidase 1 which main role is to protect the organism from oxidative damage [152]. Since STAT3-/-
cells have less GPX1, they could be more susceptible to oxidative damage and thus have an increase in
oxidative stress comparing to the WT cells. The increased intracellular oxidative stress in STAT3-/-
cells could also be due to the significant higher expression of /GFBP3 in this cell line compared to
WT cells (Figure 4.2). Overexpression of IGFBP3 increases production of ROS, potentiating
oxidative stress [153], [154]. Moreover, the mechanism by which /GFBP3 increases ROS production
may involve, at least in part, decreased STAT3 activation because overexpression of /GFBP3 leads to
a decrease in pSTATS3 levels and an increase in SOCS3 levels, which is one of the negative regulators
of STAT3 [154]. On the contrary, STAT3 knockout did not alter significantly the mitochondrial
oxidative stress (Figure 4.1D). Since the staining used was specific for mitochondrial superoxide
radicals, these results could suggest that the elevated intracellular ROS in STAT3-/- cells were
produced by sources other than the mitochondria or that the ROS altered are other than superoxide
radicals. These results are preliminary and need confirmation, but we could also carry out experiments
with the Dihydroethidium (DHE) staining which also detects specifically superoxide radicals from any
source. However, the fact that superoxide radicals are not increased could be explained by the higher
expression of SODI and SOD2 in STAT3-/- cells (Figure 4.2). SOD1 protein is localized in the
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cytosol, in the intermembrane space of the mitochondria and in the nucleus, while SOD2 is only
expressed in the mitochondria. Both proteins efficiently convert superoxide to the less reactive
hydrogen peroxide, which can freely diffuse across the mitochondrial membrane, decreasing
mitochondrial oxidative stress [155], [156]. The elevated intracellular oxidative stress of STAT3-/-
cells did not lead to ER stress or mitochondrial dysfunction (Figure 4.3). There is a tendency for
higher levels of calnexin and VDAC in STAT3-/- cells, but further assays are needed to confirm this
tendency. Also, other assays measuring the levels of other proteins involved in ER and mitochondrial
stress/dysfunction should be measure (e.g., phosphorylated PERK, ATF6 and mtHSP60). Since
oxidative stress can trigger ER stress by affecting the protein folding process [145], it could be
expected a more significant difference in the levels of pIRE1 and calnexin between WT and STAT3-/-
cells. Both pIRE1 and calnexin help in decreasing ER stress: pIRE1 as a part of the UPR and calnexin
as a chaperone contributing to the reduction of misfolded proteins in the ER [145]. Oxidative stress
can also trigger mitochondrial dysfunction and lead to necrosis and apoptosis [157]. Levels of VDAC
are related to apoptosis since up-regulation of VDAC promotes mitochondria-mediated apoptosis in
several cell lines [158]. In our work, VDAC levels were similar between WT and STAT3-/- cells,
suggesting that the oxidative stress observed did not correlate with mitochondrial dysfunction and
apoptosis. This is consistent to the similar levels of mitochondrial membrane potential between both
cell lines (Figure 4.1G). If VDAC was up-regulated in STAT3-/- cells, a significant decrease in the
mitochondrial membrane potential was expected, according to literature [159]. It was not possible to
recover from oxidative stress by transfecting STAT3-/- HeLa cells with a wild type STAT3 plasmid
(Figure 4.6B). Since the knockout of STAT3 increased the production of ROS (Figure 4.1C), it was
expected that the restoring of STAT3 in the cells would lower the levels of ROS to similar ROS levels
of WT HeLa cells.

STAT3 knockout slightly decreased intracellular and mitochondrial Ca** levels, but the decrease
was not statistically significant (Figures 4.1E and 4.1F). The data about intracellular Ca*" levels must
be interpreted with caution because further optimization of the protocol is needed. According to
literature, it was expected that the WT HeLa cells presented lower levels of mitochondrial Ca**
comparing to the STAT3-/- cells because STAT3-mediated IP3R3 downregulation in the ER prevents
the release of Ca?" into the mitochondria [82]. Nevertheless, previous studies also demonstrate that
STAT3 must be phosphorylated at S727 to degrade IP3R3 and regulate Ca*" efflux from the ER [82].
If STAT3 is not phosphorylated at S727 in WT HeLa cells, this could explain the similar levels of
mitochondrial Ca*" in both cell lines.

STAT3 knockout significantly reduces the expression of CCNDI (Figure 4.2). This finding is
consistent with several studies that report STAT3 as an up-regulator of CCNDI [55]. Consistently,
STAT3-/- cells transfected with wild type STAT3 and with STAT3-Y640F plasmids recovered the
expression of CCND1 (Figure 4.6C). BCL2, c-MYC, SOD1, SOD2, SLC241 and IGFBP3 were more
expressed in STAT3-/- cells than in WT cells but only the increases in SODI, SLC241 and IGFBP3
were statistically significant (Figure 4.2). Since STAT3 up-regulates the expression of BCL2, c-MYC
and SOD? [51], [56], [69], [70], it was surprising to find that the knockout of STAT3 did not inhibit
the expression of these genes. Possible explanations for this phenomenon might be the absence of
cytokine stimuli or functional compensation by other transcriptions factors, such as other STATs.
Consistently, previous studies demonstrate that NF-kB can up-regulate BCL2 [160] and c-MYC [161],
while Sp1 transcription factor is essential for transcription of SOD2 [162]. Interestingly, NF-xB binds
to unphosphorylated STAT3 to regulate gene expression [72]. The higher expression of SLC241 could
be a consequence of c-MYC expression since previous studies reported that ¢-MYC induces the
expression of SLC241 [67].

After characterization of STAT3-/- HeLa cells, we tested different combinations of Venus-STAT3
BiFC plasmids in this cell line. We observed that Y705 phosphorylation and the subsequent STAT3
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accumulation in the nucleus was visible after 20 min of incubation with LIF (Figure 4.4A). This is
consistent with previous studies that report rapid STAT3 phosphorylation upon only 5 minutes of
stimulation with LIF [163], [164]. In this work, we assume the possible existence of asymmetric
dimers produced from pools of STAT3 molecules with different PTMs. This possibility has been
barely studied and literature simply assumes that STAT3 dimers are formed by two identical STAT3
molecules. As described in section 1.1.5, STAT3 has several possible PTMs, so it is possible that
different STAT3 molecules could have different PTMs, and that these molecules could form dimers
with one another, forming symmetric or asymmetric dimers. Moreover, dominant STAT3 mutations
have been reported in patients with AD-HIES [33], meaning that mutant and normal STAT3 can
coexist in cells, increasing the chances of asymmetric combinations. In this sense, we observed that
phosphorylation of only one of the STAT3 monomers is enough to drive STAT3 dimers into the
nucleus (Figure 4.4). The non-phosphorylated monomer at Y705 can have a single (Y705F) or a
double (Y705F/K49R, Y705F/K685R, Y705F/S727A) PTM-resistant mutation and still translocate to
the nucleus in response to LIF (Figure 4.4B). This contradicts some studies that assume that STAT3
dimers only become active when both monomers are phosphorylated at Y705 [165]. Further studies
should be carried out to determine if asymmetric STAT3 dimers actually happen in nature, their
frequency, and putative roles.

STAT3 dimers are present in the nucleus independently of Y705 phosphorylation and LIF
stimulation, but the nuclear levels of unphosphorylated STAT3 do not change substantially in the
absence or presence of LIF (Figure 4.4A). The K685R and S727A PTM-resistant mutations, but not
the K49R mutation, decreased the accumulation of unphosphorylated STAT3 in the nucleus (Figure
4.5). This is consistent to what is described in the literature, since both K685 acetylation and S727
phosphorylation increase STAT3 nuclear localization [93], [166]. K49 acetylation is associated to the
interaction with p300 and both K49 acetylation and methylation are associated with STAT3-dependent
transcription rather than to the translocation of STAT3 to the nucleus [90], [91], [95]. Our results
contradict the signaling model where STAT3 dimers can only translocate to the nucleus after cytokine
stimulation and phosphorylation at Y705 [46], [165]. On the other hand, they support the model where
STATS3 can shuttle between the cytoplasm and the nucleus independently of cytokine stimulation and
phosphorylation at Y705 and is retained in the nucleus upon phosphorylation [47]-[49]. This could
happen by some unknown mechanism that blocks the export of phosphorylated STAT3 from the
nucleus. However, if the stimulation with LIF is prolonged (e.g., for 2 hours), this “blockage” could
fade and STAT3 dimers can exit the nucleus easily. Consistently, Dr. Mickael Diallo, a post-doc
investigator in Herrera’s laboratory has observed, by using Venus-STAT3 BiFC dimers, that after
stimulation with LIF there is an increase of fluorescence in the nucleus compared to the fluorescence
in the cytoplasm. He also observed that there is still fluorescence in the cytoplasm indicating that not
all STAT3 dimers accumulate in the nucleus after stimulation with LIF (data not published).

The disease-related mutation Y640F was studied to observe if it could influence the nuclear
translocation of STATS3, the intracellular oxidative stress and gene expression in STAT3-/- HeLa cells.
The mutation Y640F increases the accumulation of STAT3 in the nucleus in response to LIF (Figure
4.6A). This is consistent with a previous study that reports that the Y640F mutation enhances STAT3
phosphorylation at Y705 by preventing phosphorylation at Y640, resulting in an increased formation
and stability of STAT3 homodimers [84]. The same study also demonstrated that even when the cells
are not stimulated, a significant fraction of STAT3 is constitutively phosphorylated and dimerized
when carrying the mutation Y640F [84]. In our hands, however, the symmetric Y640F mutant dimer is
barely phosphorylated at Y705 in the absence of LIF stimulation (Figure 4.6A). LIF-dependent
nuclear accumulation of symmetric Y640F dimers was prevented by the introduction of the Y705F
mutation, indicating that STAT3-Y640F nuclear accumulation is dependent on Y705 phosphorylation.
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Transfection of STAT3-/- cells with STAT3-Y640F did not produce significantly higher
intracellular oxidative stress than the transfection with the wild type STAT3 version (Figure 4.6B).
This was not expected, since it was previously observed an increase in oxidative stress in T-LGL
leukemia patients’ cells harboring STAT3 Y640F mutation compared with both healthy controls and
patients without STAT3 mutations [167]. We also observed that the mutation Y640F does not
influence the transcriptional activity of STAT3, or the expression alterations observed in the gene set
studied in this work (Figure 4.6C). Consistently, an Electrophoretic Mobility Shift Assay (EMSA)
performed by Dr. Sandra Viegas, a collaborator from ITQB (Oeiras, Portugal) has shown that mutant
Y640F symmetric STAT3 dimers did not bind to DNA at the same level as wild type symmetric
STAT3 dimers (data not published). It could be interesting to analyze the same genes in the presence
of LIF stimulus, to determine if the Y640F mutation influences the canonical STAT3 pathway.
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VI. Conclusions

In this work we showed that:

1. STAT3 knockout increases oxidative stress and alters gene expression in HeLa cells.
Phosphorylation of only one of the STAT3 monomers is enough to drive STAT3 dimers into
the nucleus after LIF stimulation.

3. STATS3 dimers can accumulate in the nucleus independently of their phosphorylation status at
Y705 and LIF stimulation.

4. The Y640F disease-related mutation increases the accumulation of STAT3 in the nucleus in
response to LIF but is not related to oxidative stress and gene expression.

Our results advance our understanding of STAT3 signaling and could potentially contribute to the
study of several human pathologies involving STAT3, such as cancer, hyper-IgE Syndrome, or
Inflammatory Hepatocellular Adenoma.

Further studies using other mutations that prevent key PTMs such as T236A and T714A should be
considered to continue the study of how PTMs can influence STAT3 behavior and function.
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