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1 Investigating USP2 as a mediator of therapy
resistance in lethal prostate cancer

1.1 Project Details

1.1.1 Abstract

The growth of prostate cancer (PCa) is dependent on male sex hormones, termed
androgens, and the androgen receptor (AR). Therefore, implementing strategies to inhibit AR
activity, collectively referred to as androgen deprivation therapy (ADT), is the key therapeutic
strategy for metastatic prostate cancer. Unfortunately, ADT is never curative, and patients
eventually develop a lethal therapy resistant form of the disease termed castration-resistant
prostate cancer (CRPC). The AR signalling pathway is altered in CRPC and a subset of CRPC
tumours may evade inhibition by ADT by progressing to a state in which tumour growth is
independent of this pathway. One such AR-independent CRPC subtype is termed
neuroendocrine PCa (NEPC). Understanding how tumours transition to therapy-resistant, AR-

independent states is crucial for the development of new and more effective therapies.

We recently undertook transcriptomic profiling of patient tumours treated ex vivo
with a clinical AR antagonist, enzalutamide, as a strategy to identify therapy-mediated
adaptive changes. This study identified Ubiquitin specific protease 2 (USP2) as being increased
in response to enzalutamide. The role of USP2 is to remove ubiquitin groups from proteins
that causes therapy resistance and cancer progression, thereby preventing these proteins

from degradation and increasing their stability in cancer cells. Thus, we hypothesised that
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USP2 can mediate resistance to ADT by stabilising key oncoproteins, a concept that was tested

in my PhD project.

Increased USP2 expression in response to ADT and in therapy-resistant states was
validated in multiple prostate cancer cell line models, clinical transcriptomic cohorts, and
additional patient tumours. Growing androgen-dependent cell lines in the presence of
enzalutamide resulted in increased USP2 expression; conversely, androgen treatment
resulted in the repression of USP2 expression. Clinical datasets also revealed that USP2
expression is elevated in AR-low/negative CRPC tumours, particularly those classified as

neuroendocrine PCa.

These observations suggest that USP2 is consistently upregulated in response to AR-
targeted therapies and may represent a previously unknown resistance factor. Supporting
this, targeting USP2 in multiple castrate-resistant prostate cancer models, either
pharmacologically with a USP2-specific inhibitor (ML364) or by genetic knockdown, resulted
in reduced cell viability and increased cell death. In contrast, overexpression of USP2 drove
the development of an aggressive, therapy-resistant neuroendocrine phenotype and
conferred partial resistance to enzalutamide and a growth advantage in androgen-depleted
growth conditions. Importantly, ML364 was also potently active in an in vivo model of

aggressive, AR-negative prostate cancer.

Mechanistically, we found that USP2 stabilises the levels of oncogenic proteins

including Aurora kinase A (AURKA), Cyclin D1 and Fatty acid synthase (FAS). Interrogation of
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the proteome and transcriptome of PCa cells overexpressing USP2 revealed positive
enrichment of neuroendocrine-associated signalling, lipid metabolism and cell cycle, and
negative enrichment of interferon signalling. All these enriched pathways are important in

driving growth, survival, and progression of cancer.
Overall, the findings herein revealed that USP2 can promote the development of

neuroendocrine prostate cancer and acts to confer resistance to standard-of-care therapies,

revealing it as a bona fide therapeutic target.
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1.1.2 Declaration

| certify that this work contains no material which has been accepted for the award of any
other degree or diploma in my name in any university or other tertiary institution and, to the
best of my knowledge and belief, contains no material previously published or written by
another person, except where due reference has been made in the text. In addition, | certify
that no part of this work will, in the future, be used in a submission in my name for any other
degree or diploma in any university or other tertiary institution without the prior approval of
the University of Adelaide and where applicable, any partner institution responsible for the

joint award of this degree.

| give permission for the digital version of my thesis to be made available on the web, via the
University's digital research repository, the Library Search and also through web search
engines, unless permission has been granted by the University to restrict access for a period

of time.

Name: Fang Meiwen Danielle

Date: January 2023
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1.3 The prostate is an androgen-regulated gland

The main function of the prostate gland is to secrete a fluid containing zinc,
phosphatases and proteases, blood coagulases, profibrinolysin and albumin (Dow and
Bavister, 1989, Kumar and Majumder, 1995, Hall and Guyton, 2011). This fluid, which forms
part of the semen, enhances sperm motility and fertility and is slightly alkaline to counteract
the relatively acidic fluid from the vas deferens (Figure 1.1) (Kumar and Majumder, 1995, Hall
and Guyton, 2011). Another prostate function is controlling urine flow from the bladder
(Kumar and Majumder, 1995).

Growth and homeostasis of the prostate gland are controlled by androgens, which
signal through the androgen receptor (AR) (Carson and Rittmaster, 2003). The brain
hypothalamus secretes Gonadotropin-releasing hormone (GnRH) into the anterior pituitary
and stimulates it to secrete the follicle-stimulating hormone (FSH) and luteinizing hormone
(LH) (Figure 1.2) (Hall and Guyton, 2011). The LH then stimulates the Leydig cells within the
testis to release testosterone, while FSH stimulates spermatogenesis (Figure 1.2). Within the
prostate, testosterone is converted by 5a-reductase into 5a-dihydrotestosterone (DHT),
which is a more potent androgen that has higher affinity for AR (Figure 1.4) (Wright et al.,
1996). DHT is important for foetal prostate differentiation and development of the male
external genitalia that occurs during normal early development (Carson and Rittmaster,
2003). In adults, DHT and other androgens may be important in maintaining the balance

between cell proliferation and apoptosis in prostate (Carson and Rittmaster, 2003).
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Figure 1.1. Diagram describing the anatomy surrounding the male reproduction system. A)

The side-view of the male reproduction system is shown. B) The internal structure of the testis

is shown. Figure (A) and (B) were taken directly from (Hall and Guyton, 2011).
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Figure 1.2. This is the feedback loop of the hypothalamic-pituitary-testicular axis in males
and its outcomes are androgen production and spermatogenesis. (+) indicates stimulation,

while (-) indicates inhibition through negative feedback (Hall and Guyton, 2011).
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1.4 Androgen Receptor (AR)

1.4.1 Gene, structure, and functions of Androgen Receptor (AR)

The AR is part of the steroid and nuclear receptor superfamily and is encoded by the
AR gene that is localised to the q11-12 region of the human X chromosome (Figure 1.3)
(Lubahn et al., 1988, Brown et al., 1989). The gene has 8 exons and encodes for a 110kDa
protein that is 919 amino acids long (Figure 1.3) (Lubahn et al., 1988, Brown et al., 1989). The
AR is a modular protein with four distinct domains: the ligand-binding domain (LBD), which is
where androgens bind and activate AR; the hinge domain, which contains the putative
conserved bipartite nuclear localisation signal (NLS) and is important for binding to importin-
o so that AR can be transported into nucleus; the DNA-binding domain (DBD), which can
mediate AR homodimerization and subsequent binding to specific DNA regions named
androgen response elements (ARE); and the N-terminal domain (NTD) , which contains the
transactivation domain (Figure 1.3) (He et al., 2000, He and Wilson, 2003, He et al., 1999,

Tremblay et al., 1999, Langley et al., 1998, Coutinho et al., 2016).

AR can function as a transcription factor (TF) (Figure 1.3) and have different roles in
normal development and prostate cancer (PCa) development (Notini et al., 2005, Shiota et
al., 2011). In normal development, AR is important in the development of the prostate gland
(Notini et al., 2005). However, during carcinogenesis, AR’s signalling outputs change from
being anti-proliferative and pro-differentiative to pro-proliferative and anti-differentiative
(Notini et al., 2005). In carcinogenesis, the androgen-AR signalling pathway is the key driver

for PCa growth and progression (Shiota et al., 2011). For example, AR can increase expression
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of oncoproteins like MYC, which is a transcription factor that can regulate cell cycle
progression, and decrease expression of tumour suppressors like P53, which is a transcription

factor involved in DNA repair and cell cycle arrest (Shiota et al., 2011).
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Figure 1.3. The AR comprises of 4 domains: N-terminal domain (NTD), DNA-binding domain

(DBD), hinge domain and ligand-binding domain (LBD).
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Figure 1.4. A summary of how AR can function as a transcription factor when bound to DHT.
Testosterone enters the prostate epithelial cell and is converted to DHT by 5a-reductase,
while oxidising NADH. AR binds to DHT and form homodimers. AR homodimers then
translocates into the nucleus and binds to AREs within the DNA and recruits co-regulators. If
the co-regulators are co-activators of AR, then RNA polymerase Il complex will be recruited,
and transcription of a gene can begin. If the co-regulators are co-repressors of AR, then DNA
methylases and histone deacetylases will be recruited to methylate and deacetylate the DNA

to reduce transcription of the gene.
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1.5 Epidemiology of Prostate Cancer

Prostate cancer is very prevalent worldwide (Figure 1.5). In 2018, 1.28 million cases
of prostate cancer were reported, making it the fourth most diagnosed cancer in 2018
worldwide (Figure 1.6). Additionally, approximately 360,000 patients died from prostate
cancer in that year worldwide (Figure 1.6). Australia and New Zealand (ANZ) have the highest
age-standardised prostate cancer incidence worldwide (Figure 1.5) and a combined age-

standardised prostate cancer mortality rate of 10.2 per 100,000 (Figure 1.7).
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Age standardized (World) incidence rates, prostate, all ages
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Figure 1.5. The age-standardised incidence rates of prostate cancer in males of all ages
worldwide who were diagnosed in 2018. The higher the age-standardised incidence rate, the
more intense the blue highlighting is. Australia and New Zealand has one of the highest age-
standardised incidence rates in 2018. Statistics were provided by the World Health

Organisation (Wang et al., 2022).
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Number of new cases in 2018, both sexes, all ages

A Lung
2093 876 (11.6%)

Breast
2088 849 (11.6%)

Other cancers

7 753 946 (42.9%) Colorectum

1849 518 (10.2%)

Prostate

1276 106 (7.1%)
Cervix uteri Stomach
569 847 (3.2%) 1033 701 (5.7%)

Oesophagus Liver
572 034 (3.2%) 841 080 (4.7%)

Total: 18 078 957 cases

Number of deaths in 2018, both sexes, all ages

Lung
1761007 (18.4%)

Other cancers

3422 417 (35.8%)
Colorectum
880 792 (9.2%)
Prostate Stomach
358 989 (3.8%) 782 685 (8.2%)
Pancreas Liver
432 242 (4.5%) 781 631 (8.2%)
Oesophagus Breast
508 585 (5.3%) 626 679 (6.6%)

Total: 9 555 027 deaths

Figure 1.6. A comparison of the number of new cancer cases and deaths across the different
types of cancers that occurred in 2018 and in both sexes of all ages. A) The number of new
cancer cases diagnosed worldwide. B) The number of deaths that occurred worldwide.

Statistics were provided by the World Health Organisation (Wang et al., 2022).
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Age standardized (World) incidence and mortality rates, prostate
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Figure 1.7. A comparison of age-standardised incidences and mortality rates for prostate
cancer between countries in 2018. Statistics were provided by the World Health Organisation

(Wang et al., 2022).
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1.6 Diagnosis of prostate cancer

Testing for prostatic specific antigen (PSA) levels and conducting digital rectal
examinations (DREs), which detects distended prostate glands, are the standard initial
procedures to diagnose patients with prostate cancer (Catalona et al., 1993). PSA is encoded
by the KLK3 gene, which is AR-regulated, and becomes elevated in the patient’s bloodstream
when they have prostate cancer (Catalona et al., 1993). However, PSA can also increase in
the bloodstream with increasing age, inflammation of prostate and benign prostatic
hyperplasia (BPH), which is not cancerous (Haythorn and Ablin, 2011). Thus, PSA is not a

specific marker for Pca.

In addition to PSA and DRE tests, magnetic resonance imaging (MRI) can be used to
assist in Pca diagnosis (Barrett, 2015, Parker et al., 2020, Ahmed et al., 2017). MRI utilises
radio-waves and a magnetic field to image an individual’s interior body. It allows for earlier

identification of abnormal growth in the prostate (Barrett, 2015).

When the results of the PSA (> 4 ng/mL), DRE and MRI tests are abnormal, a biopsy
will be conducted. A biopsy is the definitive tool for diagnosis of Pca (Gordetsky and Epstein,
2016). Biopsies can be guided by either Transrectal Ultrasound (TRUS) or MRI scans (Mottet
et al., 2017, Schoots et al., 2014). Normally, 12 separate samples are typically taken during
biopsy, with additional samples taken from areas in the prostate that are suspected to have

abnormal growth from the DRE/TRUS or MRI imaging (Mottet et al., 2017).
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1.7 Grading / staging of prostate cancer

The Gleason grading system is used as a measure of the aggressiveness of a prostate
tumour, which is how likely it will be to spread (Gordetsky and Epstein, 2016). There are 5
Gleason grades with Gleason grade/pattern 1 being well differentiated and correlated with
favourable prognosis, while Gleason grade 5 is the most poorly differentiated and correlated
with unfavourable prognosis (Chen and Zhou, 2016). Gleason grade 3 comprises of well-
formed, discrete individual glands (Figure 1.8) (Gordetsky and Epstein, 2016). Gleason grade
4 consists of poorly-formed, fused and cribriform glands (Figure 1.8) (Gordetsky and Epstein,
2016). Gleason grade 5 comprises of sheets of tumour, cords of cells and individual cells
(Figure 1.8) (Gordetsky and Epstein, 2016). Gleason grade 5 can also comprise of solid nests
of cells with the occasional formation of gland space or vague micro-acinar (Figure 1.8)

(Gordetsky and Epstein, 2016).

Gleason scores are calculated by the summation of the primary and secondary
Gleason grades, which are the most extensive pattern observed in the tumour and the highest
pattern (regardless of extent) respectively. These Gleason scores can be grouped into 5
different Gleason Grade Groups (Figure 1.9) (Mottet et al., 2017). The higher the Gleason
Grade Group, the more likely it is that a tumour will grow quickly and metastasize (Chen and

Zhou, 2016, Epstein et al., 2016).

In addition to Gleason scores, staging of prostate cancer can be conducted to assess
how large the cancer is and whether spreading to other parts of the body has occurred

(Mottet et al., 2017). Staging of prostate cancer is evaluated through three factors: extent of
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local tumour (T); regional lymph node status (N); and presence of distant metastases (M)
(Stephens et al., 2008). The TNM staging classification for Pca can be summarised in Figure
1.10 (Stephens et al., 2008). Grading or staging of prostate cancer is a critical step in

determining the most appropriate course of treatment, as described in the following section.
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Gleason patterns 1-3 | Gleason score <6 |  Grade group |
distinct, discrete,
individual glands

Gleason score Grade group Il

3+4=7
Gleason pattern 4 Gleason score Grade group lll
fused, cribriform, or 443=7
poorly-formed glands, or
glomerularion
Gleason score Grade group IV
4+4=8
3+5=8
5+3=8
Gleason pattern 5 Gleason score Grade group V
comedo necrosis, cords, 4+5=9
sheets, solid nests, single 5+4=9
cells 5+5=10

Figure 1.8. Typical pictures of prostate tumour associated with the corresponding Gleason
grades/patterns (ranging from 1 to 5) and grouped into various Gleason grade groups (I to

V) using their Gleason scores (Chen and Zhou, 2016).
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Gleason score Grade group

<6 (343 or 3+2 or 243 or 2+2)
7(3+4)

7(4+3)

8 (4+4 or 3+5 or 5+3)

9-10

(9 [ -V R S R

Figure 1.9. Various Gleason scores can be grouped into 5 different Gleason grade groups in

accordance to the International Society of Urological Pathology 2014 (Mottet et al., 2017).

Stage Characteristic

Tx Primary tumour cannot be assessed

TO No evidence of primary tumour

T1 Clinically inapparent tumour neither palpable nor visible by imaging
T1a Tumour incidental histological finding in <5% of tissue resected
Tib Tumour incidental finding in >5% of tissue resected
Tic Tumour identified by needle biopsy

T2 Tumour confined within prostate
T2a Tumour involves one half of one lobe or less
T2b Tumour involves more than one half of one lobe but not both lobes
T2c Tumour involves both lobes

T3 Tumour extends through the prostate capsule
T3a Extracapsular invasion (uni- or bilateral)
T3b Tumour invades seminal vesicle(s)

T4 Tumour is fixed or invades adjacent structures other than seminal vesicles (bladder neck, external sphincter,

rectum, levator muscles and/or pelvic sidewall)

Nx Regional nodes not assessed

NO No regional nodal metastasis

N1 Metastasis in regional node(s)

Mx Distant metastasis not evaluated by any modality

MO No distant metastasis

M1a Non-regional lymph node(s)

M1b Bone(s)

M1c Other sites with or without bone disease

Figure 1.10. The TNM staging for prostate cancer, which stands for Tumour (T), regional

lymph node status (N); and presence of distant metastases (M) (Stephens et al., 2008).
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1.8 Current management options for prostate cancer

The treatment recommended for patients with prostate cancer is dependent on the
tumour grade during diagnosis. The 5-year relative survival rate for patients with localised
prostate cancer is approximately 99% in Australia (Siegel et al., 2016). However,
approximately 30% of patients will subsequently experience disease recurrence (Singh et al.,
2002). Additionally, the 5-year relative survival rate for patients with metastatic prostate
cancer is approximately 30% (Siegel et al., 2023). Therefore, this highlights the need to
recommend treatments based on the grade and type (i.e. localised versus metastatic) of
prostate cancer in accordance with European Association of Urology (EAU) Guidelines

(Heidenreich et al., 2015, Mottet et al., 2017, Cornford et al., 2017).

1.8.1 Treatment of localised prostate cancer

Active surveillance (AS) is a recommended observational strategy for patients with
low-risk prostate cancer, which has a Gleason score of 6 or less (Mottet et al., 2017). AS aims
to reduce overtreatment and minimise toxicity from treatments (Thomsen et al., 2014).
During AS, patient may undergo several PSA, DRE, MRI and re-biopsy tests to check for
abnormal tumour growth (Mottet et al., 2017).

For patients with Gleason score 7 and above or with a PSA>10 ng/ml, the two main
curative-intended treatments are radiotherapy (RT) and radical prostatectomy (RP) (Thomsen
et al., 2014, Mottet et al., 2017). Radiotherapy is the use of radiation to kill cancer cells and

may be given either externally through External Beam radiotherapy (ERBT) or internally
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through Brachytherapy (BT) (Mottet et al., 2017). RP is the removal of prostate gland that
contains the tumour (Mottet et al., 2017).

Patients with high-risk locally advanced prostate cancer (with Gleason score 9 to 10)
often experience failure of mono-treatments (either radiotherapy or radical prostatectomy)
and consequently relapse of prostate cancer (Hegemann et al., 2016, Kishan et al., 2018,
Terlizzi and Bossi, 2022). For these patients, combinatorial treatments of radiotherapy (ERBT
and BT) and androgen deprivation therapy (ADT) with radical prostatectomy improved overall
survival and biochemical progression-free survival (Kishan et al., 2018, Terlizzi and Bossi,

2022).

1.8.2 Treatment of metastatic prostate cancer

The European Association of Urology (EAU) Guidelines on PCa defines recurrent PCa
in patients as when there has been two consecutive increases in PSA value >0.2 ng/ml
following radical prostatectomy (RP) and a PSA value of 2 ng/ml above the nadir following
radiotherapy (Heidenreich et al., 2015). In addition to patients that experience recurrence
after therapy, some patients are diagnosed with metastatic PCa (mPCa) — cancer that has
spread beyond the prostate — during initial diagnosis (Aus et al., 2005, Cornford et al., 2017).
Methods for detecting mPCa abnormalities include multi-parametric MRl (mpMRI), which is
reported to be accurate at detecting local PCa recurrence and pelvic bone metastasis, and
PET/CT scan, which is reported to be accurate at detecting pelvic bone and lymph-nodes

metastasis (Kitajima et al., 2014, Draulans et al., 2019).

As described above, the androgen-AR signalling axis is the primary driver of PCa

growth, therefore patients with mPCa are treated with ADT, which aims to block AR activity
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(Cornford et al., 2017, Huggins et al., 1941). ADT is achieved through pharmacological
castration (Kyriakopoulos et al.,, 2018). Pharmacological castration is generally achieved
through the use of Luteinising hormone-releasing hormone (LHRH) agonist (Seidenfeld et al.,
2000). LHRH agonists compete for the binding to pituitary LHRH receptors and desensitise
them, resulting in a downregulation of LHRH receptors and consequently reduced production
of LH and FSH in the anterior pituitary (Figure 1.2). Therefore, testosterone production levels
will drop to ‘castrate’ levels (Brawer, 2004). Another pharmacological castration method is
the use of a LHRH antagonist (Lin et al., 2011). LHRH antagonists inhibit the LHRH receptor,
therefore resulting in a reduction of LH being released and testosterone levels drop (Lin et al.,
2011). Another newer strategy to inhibit androgen biosynthesis is the use of abiraterone
acetate (Kim and Kim, 2011). Abiraterone Acetate is a potent, specific, irreversible inhibitor

of CYP17, which is important for androgen biosynthesis (Kim and Kim, 2011).

In addition to castration, another strategy to inhibit AR as a treatment for men with
mPCa is the use of anti-androgens, also known as AR antagonists (Thomas and Neal, 2013,
Siemens et al., 2018, Ammannagari and George, 2015). The first generation of AR antagonists
include flutamide, nilutamide and bicalutamide (Siemens et al.,, 2018, Ammannagari and
George, 2015), whereas newer “second-generation” AR antagonists include enzalutamide,
apalutamide and darolutamide. AR antagonists bind directly to the AR LBD, thereby blocking
androgen action and inhibiting AR activity (Thomas and Neal, 2013). Enzalutamide and
apalutamide bind to the AR’s LBD with higher affinity than their 15t generation counterpart

bicalutamide (Tran et al., 2009, Smith et al., 2018b).
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Historically, ADT, sometimes in combination with first-generation AR antagonists, was
the primary treatment for men with metastatic PCa or PCa that had relapsed after
surgery/radiation. More recently, clinical trials have demonstrated a significant overall
survival benefit of ADT with chemotherapy and abiraterone acetate for patients with
metastatic hormone naive PCa, especially those with high-volume mPCa, as compared to
patients who only had ADT (de Bono et al., 2011, Feyerabend et al., 2018, Sun et al., 2019,
Kyriakopoulos et al., 2018). Additionally, three phase lll clinical trials that are near completion
are currently investigating the benefit of docetaxel in conjunction with ADT (NCT02446405;
NCT01957436; NCT02489318). In those clinical trials, the drug used in ADT were either
enzalutamide (NCT02446405) or abiraterone acetate (NCT01957436) or apalutamide
(NCT02489318). Both cabazitazel and docetaxel are potent inhibitors of microtubule
depolymerisation (Shapiro and Tareen, 2012). Notably, only patients who received docetaxel-
based chemotherapy and ADT had improved overall survival benefit (STAMPEDE and
CHAARTED trials) (James et al., 2016, Kyriakopoulos et al., 2018, Sun et al., 2019), while there
was no additional survival benefit for patients who had estramustine-based chemotherapy

and ADT (Sun et al., 2019, Noguchi et al., 2004).

There are a number of significant side-effects of ADT, including erectile dysfunction
and compromised libido, reduced muscle mass with subsequent increase in body fat mass,
increased risk of cardiovascular disease and osteoporosis (Thomas and Neal, 2013, Siemens
et al., 2018). An acute side-effect when using LHRH agonists without anti-androgens is the
initial testosterone surge that can lead to a hypercoagulation state and result in bladder outlet

obstruction, renal failure and spinal cord compression (Thomas and Neal, 2013).
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Notably, while ADT and chemotherapies are initially effective for most patients with
mPCa, these therapeutic strategies will never cure a patient. ADT remains effective for an
average duration of approximately 18 to 24 months, after which men relapse into a more
aggressive PCa state termed castration-resistant prostate cancer (CRPC) (Shapiro and Tareen,
2012, Cornford et al., 2017, Saad and Hotte, 2010). CRPC is defined by a continuous increase
in PSA levels when testosterone levels are at castrate levels in serum (<1.7nmol/l) and/or

formation of new metastases or lesions (Saad and Hotte, 2010, Heidenreich et al., 2015).

1.8.3 Treatment of castrate-resistant prostate cancer (CRPC)

As described above, the androgen-AR signalling pathway is the key driver for PCa
growth and progression (Shiota et al., 2011). Interestingly, most cases of CRPC remain driven
by the AR despite patients having castrate levels of testosterone (Nuhn et al., 2019).
Mechanisms by which AR continues to be active in CRPC tumours are described below
(Chapter 1 Section 1.9). The key treatments for CRPC are second-generation AR antagonists
— enzalutamide, apalutamide or darolutamide - or abiraterone acetate, all of which can
prolong survival of some CRPC patients (Thomas and Neal, 2013, Smith et al., 2018b, Hussain

et al., 2018).

When 2nd-generation ADT agents fail, CRPC is then treated with chemotherapy, such
as Docetaxel and Cabazitaxel, which prolongs survival of some CRPC patients (Tannock et al.,
2004). (de Bono et al., 2010). Other emerging therapies like poly-adenosine diphosphate-
ribose polymerase (PARP) inhibitors or Radium-223 can be used to treat CRPC patients who

no longer responded to 2"-generation ADT or chemotherapy (Nuhn et al., 2019). The function
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of PARP is to is to repair single-stranded breaks (Mateo et al., 2015, Teply and Antonarakis,
2017) . CRPC tumours with mutations in DNA repair genes, such as BRCA1/2, are more likely
to respond to the PARP inhibitor Olaparib (Mateo et al., 2015, Teply and Antonarakis, 2017).
Radium-233 is a radioisotope drug that significantly improved overall survival of patients with

CRPC and bone metastases (Shapiro and Tareen, 2012, Parker et al., 2012)

Although all of these treatments are capable of prolonging survival, the benefits are
normally modest and patients will normally die from CRPC within a few years (Shapiro and
Tareen, 2012). Therefore, this drives the need to understand the resistance mechanisms in

PCa to improve develop new therapies.
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1.9 Mechanisms of resistance to AR-targeted therapies

1.9.1 AR-dependent mechanisms of resistance in prostate cancer

Due to ADT exerting a selective pressure on the AR-related pathways in PCa cells, CRPC
often arises as a result of alterations to the AR pathway and these alterations can allow PCa
cells to adapt to the low androgen conditions. These alterations include AR overexpression,
which is often due to amplification of the AR gene itself or to an upstream enhancer that
promotes AR expression (Grasso et al., 2012, Coutinho et al., 2016, Takeda et al., 2018). AR
overexpression can enable continued AR signalling even in the face of castrate levels of

androgen (Coutinho et al., 2016, Grasso et al., 2012, Kawata et al., 2010, Chen et al., 2004).

Point mutations in AR can enable it to be activated by alternative ligands or even
mediate antagonist-to-agonist switching (Coutinho et al., 2016, Lallous et al., 2016). For
example, the recurrently occurring T878A and H875Y point mutations in the AR LBD allows
AR to be a promiscuous receptor that can be activated by progesterone, estrogen and
glucocorticoid (Lallous et al., 2016, Coutinho et al., 2016). The less common F877L and H875L
mutations enable AR to be activated, rather than repressed, by enzalutamide (Lallous et al.,

2016, Coutinho et al., 2016).

Another alteration to the AR signalling axis that is thought to enable resistance to
therapies is elevated expression of AR-variants (AR-Vs), which lack all or part of the transcript
encoding the AR-LBD. This occurs either via alternative splicing or by genomic rearrangements
of the AR gene that result in deletion of exons encoding the LBD (Nyquist et al., 2013,

Coutinho et al., 2016). AR-Vs are active in the absence of androgen and have been correlated
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with therapy resistance and poor overall survival (Hu et al., 2009, Hornberg et al., 2011, Guo

et al., 2009, Welti et al., 2016, Efstathiou et al., 2015, Coutinho et al., 2016).

Another alteration to the AR signalling axis that is frequently observed in CRPC is the
gain or loss in expression and activity of AR co-regulators (Figure 1.4) (Coutinho et al., 2016).
Co-regulators of AR that enhance its activity are called co-activators and include factors such
as nuclear co-activators 1 and 2 (NCOA1 and NCOA2); their expression and activity are often
gained in CRPC (Grasso et al., 2012, TCGA, 2015, Robinson et al., 2015, Kumar et al., 2016).
Examples of key NCOAs are SRC1 and TIF2, which are often overexpressed in recurrent PCa
(Culig et al., 2004, Gregory et al., 2001). In contrast, co-repressors of AR such as nuclear co-
repressors 1 and 2 (NCOR1 and NCOR2) inhibit its activity and their expression and activity
are often decreased in CRPC (Grasso et al., 2012, TCGA, 2015, Robinson et al., 2015, Kumar

et al., 2016).

Another mechanism of AR-dependent resistance in CRPC is alterations to the
androgen biosynthetic pathways to enable tumours to make additional androgen. For
example, androgen biosynthesis in CRPC tumours can be enhanced by a gain of function
mutation within the 36-hydroxysteroid dehydrogenase type 1 (HSD3B1) gene, which encodes
an enzyme called 3B-HSD1 that is important for the conversion of adrenal-derived steroids to
DHT (Chang et al., 2013). In a multi-cohort of 443 patients, a homozygous gain of function
mutation in HSD3B1 gene correlated with reduced metastasis-free survival and overall
survival of patients after radical prostatectomy and reduced progression-free survival (PFS) in

patients treated with ADT (Hearn et al., 2016). The results suggest that identification of
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mutations in HSD3B1 gene can be a useful biomarker to identify patients that can eventually

be more resistant to ADT (Hettel and Sharifi, 2018).

1.9.2 AR-independent mechanisms of resistance in CRPC

A smaller proportion of CRPC tumours develop a phenotype that is not dependent on
AR signalling (Davies et al., 2021). A major class of AR-independent CRPC is treatment-
emergent neuroendocrine prostate cancer (NEPC) (Davies et al., 2020), which is characterised
by low or absent expression of AR and/or AR target genes and gain of a neuroendocrine
phenotype (Davies et al., 2021, Beltran et al., 2016, Wang and Epstein, 2008, Aggarwal et al.,
2018). Neuroendocrine markers such as Synaptophysin (SYP), neural cell adhesion molecule
1 (CD56), gamma-enolase (ENO2), chromogranin A (CHGA) and chromogranin B (CHGB) are
typically expressed in neuroendocrine prostate tumours (Beltran et al., 2011).

Neuroendocrine PCa can occur de novo (Garabedian et al., 1998) or as a result from
lineage trans-differentiation induced by long term ADT (Bluemn et al., 2017, Aggarwal et al.,
2018, Abida et al., 2019). De novo NEPC is extremely rare and accounts for approximately 2%
of all prostate cancers at time of diagnosis (Zaffuto et al., 2017, Yashi et al., 2006), with the
majority of cases being diagnosed as metastatic (Zaffuto et al., 2017, Cattrini et al., 2020). De
novo NEPC is proposed to originate from neuroendocrine prostatic cells that underwent
malignant transformation (Garabedian et al., 1998).

The second and more common type of NEPC is that which arises as a mechanism of
resistance to long-term treatment with inhibitors of the AR pathway (such as enzalutamide,
darolutamide, apalutamide) (Bluemn et al., 2017, Aggarwal et al., 2018, Abida et al., 2019).

Lineage plasticity of a cancer cell is defined as the ability to revert from a luminal
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adenocarcinoma cell to a neuroendocrine cell (Davies et al., 2020, Quintanal-Villalonga et al.,
2020, Beltran et al., 2016, Aggarwal et al., 2018, Zou et al., 2017). Importantly, androgen
deprivation can activate such lineage plasticity, reprogramming androgen-sensitive PCa cells
to differentiate into an aggressive androgen-insensitive neuroendocrine phenotype (Shen et
al., 1997, Sanchez et al., 2020).

Treatment-emergent NEPC is observed in approximately 15 to 20% of patients with
CRPC (Bluemn et al., 2017, Aggarwal et al., 2018, Abida et al., 2019, Beltran and Demichelis,
2021, Wang et al., 2021b, Zhang et al., 2020c, Yao et al., 2021). Treatment-emergent NEPC
typically resembles the small cell neuroendocrine prostate carcinoma and it has a similar
histology, morphology, disease progression and treatment response as small cell lung
carcinoma (SCLC) and other small cell carcinomas that had metastasised (Tétu et al., 1987, Ro
etal., 1987, Yao et al., 2006, Wang and Epstein, 2008). Patients with small cell NEPC have the
worst outcomes (Deorah et al., 2012, Papandreou et al., 2002); indeed, it is associated with a
median survival rate of 1 to 2 years (Deorah et al., 2012, Papandreou et al., 2002).

Lineage plasticity primarily occurs because of changes in the epigenome and
transcriptome (Davies et al., 2020, Davies et al., 2021). For example, EZH2 has been reported
as an epigenetic mediator of lineage plasticity in prostate cancer (Davies et al., 2021). EZH2 is
a histone methyltransferase that mediates tri-methylation of histone 3 at Lysine 27
(H3K27me3) and represses transcription of target genes (Davies et al., 2021). Another
example of an epigenetic factor is DNMT. Increased DNMT stability resulted in abnormal
patterning of DNA methylation including at genes associated with neuroendocrine
differentiation, such as FOXA1 and LHX2 (Shamma et al., 2013, Davies et al., 2020). Another

example is LSD1. The phosphorylated form of LSD1 can target the promoter of the CDH1 gene
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and repress its transcription, thereby inducing the epithelial-mesenchymal plasticity (Feng et
al., 2016, Davies et al., 2020). Collectively, changes in the cellular epigenome resulted in
induction of lineage plasticity.

Additionally, several neuronal transcription factors have also been implicated as
drivers of lineage plasticity. For example, N-MYC had been demonstrated to drive progression
to NEPC by induction of an EZH2-mediated signalling (Dardenne et al., 2016, Berger et al.,
2019). Another example is BRN2, which can mediate neuronal differentiation of PCa cells
through interacting with SOX2 (Bishop et al., 2017, Lodato et al., 2013). SOX2 is a transcription
factor required for pluripotency and neuronal differentiation into NEPC (Yu et al., 2014, Mu
et al., 2017). Another example is FOXA2, which can mediate the adeno-to-neuroendocrine
lineage transition in prostate cancer through the regulation of KIT pathway (Han et al., 2022).
Therefore, these studies demonstrate that there are important transcriptional mediators of
lineage plasticity in prostate cancer.

In terms of genomic alterations associated with NEPC, amplification of the AURKA and
MYCN genes is frequently observed in these tumours, enabling higher expression of these
genes (Beltran et al., 2011, Mosquera et al., 2013). More specifically, amplification of the
AURKA gene was present in 65% of primary prostate tumours from patients who later
developed treatment emergent NEPC and in 86% of metastases (Mosquera et al., 2013).
Within those tumours, concurrent amplification of MYCN was identified in most cases
(Mosquera et al., 2013). Notably, there was significantly higher frequency of concurrent
overexpression and gene amplification of AURKA and MYCN in neuroendocrine prostate

tumours (40% of the 37 cases) than in primary tumours (5% of the 169 cases) (Beltran et al.,
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2011). Mechanistically, N-MYC interacts with AURKA to form a complex that results in
stabilisation of both oncoproteins (Beltran et al., 2011, Dardenne et al., 2016).
Epithelial-neuroendocrine lineage plasticity resembles another type of lineage
plasticity frequently observed in cancer, which is the epithelial-mesenchymal transition (EMT)
(Uysal-Onganer et al., 2010). Indeed, the EMT-associated transcription factors, such as ZEB1
(Viswanathan et al., 2017), SNAIL (McKeithen et al., 2010), Slug (Esposito et al., 2015), FOXC2
(Paranjape et al., 2016) and TWIST (Shiota et al., 2013) have been implicated in NEPC.
Mechanistically, the chemokine IL-6 acts as an activator of the STAT3 signalling pathway that
correlated with increased expression of the transcription factor TWIST-related protein 1
(TWIST) and SOX2 in human prostate tumours and this in turn induces neuroendocrine
differentiation (Schroeder et al., 2014, Rojas et al., 2011, Uysal-Onganer et al., 2010, Chang
et al., 2014, Davies et al., 2020, Davies et al., 2018). Overall, these studies emphasized the
similarities between the transcriptional networks involved in EMT and development of the

neuroendocrine phenotype (Davies et al., 2018, Davies et al., 2020).
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1.10 Ubiquitin-proteasome system

The ubiquitin-proteasome system (UPS) encompasses a large pathway and many
proteins/enzymes that catalyse the addition of ubiquitin to target proteins, which marks them
for degradation by the proteasome (Yuan et al., 2018, Rajkumar et al., 2005, Borg and Dixit,
2017). Ubiquitin is a highly conserved, 8.6kDa protein (Rajkumar et al., 2005). Ubiquitination
of proteins is mediated by an ubiquitin-activating enzyme (E1), an ubiquitin-conjugating
enzyme (E2) and an ubiquitin ligase (E3) (Rajkumar et al., 2005). The process results in the
formation of a peptide bond between the amino group present in the side chain of a lysine in
the target protein and the C-terminal carboxyl group of ubiquitin (Ronau et al.,, 2016,

Passmore and Barford, 2004).

There are seven lysine residues present in Ubiquitin (Lys6, 11, 27, 29, 33, 48 and 63),
thereby enabling formation of ubiquitin polymers (lkeda and Dikic, 2008). Different types of
ubiquitin linkages signal different functional outcomes for the targeted proteins (Haglund and
Dikic, 2005, Cunningham et al., 2015, Durcan et al., 2014, Birsa et al., 2014, Ohtake et al.,
2018, Locke et al., 2014, Farooq et al., 2022, Lin et al., 2016, Liu et al., 2018b). The outcomes
of the various ubiquitin linkages is summarised (Figure 1.11). However, polyubiquitination of
proteins formed via Lys48 is the primary signal for proteasomal degradation (lkeda and Dikic,
2008, Haglund and Dikic, 2005).

Once a target protein is conjugated to ubiquitin chains formed via Lys48, it will be
degraded in the 26S proteasome (Haglund and Dikic, 2005, lkeda and Dikic, 2008). The 26S

proteasome is an ATP-dependent multi-subunit proteolytic complex that comprises two 19S
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regulatory complexes, which selects ubiquitinated-proteins and transfer them to the 20S core
complex, and a catalytic 20S core complex, which is the protease’s active site (Rajkumar et
al., 2005, Yuan et al., 2018). The main functions of the UPS are to maintain signal transduction
and cell survival pathways, response to stress and control cell cycle progression (Yuan et al.,
2018, Rajkumar et al., 2005, Borg and Dixit, 2017). UPS carries out its role by degrading

ubiquitinated proteins that regulate the aforementioned pathways (Harrigan et al., 2018).

The ubiquitination state of proteins in cells is a balance between adding and removing
ubiquitin groups on protein (Harrigan et al., 2018, Komander et al., 2009, Rajkumar et al.,
2005). The ubiquitination process can be reversed by deubiquitinating enzymes (DUBs)
(Harrigan et al., 2018, Komander et al., 2009, Rajkumar et al., 2005). DUBs catalyse the
removal of ubiquitin molecules from their target proteins (Komander et al., 2009). The human
genome encodes for approximately 79 putative DUBs that are predicted to be functional
(Nijman et al., 2005, Komander et al., 2009). Within the DUB family, there are 55 members in
the ubiquitin-specific proteases (USP) class (Pal et al., 2014, Harrigan et al., 2018). Therefore,

the USPs are the largest subfamily of DUBs (Pal et al., 2014, Harrigan et al., 2018).
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Figure 1.11. The ubiquitination/ de-ubiquitination process regulates several intracellular

process and signalling. Ubiquitination is a three-step enzymatic reaction, which results in

mono- or poly-ubiquitin molecules being covalently attached to target proteins. Different

types of ubiquitin linkages signal different functional roles as outlined. Ubiquitination of a

protein can be reversed by de-ubiquitinating enzymes that remove ubiquitin molecules.
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1.11 The importance of the Ubiquitin Proteasome System in

cancer

Dysregulation of the UPS may contribute to initiation and/or progression of cancer
(Rajkumar et al., 2005, Harrigan et al., 2018). For example, USP15 is often amplified in cancer,
and can deubiquitinate TGF-f receptor | and promote oncogenesis through the TGF-3
pathway (Eichhorn et al., 2012). Another example is USP14, which is upregulated in the
adhesive model of multiple myeloma (MM) (Xu et al., 2015). The last example is USP22, whose
expression is higher in matched renal cell carcinoma (RCC) tissues compared to normal tissues
(Lin et al., 2020). Given the importance of the UPS and how its dysregulation can promote
carcinogenesis of different cancer types, it can therefore be postulated that the dysregulation
of the UPS, particularly via upregulation of ubiquitin-specific proteases (USPs), can occur in
prostate cancer.

In the context of prostate cancer, several USPs have elevated levels in prostate cancer
compared to non-malignant prostate cells. The first example is USP10, which was found to be
more highly expressed in prostate tumour tissues compared to matched benign tissues, as
determined by immunohistochemistry (Takayama et al., 2018). The second example is USP17,
whose mRNA and protein expression are higher in prostate tumours than in matched normal
samples (Baohai et al., 2019). USP17 expression is also higher in the androgen-dependent PCa
cell lines, such as LNCaP and VCaP, and androgen-insensitive PCa cell lines, such as DU145
and PC3, than in the non-malignant epithelial cell line of the prostate, such as RWPE-1 (Baohai
etal., 2019). The third example is USP33, which is more highly expressed in the CRPC cell lines

(C4-2B and PC3) than in LNCaP or RWPE-1 cells (Guo et al., 2020). The fourth example is
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USP44, which is more highly expressed in PC3 and DU145 cells than in LNCaP or the non-
malignant epithelial prostate cell line, such as RWPE-1 and RWPE-2 (Park et al., 2019). The
last example is USP22, whose expression is higher in castrate resistant prostate tumours and
primary prostate tumours with Gleason scores (7 to 9) than in tumours with Gleason scores
(5and 6) (Schrecengost et al., 2014). Collectively, this indicates that upregulation of USPs may
have clinical significance in prostate carcinogenesis. It is hypothesised that these USPs

stabilise oncoproteins, thereby contributing to the development and progression of cancer.
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1.12 Interplay between ubiquitin-specific proteases and

androgen receptor signalling

Given that the prostate cancer is highly dependent on androgens, the relationship
between the AR and USPs has been investigated. For example, the USP10 gene had been
identified as an AR-regulated target gene (Takayama et al., 2018). Short-term treatment with
androgens (DHT) resulted in enhanced USP10 mRNA and protein levels, while bicalutamide
reduced USP10 mRNA levels (Takayama et al., 2018). Furthermore, USP10 could indirectly
activate AR activity to potentiate AR regulation of its target genes (Draker et al., 2011). This

example demonstrates that AR can directly increase the levels of oncogenic USPs.

Several USPs, such as USP12, USP22, and USP26, were found to be important for the
stability and thus activity of the androgen receptor (Burska et al., 2013, McClurg et al., 2015,
Schrecengost et al., 2014, Dirac and Bernards, 2010). USP12 interacts with co-factors USP1-
associated factor 1 (Uaf-1) and WD20 repeats (WDR20) and forms a complex that co-
immunoprecipitated with full length AR and AR variants in androgen-dependent VCaP cells
(Burska et al., 2013). The USP12/Uaf-1/WDR20 complex is important for the stabilisation of
AR, thereby increasing AR activity (Burska et al., 2013). Elevated expression of USP22 in LNCaP
cells resulted in increased levels and activity of AR and AR variants (Schrecengost et al., 2014).
(Schrecengost et al., 2014). Likewise, USP26 directly removed the ubiquitin groups from AR
when HEK293 cells were exogenously overexpressing AR, and this effect was further
augmented when these cells were treated with DHT (Dirac and Bernards, 2010). Knockdown

of USP26 reduced the transcription of canonical AR-targeted genes in LNCaP cells (Dirac and
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Bernards, 2010). Conversely, overexpression of USP26 increased the activity of AR activated
by androgens in HEK293 cells overexpressing AR and a luciferase reporter tagged with an AR
enhancer region (Dirac and Bernards, 2010). Collectively, these studies demonstrate that
USPs can suppress AR turnover by the proteasome, which results in enhanced AR signalling

in PCa.

There have been several inhibitors that target the USP family evaluated in
cancer/oncology research, with majority of the inhibitors being at the pre-clinical stage
(Antao et al., 2020, Li et al., 2022) . An example of an inhibitor that has transitioned to clinical
trials is the drug VLX1570, which inhibits USP14 and induces apoptosis of multiple myeloma
(MM) cells (Wang et al., 2016). However, the clinical trial involving VLX1570 was recently
suspended due to pulmonary toxicity observed in two patients (Rowinsky et al., 2020). The
toxicity effects of VLX1570 observed were similar to the rare deaths noted with inhibitors of
the 20S proteasome, such as bortezomib (Rowinsky et al., 2020, Kharel et al., 2018, Li et al.,
2016). Nevertheless, VLX1570 successfully exerted anti-myeloma effects in some patients
(Rowinsky et al., 2020), thereby providing rationale for identifying other DUB inhibitors with
greater therapeutic indices as a result of the unique mechanism of action and robust activity

of DUB inhibitors in tumours in vivo.

51



ot
\&J

THE UNIVERSITY
o ADELAIDE

1.13 USP2 in prostate cancer

USP2 had been reported to be overexpressed in a subset of primary prostate tumours
(Graner et al., 2004, Priolo et al., 2006). Similar to other USPs, the function of USP2 is to
interact with and stabilise oncogenic proteins (Graner et al., 2004, Yuan et al., 2018, Priolo et
al., 2006, Benassi et al., 2012, Benassi et al., 2013). For example, USP2 deubiquitinates fatty
acid synthase (FAS) (Graner et al., 2004, Priolo et al., 2006), which adds acetyl and malonyl
groups onto Malonyl-CoA to form long chains of saturated fatty acids during de novo
lipogenesis (Butler et al., 2016). Additionally, USP2 overexpression in PCa cells can result in
the increase in an oncoprotein called mouse double minute 2 homolog (MDM2) (Stevenson
et al., 2007), which plays a major role in suppressing the tumour suppressors P53 and mir-
34b/c (Benassi et al., 2012, Benassi et al., 2013). MDM2 is a E3 ubiquitin ligase and acts as a
negative regulator of tumour-suppressor P53 (Huun et al., 2017). By stabilising MDM2 and
decreasing p53 and mir-34b/c in immortalised non-transformed prostate epithelial cells,
USP2 causes an increase in the oncoprotein c-Myc, which drives cellular growth (Benassi et
al., 2013, Benassi et al., 2012). Collectively, these studies implicate USP2 as an oncogenic

factor in prostate cancer.

52



ot
\&J

THE UNIVERSITY
o ADELAIDE

1.14 Gene, protein structure and function of USP2

The USP2 gene is found on the long arm of chromosome number 11, specifically on
11923.3 (Graner et al., 2004, NCBI, 2016) and contains 13 exons (Figure 1.12) (NCBI, 2016).
The USP2 transcript is alternatively spliced to give the canonical mature mRNA, USP2a, and
its alternative transcripts, USP2b and USP2c respectively (Figure 1.12). The coding sequences
of the USP2a, USP2b and USP2c mRNA transcripts are 1818, 1191 and 1089 nucleotides (nt)
respectively (Figure 1.12) (NCBI, 2016). These USP2 transcripts are translated into their
corresponding USP2a, USP2b and USP2c proteins, which have various lengths of 605, 396 and
362 amino acids respectively (Graner et al., 2004, Mahul-Mellier et al., 2012, NCBI, 2016),
corresponding to the molecular weights of 68, 45.13 and 41.69kDa respectively (Stothard,

2000).

The USP2 isoforms comprise of an N-terminal region of varied lengths and a common
C-terminal domain of 347 amino acids (Figure 1.12) (Renatus et al., 2006). The C-terminal
domain is also the USP catalytic domain, which contains the active-site residues and Zinc-

binding sites (Renatus et al., 2006, Apweiler et al., 2001).

As USP2 is a de-ubiquitinating enzyme and a cysteine isopeptidase, it contains a Zinc-
binding site, and this site is defined as the CXXC-Xn-CXXC motif, whereby four cysteine
residues bind to one Zinc molecule (Renatus et al., 2006, Krishna and Grishin, 2004, Tencer et
al., 2016). This zinc “ribbon”, which is conserved among USPs, is located at the “tip” of the
finger subdomain and the conserved cysteine residues in USP2a are: Cys428, Csy431, Cys476

and Cys479 (Figure 1.12) (Renatus et al., 2006, Krishna and Grishin, 2004, Tencer et al., 2016).
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The ability to bind to Zinc is required for the activity of USP2 as a deubiquitinating enzyme
(Tencer et al., 2016, Krishna and Grishin, 2004). Furthermore, this zinc ribbon domain can

function as a scaffold for ubiquitin recognition (Krishna and Grishin, 2004, Tencer et al., 2016).

Additionally, USP2 contains a catalytic triad, which comprises of a Cysteine (Cys276),
Histidine (His557) and Asparagine (Asn574) residue, within its active site (Renatus et al., 2006,
Verma et al., 2016, Coulombe et al., 1996, NCBI, 2016, Yang and Wong, 2013, Tencer et al.,
2016). Within the catalytic triad, the Cys276 residue functions as a nucleophile and the His557
residue function as a proton donor that increases the nucleophilicity of the cysteine residue
(Renatus et al., 2006, Coulombe et al., 1996, Verma et al., 2016). The Asn574 residue
functions as the oxyanion hole, which is important in the stabilisation of the protease’s

transition states (Figure 1.12) (Renatus et al., 2006, NCBI, 2016, Yang and Wong, 2013).

USP2 functions to remove ubiquitin groups from its substrates by interacting with Lys6
and Leu73 of the K48-linked ubiquitin molecules, (Tencer et al., 2016, Renatus et al., 2006,
Bozza et al., 2012). USP2 can remove ubiquitin groups from its substrates as mono-ubiquitin
or di-ubiquitin in a one-step binding or biphasic binding respectively (Bozza et al., 2012). USP2
can also directly cleave Lys27-linked poly-ubiquitin chains of certain proteins, such as SMAD7

(Tu et al., 2022).
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Figure 1.12. Schematic diagram of USP2 gene and its encoded mRNA variants and protein

variants USP2a, USP2b and USP2c. (A) The USP2 gene is found on chromosome number 11

region q23.3 and has 13 exons (E1 to E13). (B) The USP2 gene is transcribed, and the resulting

RNA transcript is alternatively spliced into three different mRNA variants. (C) Each of the

mRNA variant gets translated into the corresponding USP2 variant protein.
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1.15 USP2 (or USP2a) functions as an onco-protein in several

cancers

Out of the three USP2 isoforms, the USP2a is the predominant isoform and has been
implicated in cancer (Graner et al., 2004, Priolo et al., 2006). For example, overexpressing
USP2a in mouse embryonic fibroblasts (MEF) cells could transform these cells to quickly form
tumours in mice models (Priolo et al., 2006). Additionally, overexpressing USP2a in MEF cells

resulted in the development of a sarcomatous phenotype (Priolo et al., 2006).

1.15.1 High expression of USP2 or USP2 fusion proteins in

tumours correlated with poor prognosis.

High expression of USP2 or USP2 fusion proteins has been associated with poor
prognosis in multiple cancer types. USP2a had been reported to be overexpressed in a subset
of primary prostate tumours (Graner et al., 2004, Priolo et al., 2006). Patients with high
expression of USP2 in upper tract urothelial tumours (Ke et al., 2022) or gastric tumours (Xiao
et al., 2022) or hepatic tumours (Xiong et al., 2021) had a significantly lower percentage of
overall survival and significantly shorter disease-free survival. Moreover, a KMT2A-USP2
fusion gene in paediatric B-cell acute lymphoblastic leukemia (B-ALL), which results in high
levels of USP2 expression, is associated with poor outcome (Wang et al., 2021a). In short,

these studies suggest that high expression of USP2 in different cancers is associated with
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more aggressive disease. Mechanisms by which USP2 causes cancers to grow more

aggressively and metastasise are described below.

1.15.2 USP2 suppresses p53 signalling pathway through

stabilisation of MDM2 and MDMA4.

One key oncoprotein that is stabilised by USP2 is MDM2. This has been observed in
multiple tumour types, such as prostate cancer (Stevenson et al., 2007, Benassi et al., 2012,
Benassi et al., 2013), non-small cell lung carcinoma (H1299) (Stevenson et al., 2007), human
embryonal carcinoma (NTERA-2) (Stevenson et al., 2007) and cutaneous T-cell lymphocytes
(CTCL) (Wei et al., 2016). A key function of MDM2 is to inhibit the function of the key tumour
suppressor P53, which it does by adding ubiquitin groups onto P53 (Stevenson et al., 2007).
By stabilising MDM2, USP2 causes inhibition of p53 signalling (Huun et al., 2017, Kim et al.,
2017), which leads to USP2 functioning as a survival stress response to protect cancer cells
from apoptosis induced by p53 and p53 signalling pathway (Benassi et al., 2012, Benassi et
al., 2013, Wei et al., 2016). When P53 is activated by stress signals, such as DNA damage,
transcription factor P53 upregulates genes involved in DNA repair, cell cycle arrest or
apoptosis (Hientz et al., 2017). Additionally, USP2 can stabilise MDM2 in breast and ovarian
cancers to promote cell migration, invasion, and epithelial mesenchymal transition (EMT)
through activation of the TGFg-SMAD pathway (Chen et al., 2017a, Yang et al., 2006).
Collectively, USP2 can contribute to therapeutic resistance in cancer cells through the

removal of ubiquitin groups from MDM2, which will then stabilise MDM2 and therefore
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enable MDM?2 to antagonise the pro-apoptotic activity of P53 (Stevenson et al., 2007, Benassi

et al., 2012, Benassi et al., 2013, Wei et al., 2016).

1.15.3 USP2 promotes metastasis and epithelial-to-

mesenchymal transition (EMT).

Additionally, USP2 regulates the stability of key proteins in EMT, a process whereby
epithelial cells trans-differentiate to a mesenchymal-like phenotype (Davies et al., 2020). EMT
plays a major role in cancer metastasis because mesenchymal cells are more migratory and
invasive (Davies et al., 2020, Davies et al., 2018). When exogenously expressed in HEK293T
cells, USP2 removed ubiquitin groups from the EMT transcription factor TWIST, while a
catalytically inactive USP2 mutant (C276A) was not able to induce TWIST deubiquitination (He
et al., 2019). USP2 can also enhance EMT in NTERA-2 cells by stabilising the pro-EMT factor
Aurora kinase A (Shi et al., 2011, Beltran et al., 2019, Wan et al., 2008, D'Assoro et al., 2014,

Willems et al., 2018) .

Knockdown of USP2 in triple-negative breast cancer (MDA-MB-157 and BT549), which
is an invasive and aggressive breast cancer type with poor prognosis outcome, led to reduced
expression of mesenchymal drivers and markers such as TWIST, N-Cadherin (N-CAD),
Fibronectin and BMI1 (He et al., 2019, Wahba and El-Hadaad, 2015). Additionally, in bladder
cancer, USP2 can interact with the scaffolding protein Tight Junction Protein 1 (TJP1) and
TWIST1 to upregulate expression of chemokine ligand 2 (CCL2), thereby promoting the EMT

pathway (Liu et al., 2022). USP2 activation of the EMT pathway resulted in infiltration of
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tumour-associated macrophage and tumour angiogenesis that promotes bladder cancer

progression (Liu et al., 2022).

1.15.4 USP2 enhances growth of cancer cells.

Another key oncogenic role of USP2 appears to be in stabilising proteins involved in
cell proliferation and mitosis. USP2 can regulate proliferation and the mitotic cycle through
stabilisation of Aurora kinase A (AURK A), epidermal growth factor receptor (EGFR), Cyclin A1,
Cyclin D1 and human epidermal growth factor receptor 2 (HER2) in NTERA-2, non-small cell
lung cancer (NSCLC), T24 bladder cancer, colorectal cancer (HCT116), lymphoblasts (Mino)
and HER2-overexpressing breast cancer (HCC1954 and SKBR3), respectively (Shi et al., 2011,
Liu et al., 2013, Kim et al., 2012, Davis et al., 2016, Zhang et al., 2020a). Cyclin D1 and Cyclin
Al are oncoproteins that regulates cell cycle progression, proliferation and growth and
induction of chemoresistance in cancer cells (Liao et al., 2007, Ramos-Garcia et al., 2017,
Moradi Binabaj et al., 2020, Huang et al., 2016, Miftakhova et al., 2016). Their results
corroborated the findings in Davis et. al. (2016), which showed that Cyclin D1 decreased in
prostate cancer cells (LNCaP) after 24 hours of pharmacological inhibition of USP2. Similarly,
HER2 appears to be a unique substrate of USP2 (when investigated alongside with other DUBs
such as AMSH and AMSHLP) in breast cancer cells (Zhang et al., 2020a). Overall, USP2 is an

important de-ubiquitylating enzyme for pro-growth oncoproteins.
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1.15.5 USP2 is important in endocytosis and autophagy.

USP2 can also regulate endocytosis in cancer cells. USP2 was found to localise to early
endosomes in Hela cells and non-small cell lung cancer (NSCLC), along with early endosomal
markers such as early endosome antigen | (EEA1) and RAB5 (Liu et al., 2013). This observation
was supported by Priolo et. al. (2006), who demonstrated that prostate tumours with high
USP2 expression was associated with upregulation of endocytic pathways, such as EEA1 and
ERBB3 and RAB pathways. RAB5 can act via its main effector EEA1 to form early endosomes
and fusions of early endosomes (Wandinger-Ness and Zerial, 2014, Bucci et al., 1992, Gorvel
etal., 1991). Consequently, when USP2 stabilised EGFR and prevented lysosomal degradation
of EGFR, there was increase in the amount of EGFR being recycled back to the cellular surface
membrane (Liu et al., 2013). Collectively, these results suggest that USP2 is important in
promoting recycling of oncoproteins back to the cell surface membrane and thereby driving
tumorigenicity.

USP2 can regulate the stability of proteins important in autophagy. USP2 can directly
remove the K48-ubiquitination of RAB1, thereby stabilising RAB1 and promoting the
accumulation of RAB1la in hepatocarcinoma (HCC) cells (Xiong et al., 2021). RAB1 is a GTPase
thatis required for initiation of autophagosome formation (Carlos Martin Zoppino et al., 2010,
Webster et al., 2016). Elevated expression of RAB1 also drives mTORC1-dependent growth in
tumours and mTORC1 signalling, which can regulate autophagy (Wang et al., 2017), by
regulating the interaction between mTORC1 and RHEB (Thomas et al., 2014, Lu et al., 2021).
Additionally, USP2 can also de-ubiquitinate E2F4 in gastric cancer cells (Xiao et al., 2022). E2F4
was identified as a novel transcriptional activator for the expression of genes involved in

autophagy, such as ULK2 and ATG2 (Xiao et al., 2022). ULK2 is important for initiation of
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autophagy (Kim et al., 2016), while ATG2 is important for the formation of autophagosomes
at a late-stage (Velikkakath et al., 2012). Importantly, inhibiting USP2 in a mice model of
poorly differentiated gastric adenocarcinoma resulted in drastically reduced growth of those
subcutaneous xenograft tumours (Xiao et al., 2022). Overall, these results suggest that the
USP2-RAB1-autophagy or the USP2-E2F4-autophagy axes can be potential therapeutic targets

in cancer.

1.15.6 USP2 is important in metastasis.

USP2 can promote migration and invasion of hepatocarcinoma (Xiong et al., 2021) and
gastric adenocarcinoma cell lines (Xiao et al., 2022). Genetic silencing of USP2 significantly
reduced the migratory and invasive abilities of hepatocarcinoma cells (Xiong et al., 2021).
Conversely, overexpressing USP2 in hepatocarcinoma cells increased the number of cells that
migrated or invaded through Matrigel (Xiong et al., 2021). Mechanistically, Xiong et. al. (2021)
demonstrated that the ability of USP2 to promote migration and invasion of hepatocarcinoma
cells is partly mediated through RAB1, which was identified to be a putative substrate in
hepatocarcinoma. Similarly, through USP2 stabilisation of E2F4 in gastric cancer, the
migratory and invasive abilities of gastric adenocarcinoma was promoted (Xiao et al., 2022).
Xiao et. al. (2022) had attributed this phenomenon to the ability of USP2 to promote the
accumulation of E2F4 in gastric cancer that then enabled E2F4 to upregulate expression of
the ULK2 gene, which encodes for ULK2 that is important in promoting EMT and thus
invasiveness of cancer cells (Xiao et al., 2022, Kim et al., 2016). Therefore, these results

strongly suggest that inhibiting USP2 in prostate cancer cells can also reduce their migratory
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and invasive abilities. The importance of USP2 as an oncoprotein in various cancer types has

been summarised in Figure 1.13.
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Figure 1.13. Summary of USP2 and the substrates that USP2 stabilises to carry out its functions as an oncoprotein in various cancer types.
Highlighted in bold are substrates of USP2 and the functions of USP2 that have not been investigated in prostate cancer. Grey text indicates that

these proteins co-localised with USP2.
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1.16 Gaps in knowledge related to my project

Although the field has identified many mechanisms of therapy resistance, treating
patients with CRPC remains a major challenge. Thus, there are clearly major mechanisms of
resistance that remain to be identified, and some of these will represent therapeutic
vulnerabilities in CRPC tumours. One common alteration that is observed in CRPC is changes
to the ubiquitin proteasome system (UPS), but the relevance of this is largely unknown. In
particular, whether USP2 has a role in mediating growth, survival and therapy resistance in

prostate cancer has not been investigated, a gap that forms the basis of this project.

1.17 Research Hypothesis

USP2 is important for the growth and survival of prostate cancer and can mediate resistance

to AR-targeted therapies and chemotherapy.

1.18 Aims of the project

Aim 1: Determine if USP2 can promote survival of prostate cancer cells against AR-
targeted therapy and chemotherapy and drive the acquisition of the treatment-emergent
neuroendocrine phenotype.

Aim 2: Investigate if USP2 is a therapeutic target in aggressive prostate cancer.

Aim 3: Investigate the mechanisms by which USP2 promotes survival of prostate cancer.
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Chapter 2:

Materials and Methods
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2 Materials and Methods
Table 2.1. Oligo sequences and information
. , , Annealing Type of
Oligo Name Sequence (5’ to 3’) Temperature (°C) target
FKBPS F AAAAGGCCAAGGAGCAACAAC 55 cDNA
FKBPS R TTGAGGAGGGGCCGAGCTT 55 cDNA
SYP Forward TTAGTTGGGGACTACTCCTCG 61.1 cDNA
SYP Reverse GGCCCTTTGTTATTCTCTCGGTA 61.1 cDNA
Beta-Actin F GGCCAACCGCGAGAA 55 cDNA
Beta-Actin R ATCACGATGCCAGTGGTACG 55 cDNA
USP2a F CTGCCCTGAATACCTGGTCG 57.1
cDNA
USP2a R TCGGTAGGTTGGGCTGATGAT 57.1
USP2b F CCTGCTGCTCTCCACCTTC 57.1
cDNA
USP2b R AAGCACGTGTTCCCAAGGTTTC 57.1
USP2 ChIP F Cenomic
(region 1) GTCACGGCTATTGGCTTGTT 55 A
USP2 ChiP R CGTGTGACATTCCAGTCCAC 55 Genomic
(region 1) DNA
USP2 ChiP F TGAAATTGCCACTCTTGCTG 55 Genomic
(region 2) DNA
USP2 ChiP R TGGCAGACTCATCTGCAAAC 55 Genomic
(region 2) DNA




-
30

THE UNIVERSITY

o ADELAIDE
G1USP2aFl GACTCTACCAAACGGCATCC 55 to 60
Plasmid
sequencing
G1 USP2aR1 TGTCCTCGCGTTCCAGATAC 55 to 60
M13 F GTAAAACGACGGCCA 55 to 60
Plasmid
sequencing
M13 R AGGAAACAGCTATGAC 55 to 60
Puromycin F1 AGAACTCTTCCTCACGCG 64
Plasmid
sequencing
Puromycin R1 CTTCCATCTGTTGCTGCGC 64
TF-U$P2a Fi GATGGATTGTATGCGGCTCT 55
primer
mRNA
TF-USP2aR1 GCTTGCTTGTCCTGATTCGG 55
primer
ENO2 F primer TGGTGAAGGAAGCCATCGAC 55
cDNA
ENO2 R primer GGTCCCCAGTGATGTATCGG 55
SYP F primer TTAGTTGGGGACTACTCCTCG 60
cDNA
SYP F primer GGCCCTTTGTTATTCTCTCGGTA 60
Z0-1 F primer CTGGGCTCTTGGCTTGCTAT 55
cDNA
ZO-1R primer GTCTCCGCCTGCTGTTTTTG 55
Vimentin F GAGAACTTTGCCGTTGAAGC 55
cDNA
Vimentin R GCTTCCTGTAGGTGGCAATC 55
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Reagent Supplier Catalogue Number

2-Chloroacetamide Sigma Aldrich C0267-100G

7-AAD Invitrogen A1310

Alisertib (Aurora A inhibitor) TargetMol T2241

AnnexinV-PE BD Pharmingen 556421 (200 tests)

Ammonium Bicarbonate Sigma Aldrich 09830 Bio-Ultra grade

Bradford assay reagent Biorad 500-0006

BSA (bovine serum albumin) Sigma Aldrich A9647

Calcium chloride (anhydrous, Sigma Aldrich C1016 — 100 grams

granular)

Calcium Chloride BDH Chemicals 10070

Chloroform Sigma Aldrich C2432

cOmplete mini EDTA-Free Roche Sigma Aldrich Roche #04 693 159 001

(easypack; 30 tablets) (for every 10mL

of lysis buffer)

DAPI Sigma Aldrich MBDO0015-1mL

5a-Dihydrotestosterone (DHT) Sigma Aldrich D5027

(dissolved in ethanol)

DMEM ThermoFisher 11995073
Scientific

DMSO (dimethyl sulfoxide) Sigma Aldrich D2650

DMSO (dimethyl sulfoxide) (sterile Sigma Aldrich D2438 — 50mL

filtered; meets EP and USP testing

specifications)

Docetaxel CAS 114977-28-5 Med Chem HY-B0011-100mg
Express

Dithiothreitol (DTT) Sigma Aldrich D0632

Dulbecco’s Phosphate Buffered Saline | Sigma Aldrich D8537

(DPBS) — suitable for cell culture

Dynabeads Protein A (30mg/mL) Invitrogen 10002D

Ethanol, molecular grade Scharlau ET00110500

ECL Clarity BioRad 1705061

ECL Select BioRad RPN2235

FBS (Fetal bovine serum) Sigma Aldrich or 14M357
Cell Sera

Gateway BP Clonase Il Enzyme mix Invitrogen 11789100

GelRed Nucleic Acid Gel stain Biotium Adelab GTS41003

10 000X Scientific

Glycerol Chem Supply GA010-2.5L-P

Hanks’ Balanced Salt Solution Sigma Aldrich H9394 — 500mL

HEPES (1M) Gibco 15630-080

iQ SYBR Green Supermix BioRad 170-8885

iScript cDNA synthesis kit BioRad 170-8891
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Lipofectamine RNA iMax ThermoFisher 13778-150
Scientific
Low Bind Tubes (1.7mL) Axygen MCT175LC
Luria agar (Miller’s LB agar) Sigma L-3147
NucleoSpin Plasmid (for mini-prep of | Macherey Nagel 74058850
plasmids)
NucleoBond Xtra Midi EF Macherey-Nagel 74042010
1M Magnesium chloride (0.2um Invitrogen AM9530G
filtered)
ML364 (USP2 inhibitor) Med Chem HY-100900
Express
ML364 (USP2 inhibitor) (used for mice | TargetMol T3555
work)
Nitrocellulose membrane Amersham GE10600018
Protran
Nitrocellulose membrane Amersham GE10600016
Protran
OptiMEM ThermoFisher 31985070
Scientific
Poly(ethylene glycol glycol) BioUltra Sigma Aldrich 91893 — 250mL - F
400 (i.e. PEG 400)
0.1% (w/v) Poly-L-Lysine in water Sigma Aldrich P8920
Polysorbate 80 Sigma Aldrich 59924
Ponceau S Sigma Aldrich P3504
RNeasy mini kit Qiagen 74104
RPMI 1640 Sigma Aldrich R8758
RPMI 1640 phenol red free Sigma Aldrich R7509
3M Sodium acetate pH5.5 Invitrogen AM9740
5M Sodium chloride (0.2um filtered) Invitrogen AM9760G
TrypLE Express Enzyme Gibco 12605010
Trypsin EDTA Sigma Aldrich T4049
Trypsin (Pierce Trypsin Protease MS Pierce LTS90058
Grade)
TE Buffer pH 8.0 (0.2um filtered) Invitrogen AM9849
Tween 20 Sigma Aldrich P7949
Xenolight D-Luciferin Perkin Elmer 122799 -1 gram
XT-MOPs Biorad 1610788
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2.1 Maintenance of prostate cancer cell lines

Prostate cancer cell lines LNCaP, VCaP and PC3 were obtained from the American Type
Culture Collection (ATCC; Rockville, MD, USA) and castrate resistant prostate carcinoma cell
lines V16D RPC, MR4A9FENZR and MR42DENZR were kindly gifted to us from Prof. Amina Zoubeidi’s
laboratory. These castrate-resistant cells were derived through serial grafting of LNCaP cells
in castrated mice that were also treated with 10mg/kg enzalutamide daily, after which cell
lines were generated from castration-resistant and enzalutamide-resistant tumours (Bishop
et al,, 2017, Toren et al., 2016). MR49FENZR and MR42DENZR cells were cultured in RPMI 1640
medium (Sigma #R0883) supplemented with 10% fetal bovine serum (FBS) and 10uM
enzalutamide. The characteristics of cell lines used in this project are described in Table 2.3.

All cell lines were maintained at 37°C in 5% CO, atmosphere.
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Table 2.3. A summary of the distinguishing characteristics for the cell lines used in this

project.

Cell- Originated from AR status Other relevant

line mutations/characteristics

LNCaP | Lymph node lesion | Mutated AR: PTEN”

Has a T878A gain-of- This mutation is associated
function mutation in the | with increased chance of
AR’s LBD (Veldscholte et | biochemical recurrence after
al., 1990) prostatectomy in patients’

A promiscuous androgen | cohort, resulting in CRPC (Li et
receptor (Veldscholte et | al., 1997, Krohn et al., 2012)
al., 1990)

T878A mutation allows

AR to be activated by

DHEA, estradiol,

progesterone,

cyproterone acetate,

flutamide and nilutamide

(Wadosky and

Koochekpour, 2016)

MR49F | An enzalutamide- Its AR has both a T878A | Weakly responsive to
resistant LNCaP and F877L gain-of- androgens (Bishop et al.,
derivative (Bishop | function mutations 2017);
etal., 2017) (Bishop et al., 2017). Enzalutamide resistant

(Bishop et al., 2017)
The F877L mutation is
implicated in conferring
resistance to anti-
androgens
(Bishop et al., 2017,
Coleman et al., 2016,
Joseph et al., 2013,
Korpal et al., 2013,
Balbas et al., 2013).
MR42D | An Enzalutamide- Same mutated AR as Enzalutamide resistant

resistant LNCaP
derivative (Bishop
etal., 2017)

LNCaP (Bishop et al.,
2017)

(Wadosky and Koochekpour,
2016);
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Does not express PSA; has
reduced expression of
canonical AR-regulated genes;
has increased expression of
neural transcription factor
BRN2, neural cell adhesion
molecule 1 (NCAM1) and
terminal neuroendocrine
markers, such as neuron-
specific enolase (NSE),
synaptophysin (SYP),
chromogranin A (CGA)
(Bishop et al., 2017, Davies et
al., 2021).

VCaP A prostate tumour | Expresses wildtype AR Highly sensitive to androgen
that had and AR-variants Sensitive to castration and
metastasized to AR is amplified Enzalutamide (Makkonen et
the bone (Makkonen et al., 2011) | al., 2011)

(Makkonen et al.,
2011)

PC3 A prostate tumour | AR-negative (Tai et al., Growth is not affected by
that had 2011) androgen withdrawal,
metastasized to resistant to AR-targeted
the bone (Tai et al., therapies (Tai et al., 2011)
2011) Expresses neuroendocrine

markers (Tai et al., 2011)

DU145 | A prostate tumour | AR-negative (Wadosky Castrate-resistant and
that had and Koochekpour, 2016) | resistant to AR-targeted
metastasized to therapies (Wadosky and
the brain (Wadosky Koochekpour, 2016)
and Koochekpour,

2016)
C42B An castration- Same mutated AR as Insensitive to hormones

resistant LNCaP
derivative (Spans
et al., 2014)

LNCaP (Spans et al.,
2014)

(Thalmann et al., 2000)
Expresses PSA (Thalmann et
al., 2000)
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22Rv1

An epithelial PCa
cell-line that was
derived from an
androgen-
dependent CWR22
xenograft which
had been grown in
mice, then
castrated and
relapsed (Pretlow
et al,, 1993).

Mutated AR:

Has a H875Y gain-of-
function mutation in the
AR’s LBD (Sramkoski et
al., 1999, Wadosky and
Koochekpour, 2016).

The H875Y mutation
allows the AR to be a
promiscuous receptor in
a patient’s prostate
tumour
(Vasudevamurthy et al.,
2017) and is implicated
in resistance to AR-
antagonists (Doamekpor
et al., 2023).

Weakly stimulated by DHT
(Sramkoski et al., 1999).
Castration resistant, but still
sensitive to Enzalutamide
Has gene rearrangements
within the AR gene that
results in increased
expression of AR variants (Li
etal., 2011)
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2.2 Generation of LNCaP cells over-expressing USP2

2.2.1Insertion of triple FLAG tagged USP2a gene block into

PDONR221 vector.

The triple FLAG-tagged USP2a gene block was designed and ordered from Singapore
Integrated DNA Technology (IDT). 3uL of 25ng/uL triple FLAG tagged USP2a gene block (TF-
USP2 g-block) was added to the mixture of 1uL 1g/L pDONR221 plasmid and 1ul BP Clonase
was added to a PCR-clean tube, according to manufacturer’s protocol (Gateway BP Clonase |l
from Life Tech, Cat #11789020) (Table 2.2), to generate the TF-USP2 entry vector (Figure 2.1
and Figure 2.2).

The Stbl3 E.coli cells (Invitrogen Catalogue C7373-03) were transformed with the BP
reaction. SOC media (Table 2.5) was added to the transformed bacterial cells and allowed to
recover at 37°C. The transformed bacterial cells were then plated onto LB agar plates (Sigma
L-3147) containing 50 pug/mL kanamycin and incubated at 37°C overnight. Colonies were
picked and grown in LB broth with 5mL LB broth with 50 pg/mL kanamycin overnight at 37°C.
Plasmid DNA was extracted from the cultures using NucleoSpin Plasmid (Macherey Nagel Cat#
74058850). The resulting vector (Figure 2.1) was digested by EcoRV enzyme to confirm the

insertion of the g-block.
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Figure 2.1. The pENTR-TF-USP2a contains the g-block inserted into the pDONR221 vector
through recombination at the AttB sites present in the g-block and AttP sites present in the

pDONR221 vector using BP Clonase enzyme (Invitrogen Gateway BP Clonase Il Enzyme mix).
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2.2.2 Insertion of TF-USP2 transgene from a Gateway entry clone

into a destination vector

The pJS64 destination vector contains a constitutively active MND promoter to drive
expression of the TF-USP2 transgene and the mPGK promoter to drive the expression of the
hygromycin resistance gene. To generate the final lentiviral TF-USP2 overexpression vector
(Figure 2.3), a reaction was set up comprising 1 uL of destination vector (pJS64), 1 uL of
PENTR-TF-USP2 vector and 1 pL of LR Clonase Il enzyme (Invitrogen, Catalogue 11791-020)
(Figure 2.2). The reaction was incubated overnight at 25°C in the thermal cycler. After the
overnight incubation, 1 pL of Proteinase K was added to each sample to terminate the
reaction and the samples were then incubated at 37°C for 10 minutes.

The Stbl3 E.coli cells (Invitrogen Catalogue# C7373-03) were transformed with the LR
reaction in a 1 mm cuvette. SOC media was added to the transformed bacterial cells and
allowed to recover at 37°C. The transformed bacterial cells were then plated onto LB agar
plates (Sigma L-3147) containing 100 pg/mL ampicillin and incubated at 37°C overnight.
Colonies were picked and grown in LB broth with 5mL LB broth with 100 pug/mL ampicillin
overnight at 37°C. Plasmid DNA was extracted from the cultures using NucleoSpin Plasmid
(Macherey Nagel Cat# 74058850). The resulting overexpression vector (Figure 2.3) were
digested by EcoRl enzyme to confirm the insertion of the TF-USP2 g-block into the destination
vector. Once the correct vector been confirmed by EcoRI digestion, the sequences flanking
the TF-USP2 transgene were sent for sequencing. The results of the sequencing were then

aligned to the parental vector in silico.
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Figure 2.2. The insertion of the triple FLAG tagged USP2 fusion gene (TF-USP2) from the
entry clone into the destination vector happens through the recombination at the AttL and

AttR sites on the entry clone and destination vector respectively.
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Figure 2.3. The diagram depicts the FLAG-USP2 expression vector generated from the LR
reaction between the pENTR-TF-USP2a entry clone and the destination vector, MND-DEST
mPGK-hygro. The FLAG-tagged USP2 transgene is now under the constitutive MND promoter.
Other important features included in this expression vector are the origin of replication, the
components that are part of the lentiviral transduction system and the constitutive mPGK
promoter that drives the expression of the Hygromycin resistance gene, which functions as a

selection marker.
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2.3 Lentiviral transduction of LNCaP cells

A total of 20ug of DNA of the transfer package (final expression vector) and 2nd
generation packaging lentiviral vectors (psPAX2 and pMD2.G) were transfected in a molar
ratio of 4.8:3:1.6 respectively into 15 million HEK293T/17 cells, which were seeded into a T75
flask one day prior to transfection. pMD2.G was a gift from Didier Trono (Addgene plasmid #
12259; http://n2t.net/addgene:12259 ; RRID:Addgene_12259). psPAX2 was a gift from Didier
Trono (Addgene plasmid # 12260 ; http://n2t.net/addgene:12260 ; RRID:Addgene_12260).
The transfection reagent used was polyethylenimine (PEI) (Polysciences CAS# 49553-93-7)
and the molar ratio of DNA to PElI was 1:3.1. The supernatant was changed after the
transfection to remove the transfection reagent. The viral supernatant was then harvested
after 48 hours and filed through a 0.45 um PVDF filter.

Lentiviruses were transduced into prostatic adenocarcinoma LNCaP cells with 6pg/mL
polybrene (final concentration) (Also known as Hexadimethrine Bromine from Sigma, Cat#
H9268). The volume of lentiviruses chosen for transduction resulted in the multiplicity of
infection (MOI) to be approximately 1. The transduced LNCaP cells were then treated with
one month of hygromycin selection to successfully select for USP2-overexpressing cells
(LNCaP-USP2-0E) and the corresponding control cells. These transduced LNCaP-USP2-OE cells
were confirmed to be overexpressing the FLAG-tagged USP2 protein, which was validated via

Western blot by probing with the FLAG primary antibody.
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2.4 Preparation of protein samples for Western blotting

Cells were typically grown in 6-well plates or 10cm dishes for extraction of proteins.
Cells were washed with 1mL cold PBS and 110uL of RIPA lysis buffer (pH 7.4) (Table 2.5) were
added to each well of a 6-well plate, followed by 5 minutes incubation on ice. Cells were
scraped from wells and collected in 1.5mL Eppendorf tubes on ice. Cell lysates were spun at
maximum speed and the supernatant containing proteins was collected. Protein
concentration of each lysate was assessed using Bradford assay (Biorad Catalogue# 5000006).

Protein lysates were stored at -80°C.

2.4.1 Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis

(SDS-PAGE)

Protein samples were made up in a final concentration of 1X loading dye and heated
at 95°C for 5 minutes. 20 to 40ug of denatured proteins were loaded into each well of a pre-
cast SDS-PAGE gel (Criterion XT Bis-Tris or Criterion TGX Stain-free). The gels were run with
the appropriate running buffer at 150V for 1 hour or until the dye front had run off the gel.
The information on SDS-PAGE gels and their corresponding running buffers is described in
Table 2.4. Precision Plus Protein Dual Color Standards (Biorad #1610374) was used as a

standard protein ladder.
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2.4.2 Western blotting

Transfer of proteins from SDS-PAGE gels to nitrocellulose membrane (Amersham
Protran GE10600018) was conducted at 400mA for 1 hour using 1X transfer buffer (Table 2.2).
Membranes were then blocked for 1 hour in 5% (w/v) skimmed milk in PBS and washed thrice
for 3 minutes each in PBS Tween (PBST) prior to the addition of primary antibodies. Primary
antibodies were made up in 3% (w/v) skim milk in PBST. Membranes were left overnight in
the primary antibodies at 4°C with gentle agitation on a rocker. After washing the blot thrice
in TBST, the corresponding secondary antibody tagged with a horseradish peroxidase enzyme
(HRP) in TBST was added for 1 hour at room temperature, rocking. The membranes were then
washed thrice in TBST. ECL solution (BioRad #1705061) was added on top of the membrane
before the membrane was imaged on the Biorad Chemidoc MP imaging system and analysed
using Image Lab Software. Protein expression was determined by densitometry
measurements. The following information is described in Table 2.5, Table 2.6 and Table 2.7:

10X transfer buffer, the primary and secondary antibodies.
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Table 2.4. Description of SDS-PAGE gels and running buffers.

SDS-PAGE

Corresponding Running Buffer

Criterion XT Pre-cast Gels/ Extended shelf-
life, 10% Bis-Tris, 18-well (BioRad #345-
0112)

Criterion XT Pre-cast Gels/ Extended shelf-
life, 4 to 12%, 18-well comb (BioRad #345-
0124)

XT MOPS 20X Running Buffer pH 6.9 (BioRad
# 1610788)

Criterion TGX Stain-free, 10%
polyacrylamide, 18-well (Biorad #5678034)

Criterion TGX Stain-free, 4 to 15%
polyacrylamide, 18-well (BioRad # 5678084)

To run the TGX stain-free gels, a 1 in 10
dilution of the 10X Tris/Glycine/SDS running
buffer.

This 10X running buffer contains:
75g Tris (Sigma 7-9 #T1378), 360g Glycine
(Sigma #G8898)

25g SDS (Molecular weight = 288.38g/mol,
Sigma #L3771)

in 2.5L of reverse osmosis (RO) water.

Table 2.5. Recipes for solutions and buffers

Solution / Buffer

Final concentrations / amounts

SOC media

1% (w/v) Tryptone

1% (w/v) Yeast Extract
85.5mM NacCl

20mM Glucose

RIPA lysis buffer (pH 7.4)

10mM Tris

150mM NaCl

1mM EDTA

1% (w/v) TritonX-100

1X cOmplete mini protease inhibitor
(Cat. #11836153001)

10X transfer buffer

360 grams Glycine (Sigma #G8898)
77.5 grams Tris (Sigma 7-9 # T1378)
2.5L reverse osmosis (RO) water

6X Western loading buffer

0.27M Tris-Cl

10.3% SDS

35% glycerol (v/v)

6% b-mercaptoethanol (v/v)
0.05% bromophenol blue (v/v)

82



-
30

THE UNIVERSITY
o ADELAIDE

Table 2.6. Description of primary antibodies used for Western blotting in this study.

Primary antibody dilutions

Expected molecular weight

10mL Flag (Sigma #F1804) mouse
monoclonal primary antibody diluted 1 in
2000 in 3% BSA in TBST

Approximately 68 kDa
To probe for Flag-tagged USP2 protein

Aurora A (CST D3E4Q) rabbit monoclonal
primary antibody diluted 1in 1000 in 3% BSA
in TBST

Approximately 48 kDa

Cyclin D1 (DAKO M3642) rabbit monoclonal
primary antibody diluted 1in 1000 in 3% BSA
in TBST

Approximately 36kDa

FASN (Santa Cruz SC-20140) rabbit
polyclonal primary antibody diluted 1:1000
(milk in TBST)

Approximately 250 kDa

AR (Abcam #ab108341 ER179) rabbit
monoclonal primary antibody diluted 1 in
1000 in 5% skim milk in TBST

Approximately 110kDa

FKBP5 (Abcam #ab126715) rabbit
monoclonal primary antibody diluted 1 in
1000 in 5% skim milk in TBST

Approximately 50kDa
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Table 2.7. Description of secondary antibodies used in this study.
Name of secondary antibody Supplier and catalogue number

Goat anti-mouse 1gG highly cross-adsorbed

secondary antibody with conjugated Thermo Fisher (Catalogue #A16078)
horseradish peroxidase (HRP)

Goat anti-rabbit 1gG highly cross-adsorbed

secondary antibody with conjugated Thermo Fisher (Catalogue #A16110)
horseradish peroxidase (HRP)
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2.5 RNA extraction from prostate cancer cell lines

To isolate RNA from cells grown in 6-well plates, cell supernatant was removed from
wells and cells were harvested in 1mL Trizol per well into 1.5mL PCR-clean Eppendorf tubes.
200uL of chloroform was added per sample, and then samples were vigorously shaken by
hand for 15 seconds before a 10-minute incubation at room temperature. The samples were
then centrifuged at 12,000g for 15 minutes at 4°C to isolate the upper aqueous layer. 400uL
of the aqueous layer was transferred to a PCR-Clean 2mL tube. The following reagents were
added to the aqueous layer in sequential order: 2.5 volume of 100% ethanol (which equates
to 2.5 x 400uL = 1000 pL), 0.1 volume of 5M NaCl (which equates to 0.1 x 400 pL = 40 pulL), a
final concentration of 10mM MgCl2 in a total volume of 1.44mL of reaction and 2puL of Glyco-
Blue (Life Technologies). Samples were mixed and incubated overnight at -20°C, followed by
spinning down at maximum speed for 30 minutes at 4°C. RNA pellets were then washed with
80% ethanol and air-dried at room temperature before being resuspended in 50 plL nuclease-
free water. RNA concentration and purity were quantified using a Nanodrop. Samples were

stored at -80°C until further use.

2.6 Reverse transcription of mRNA to generate complementary

DNA (cDNA)

RNA was treated with TURBO DNAse (Invitrogen Catalogue #AM1907) to remove any
contaminating genomic DNA that can interfere with downstream applications according to
the anufacturer’s instructions . Each RNA pellet was washed with 1mL of 75% ethanol and

then dried before being resuspended in TE Buffer, pH7.0 (Ambicon Cat #9860) and quantified.
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1000ng of DNAse-treated RNA samples were reverse transcribed into complementary DNA
(cDNA) in a total volume of 20uL per reaction using the iScript™ cDNA Synthesis Kit (Bio-Rad
Cat#1708891). The cDNA reaction mix was incubated in a thermocycler using the following
protocol: priming for 5 minutes at 25°C, 20 minutes of reverse transcription at 46°C and 1

minute of reverse transcriptase inactivation at 95°C.

2.7 Quantitative real-time PCR

Quantitative RT-PCR (gRT-PCR) was performed in three technical replicates for each cDNA
sample. For each 10 uL reaction in a 384-well plate, 5 pL of 2X iQ SYBR Green Supermix
(Biorad Catalogue# 1708887) and 2pL diluted cDNA was included. The cDNA was diluted at
least 1 in 4 with nuclease free water. Sequences of primers are described in Table 2.1.
GAPDH or Actin levels were used for normalisation of qRT-PCR data according to the BioRad
RT-gPCR method. The gPCR data was analysed using the software called BioRad CFX

Manager.

2.8 Trypan blue cell viability assays for siRNA transfections

Cell viability was assessed for prostate cancer cells treated with siRNAs and drugs or when
USP2 was overexpressed. The following drugs were tested in this study: enzalutamide (Focus
Bioscience #HY-70002), ML364 (Focus Bioscience #HY-100900), alisertib (Assay Matrix
#T2241) and docetaxel (Focus Bioscience #HY-B0011). For the transfection experiments, cells
were reverse transfected with siRNAs targeting human USP2a transcript and seeded in

triplicates. The siRNA used for the negative control was the “AllStars Negative Control” siRNA
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(20nmol from Qiagen, Catalogue# 1027281). Live and dead cells were manually counted using
a hemacytometer at the appropriate time points. Using a haemocytometer, cell viability was

determined by the exclusion of Trypan blue in live cells.
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Chapter 3:
USP2 is a novel driver of
lethal prostate cancer and

mediator of therapy resistance
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3 USP2 is a novel driver of lethal prostate cancer and
mediator of therapy resistance.

3.1 Introduction

This chapter aims to identify genes that are upregulated in response to AR antagonists
as a means to provide new insight into uncover mechanisms of resistance to AR-targeted
therapies in prostate cancer. Several studies have investigated mechanisms of resistance by
conducting RNA-sequencing of enzalutamide-treated prostate cancer cell lines, such as LNCaP
and C4-2 (Zhao et al., 2016, Yuan et al.,, 2019, Svensson et al.,, 2017). However, the
disadvantages of using cell lines are that they lack tissue architecture and the immediate
tumour microenvironment (Risbridger et al., 2018, Centenera et al., 2018a). Employing
models that more accurately model the human condition, such as patient derived explants
(PDEs), will provide more clinically relevant information. PDEs are small pieces of cancer tissue
that are grown on gelatine sponges (Risbridger et al., 2018, Centenera et al., 2018a). The
advantages of using PDEs are that tissue architecture and androgen signalling are maintained
to allow for the study of androgen-regulated genes in real patient tissues (Risbridger et al.,
2018, Centenera et al.,, 2018a). Histopathological assessment of tissue architecture and
cellular appearance, between PDEs and the uncultured tumour tissue from surgery, showed
that PDEs can be cultured for up to 6 days on gelatine sponges (Centenera et al., 2018a). The
tumour microenvironment was also maintained in the PDEs (Centenera et al., 2018a). So far,
PDEs have been mainly used for the assessment of drug efficacy and can be used for multiple

other applications, such as investigating uptake of enzalutamide in tumours over time using
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mass spectrometry, delivering siRNAs in porous silicon nanoparticles (pSiNPs), and inhibiting
genes- and proteins-of-interest via shRNAs and drugs (Mutuku et al., 2019, Tieu et al., 2021,
Centenera et al., 20183, Gillis et al., 2013, Gillis et al., 2021).

In this chapter, we conducted RNA sequencing of PDEs treated with enzalutamide and
identified USP2 as a gene that was upregulated in response to enzalutamide. Our subsequent
investigation of USP2 revealed that it was repressed by androgen signalling, upregulated in
AR-independent neuroendocrine prostate cancer, and could mediate resistance to AR-

targeted therapies and chemotherapy.
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3.2 Materials and Methods

3.2.1 Tissue collection from a matched normal to tumour cohort

Prostate tissues were collected with written informed consent from patients
undergoing radical prostatectomy at St Andrew’s hospital, Adelaide, Australia, through the
Australian Prostate Cancer BioResource. These patients had no previous treatments prior to
radical prostatectomy. A longitudinal section of each tissue was removed before being
cultured ex vivo (described below). Half of the samples were snap frozen and the remainder
were fixed in formalin and paraffin embedded for assessment by a pathologist. Ethical
approval for tissue collection and experimentation was obtained from St Andrew’s and the
University of Adelaide Human Research Ethics committees. All experiments with patient
material were performed in accordance with the National Health and Medical Research
Council of Australia guidelines. Histopathologic features of all tumours used in this study are

detailed in Table 3.1 (Butler et al., 2021).

Table 3.1. Description of patients’ tumours described in this study.

. Pre-RP 1° 2° Total
PatientID | Age at RP PSA Gleason Gleason Gleason
32717 70.7 16 3 4 7
32732 66.7 7 3 4 7
32743 67.3 18.6 4 4 8
32747 57.6 6.9 3 4 7
32755 64.2 5.6 3 3 6
32760 70.6 6.5 3 4 7
32764 67.1 8.1 3 4 7
32771 66.5 5.7 3 4 7
32800 59.2 1.8 3 4 7
32802 69.1 7 4 3 7
32804 70.3 7.9 4 3 7
32840 50.6 8.6 3 4 7
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3.2.2 Ex vivo culture of human prostate tumours

Patient prostate tumours were cultured in accordance with techniques established
previously described by the laboratory of my supervisor, Prof Lisa Butler (Centenera et al.,
2012). Prostate cancer tissue in the form of 8mm biopsy cores were obtained with written
informed consent through the Australian Prostate Cancer BioResource from men undergoing
radical prostatectomy. The tissue was cut into 1 mm? pieces and cultured in triplicates on pre-
soaked Gelfoam sponges (80 x 125mm Pfizer 1205147) in 24-well plates containing 500uL
RPMI-1640, 10% FBS, antibiotic/antimycotic solution, 0.01mg/mL hydrocortisone and
0.01mg/mL insulin (Sigma). Vehicle or 10 uM or 50 uM enzalutamide was added into each
well and the tissues were cultured at 37°C for 48 hours before being preserved in RNAlater
(Invitrogen) or formalin-fixed and paraffin embedded. Total RNA was extracted using a
RNeasy mini kit (Qiagen #74104) according to manufacturer’s instructions.

Libraries for RNA sequencing were generated using 800 ng of RNA and a TruSeq
Stranded Total RNA Library Prep Kit (lllumina #20020596), according to manufacturer’s
instructions. Sequencing was carried out at the South Australian Health and Medical Research
Institute Genomics Facility using an Illumina NextSeq 500 (single read 75bp v2 sequencing
chemistry). The quality and number of reads for each sample were assessed with FastQC
v0.11.3 (Andrews, 2010) . Adaptors were trimmed from reads, and low-quality bases, with
Phred scores < 28, were trimmed from ends of reads, using Trimgalore v0.4.4 (Krueger, 2012).
Trimmed reads of <20 nucleotides were discarded. Reads passing all quality control steps
were aligned to the hg38 assembly of the human genome using TopHat v2.1.1 (Kim et al.,
2013) allowing for up to two mismatches. Reads not uniquely aligned to the genome were

discarded. HTSeq-count v0.6.1 (Anders et al., 2015) was used with the union model to assign
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uniquely aligned reads to Ensembl Hg38.86-annotated genes. Data were normalized across
libraries by the trimmed mean of M-values (TMM) normalization method, implemented in
the R v3.5.0, using Bioconductor v3.6 EdgeR v3.20.9 package (Robinson et al., 2010). Only
genes expressed at count-per-million value greater than 10 in at least 2 samples per group
were retained for further analysis. Differential expressed genes were selected based on the
robust version of the quasi-likelihood negative binomial generalized log-linear model (Lun et

al., 2016), with false discovery rate (FDR) set at 0.05.

3.2.3 Androgen and AR-antagonist treatment of androgen

responsive cell lines

Prior to androgen treatment, LNCaP and VCaP cells were cultured in PRF-RPMI media
containing 10% dextran charcoal coated FBS (DCC-FBS) and 2mM L-Glutamine (Gibco),
sometimes referred to as androgen depleted media, for 72 hours. The cells were then treated
with 10nM dihydrotestosterone (DHT) or 10uM enzalutamide (Enz) or both in androgen
depleted media. For anti-androgen treatments, cells were cultured in full serum for 72 hours

before treatment with 10uM Enz in full serum.

3.2.4 Measurements of neurite lengths

The lengths of neurite extensions were measured using the NeuronJ plugin (Meijering
et al., 2004) in Fiji/Imagel (Schindelin et al., 2012). At least 5 images were taken per technical

replicate (n = 3). More than 200 neurite lengths per cell type were traced and measured.
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Neurite lengths from three biological sets of replicates were measured. Representative

images with overlaid neurite traces in magenta were presented.

3.2.5 Chromatin immunoprecipitation gPCR (ChIP-gPCR)

LNCaP cells were seeded at a density of 3x10° per 15cm plate in media supplemented
with 10% Dextran charcoal stripped (DCC) FBS for 72 hours before treatment with 10nM DHT
or control for 4 hours. The cells were then cross-linked with formaldehyde and snapped
frozen. ChIP was performed as previously described in (Paltoglou et al., 2017). 2uL DNA was
used in 10 uL gPCR reactions for ChIP-gPCR. The negative control 2 (NC2) has been validated

as a region that AR does not bind to when cells were treated with DHT (Jia et al., 2008).

3.2.6 Single-sample Gene Set Enrichment Analysis (ssGSEA)

To generate AR activity score, a set of AR-regulated genes was obtained from (Sowalsky
et al., 2018). For the NEPC scores, the list of genes commonly upregulated or downregulated
in NEPC were obtained from (Beltran et al., 2016). ssGSEA (Barbie et al., 2009) was
implemented using the Broad Institute’s public platform, Gene Pattern (Reich et al., 2006),

using rank normalisation and default parameters.
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Table 3.2. Publicly available clinical data on patient’s tumours or xenografts that were
downloaded from GEO.

Dataset Description RNA Number of samples | Reference
Sequencing
/
Microarray

GSE48403 Locally advanced | RNA 7 matched tumours | (Rajan et al.,
or metastatic sequencing | from patients before | 2011)
prostate tumours and after given ADT
from patients
given ADT

GSE5091 Tumours from Microarray | 5 mice per group (Wang et al.,
mice prostates 2007)
following
castration and
supplemented
with androgen

GSE70079 Primary prostate | AR ChlIP- 7 normal prostate (Pomerantz et
tumours Sequencing | tissue, 13 primary al., 2015)

prostate tumours

GSE130408 Castrate resistant | AR ChIP- 13 CRPC PDXs (Pomerantz et
patient derived Sequencing al., 2020)
xenografts (PDXs)

GSE137775 LNCaP cells (an AR ChlP- 2 replicates in each (Hwang et al.,
androgen Sequencing | group 2019)
dependent PCa
cell line) treated
with 4 days of
DMSO or Enz

GSM1249447 | LNCaP cells H3K27ac (Hazelett et al.,
treated with 4 ChIP-Seq 2014)
hours of either
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control or 10nM
DHT
SU2C 2019 Metastatic RNA 213 castrate (Abida et al.,
prostate tumours | Sequencing | resistant prostate 2019)
tumours and 22
neuroendocrine
prostate tumours
GSE99381 Metastatic RNA 34 castrate resistant | (Beltran et al.,
prostate tumours | sequencing | prostate tumours 2016)
and 15
neuroendocrine
prostate tumours
Bluemn et. Metastatic RNA Number of prostate | (Bluemn et al.,
al. (2017) prostate tumours | sequencing | tumours with the 2017)
following features:
58 AR+ NE-
9 AR- NE-
11 AR+ NE+
7 AR- NE+
TCGA Normal prostate RNA 52 normal tissues (Abeshouse et
PRAD tissue, Primary Sequencing | 419 tumour tissues al., 2015)
prostate tumours
GSE90891 Mouse models RNA 4 Pten'f (Ku et al., 2017)
representing sequencing

epithelial to
neuroendocrine
plasticity

13 Ptenf/f; Rb1%/f

6 Pten/f; Rb1f;
Trp53f/f
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3.3 Results

3.3.1 USP2 is upregulated in response to AR-targeted therapy.

The chapter aimed to identify factors that might confer resistance to the clinically used
anti-androgen, enzalutamide. Patient-derived explants (n=12) were treated ex-vivo with 10
UM or 50uM enzalutamide for 48 hours. These prostate tumours were stained for Ki67, which
is a proliferation marker, and the percentage of the tumour section positive for Ki67 was
quantified. Although the responses to enzalutamide were heterogenous, all tumours had a
significant overall reduction in Ki67 staining after treatment with 10 uM Enz and there was a
further reduction with 50 uM Enz (Figure 3.1A). This indicated that the AR antagonist was
inhibiting growth of prostate cancer cells. RNA sequencing was then used to evaluate the
transcriptomes of tumours treated with vehicle, 10uM and 50 uM enzalutamide. The gene
set enrichment analysis (GSEA) plot showed a decrease in androgen receptor signalling with
enzalutamide treatment, thereby providing evidence that enzalutamide is effectively
inhibiting AR activity as expected (Figure 3.1B).

A complete evaluation of the transcriptomic response to Enz in primary tumour PDEs
is being undertaken (Lisa Butler, personal communication) but is beyond the scope of this
project. However, one gene of interest that we observed to be upregulated by enzalutamide
was USP2 (Figure 3.1). USP2 mRNA levels increased by more than 2-fold in response to 10 uM
or 50 uM Enz (Figure 3.1C). We were interested in USP2 because of its function in cleaving
ubiquitin groups from its oncogenic substrates and thereby preventing them from

degradation in the proteosome (refer to Chapter 1 Section 1.15). These preliminary results
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indicated that USP2 might be regulated by the androgen receptor signalling pathway in

prostate cancer and have a role in mediating cell survival in response to enzalutamide.
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Figure 3.1. USP2 expression increased in patient-derived explants PDEs after 48 hours of

enzalutamide treatment. (A) Ki67 expression, which is a proliferation marker, decreases after
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48 hours of 10uM and 50uM Enz. (B) The GSEA plot showed an overall decrease in androgen
response when PDEs were treated with enzalutamide. (C) USP2 expression is increased when
patient derived explants were given 10uM Enz and further increased with 50uM Enz.
Expression units for graph on left are counts per million (cpm, log,), whereas the graph on the
right shows fold-change (vehicle set to 1, error bars are * standard deviation). Statistical

analyses in A and C were conducted via paired One-Way ANOVA. P-values < 0.05 (*); <0.01
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To confirm USP2 upregulation in response to AR-targeted therapies, published
transcriptomic datasets were interrogated. In the Rajan et. al. (2015) cohort (GSE48403)
(Table 3.2), which comprised of patient-matched tumours pre- and post- 22 weeks of ADT
(luteinising hormone-releasing hormone agonists plus an anti-androgen), USP2 was
significantly elevated after ADT (Figure 3.2A). Additionally, USP2 expression was increased in
the prostates of mice following surgical castration of their testes (GSE5901) and reduced in
the prostates of castrated mice given testosterone (Figure 3.2B) (Wang et al., 2007).

Collectively, these findings provide evidence that USP2 is increased after castration in vivo.
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Figure 3.2. USP2 expression is upregulated in response to AR-targeted therapy. (A) USP2
expression is increased in patients following ADT (GSE48403, n = 7 tumours analysed pre- and
post-ADT) (Table 3.2) (Rajan et al., 2011). FPKM, fragments per kilobase of exon per million

mapped fragments. (B) USP2 expression is increased in the prostates of mice 14 days after
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surgical castration of the testes (C14) and decreased after castrated mice were given 3 days
of testosterone treatment (T3) (GSE5901) (n = 5 mice per group) (Table 3.2) (Wang et al.,
2007). The abbreviation “a.u.” stands for arbitrary units. Statistical analyses were conducted
via paired t-test in (A) or One-Way ANOVA in (B). P-values < 0.05 (*); < 0.01 (**). Mean

standard deviation (SD) for each group was shown.
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To experimentally investigate the relationship between AR activity and USP2 we used
a panel of in vitro models. We found that USP2 mRNA levels are higher in neuroendocrine-
like PCa cell lines, such as neuroendocrine-like MR42D cells and PC3 cells, than in androgen-
dependent adenocarcinoma cell lines (LNCaP and VCaP) (Figure 3.3). Addition of the AR
antagonist, enzalutamide, significantly increased USP2 expression in androgen dependent
LNCaP and VCaP cells (Figure 3.4). Conversely, the androgen 5a-dihydrotestosterone (DHT)
significantly decreased USP2 expression in LNCaP cells (Figure 3.4). Expression of the KLK3
gene, a well-described gene that is upregulated by AR, validated the treatments in these
experiments (Figure 3.4). These results confirmed the finding from PDEs and our data mining

that USP2 expression is repressed by AR activity.
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Figure 3.3. USP2 expression is the highest in castrate resistant PCa (CRPC) cell lines. The
USP2 expression was checked across a panel of PCa cell lines cDNA. 1000ng of RNA from each
cell line was reverse transcribed into cDNA and equal amounts of cDNA was loaded into the
quantitative PCR (qPCR). For each cell line, the USP2 mRNA levels were then normalised to
the expression of housekeeping gene, GAPDH, and calculated as a fold change to the
normalised USP2 expression in LNCaP cells. Mean + standard error mean (SEM) from each

group were shown, n = 3.
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Figure 3.4. USP2 expression is upregulated by anti-androgen and repressed with androgen.

The androgen dependent PCa cell lines, LNCaP in (A) and VCaP in (B), were treated with 24
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and 72 hours of 10uM Enz in 10% full serum or androgen DHT in 10% charcoal-stripped serum
(CSS). The expression data was normalised to the expression of the reference GAPDH levels
and then calculated as a fold change to the corresponding vehicle controls. Statistical analyses
were conducted via unpaired t-test. P-values < 0.05 (*); < 0.01 (**). Mean * standard error

mean (SEM) for each group was shown, n = 3.
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To investigate if USP2 is directly regulated by AR, four publicly available ChlIP-seq
datasets were interrogated. Data mining of three cohorts that performed chromatin-
immunoprecipitation sequencing using AR antibody (AR ChlIP-seq) revealed an apparent loss
of AR binding peak proximal to the USP2 promoter in primary prostate tumours (Pomerantz
et al., 2015) and castrate-resistant PDXs (Pomerantz et al., 2020) when compared to normal
prostates and in LNCaP cells treated with Enz (GSE137775) (Hwang et al., 2019) (Figure 3.5A).
Interestingly, in those cohorts, there appears to be a second loss of an AR binding peak, which
indicates a distal cis-regulatory element that the androgen receptor can bind and directly
repress the transcription of the USP2 gene (Figure 3.5A) (Hwang et al., 2019, Pomerantz et
al., 2015, Pomerantz et al., 2020). Additionally, mining of H3K27ac ChIP-seq data, which is a
marker of active enhancers and promoters, from LNCaP cells treated with androgens revealed
a suppression of the H3K27ac signal at approximately the same location as the putative AR
binding site that is distally located to the USP2 promoter (Figure 3.5B) (GSM1249447). These
observations indicate that AR may bind to the USP2 gene and directly regulate its expression.
To obtain further evidence for this hypothesis, AR ChIP-gPCR was conducted on LNCaP cells
treated with 10nM androgens for 4 hours and demonstrated a slight significant fold
enrichment at that putative proximal AR binding site (region 1) identified near the USP2
promoter (Figure 3.5C). AR ChIP-gPCR was also conducted on LNCaP cells treated with 10uM
Enz and showed there was a significant reduction in enrichment at the distal proximal AR
binding site (region 2) (Figure 3.5D). Therefore, the results indicated that AR could be directly

regulating USP2 transcription.
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Figure 3.5. The USP2 gene may be directly repressed by the AR. (A) This is a genome-wide

AR-binding in normal prostate epithelium, primary tumour tissue, castrate resistant PCa PDXs
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and LNCaP cells treated with DMSO or enzalutamide for 96 hours in full serum.
Representative 30-kb areas surrounding the USP2 gene are shown. Each track depicts the AR
binding intensities for a given sample, elucidated from AR ChIP-seq. Regions of the genome
that are highlighted within the purple boxes are regions that AR may be directly binding to
regulate the USP2 gene. The data range is set at a minimum of 0 and a maximum of 2.5. (B)
Each track depicts the signal intensities of H3K27Ac modifications in the genome of LNCaP
cells treated with or without androgen DHT. The raw files from the H3K27Ac ChIP-seq in
LNCaP cells were downloaded from GSM1249447 and processed by A/Prof. Selth (Table 3.2).
(C) ChIP-gPCR analysis demonstrates AR binding at USP2 gene locus proximal to USP2
promoter in LNCaP cells after treatment with androgens. Statistical analysis was conducted
via unpaired two-tailed student t-test. P-values < 0.05 (*); < 0.01 (**). Mean * standard error
mean (SEM) for each group was shown, n = 3. (D) ChIP-qPCR analysis demonstrates loss of AR
binding at USP2 gene locus distally located to USP2 promoter in LNCaP cells after treatment
with enzalutamide. Statistical analysis was conducted via unpaired two-tailed student t-test.

P-values < 0.01 (**).
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3.3.2 USP2 is associated with neuroendocrine PCa.

Neuroendocrine prostate cancer is a subtype of castrate resistant PCa that loses
dependence on the androgen receptor (Davies et al., 2021, Aggarwal et al., 2018, Labrecque
et al., 2019, Wang et al., 2021b) (refer to Chapter 1 Section 1.9.2). Given the earlier key
finding that USP2 expression is suppressed by AR, it is hypothesised that USP2 would be
upregulated in AR-independent prostate tumours. Data mining of clinical transcriptomic
datasets (SU2C 2019; Beltran et. al., Nature Medicine 2016; GSE99381) (Table 3.2) revealed
that USP2 expression is significantly upregulated in patients with NEPC as compared to
patients with CRPC adenocarcinoma (Figure 3.6A-C) (Abida et al., 2019, Beltran et al., 2016,
Bluemn et al.,, 2017). In a panel of PDXs established through the Melbourne Urological
Research Alliance (MURAL) (Lawrence et al., 2018), which we had access through
collaboration, USP2 expression is significantly higher in PDXs that have neuroendocrine
features (Figure 3.6D). USP2a is the canonical transcript from the USP2 gene (Graner et al.,
2004). Collectively, these data indicate that USP2 is upregulated in clinical neuroendocrine

prostate cancer.
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Figure 3.6. USP2 expression is elevated in neuroendocrine prostate cancer (PCa). USP2
expression is higher in patients with neuroendocrine PCa in several large cohorts of patients

with metastatic PCa (Table 3.2): (A) Stand Up 2 Cancer (SU2C 2019) (B) Beltran et. al. (2016)
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and (C) Bluemn et. al. (2017). The results are plotted as violin plots and the median of each
violin plot is represented as a dotted red line with the interquartile range represented as
dotted black lines. (D) USP2a expression is higher in neuroendocrine patient-derived
xenografts. Mean + standard deviation (S.D) for each group was shown. All statistical analyses
were conducted via unpaired two-tailed student t-test or one-way ANOVA, p-values < 0.05

(*); €0.01 (**); < 0.001 (***); < 0.0001 (****).
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The relationships between USP2 expression and AR activity or neuroendocrine
phenotypes were next evaluated in primary prostate cancer. We calculated AR activity and
NEPC scores using ssGSEA and well-characterised AR- and NEPC-associated gene sets curated
by Sowalsky et. al. (Cancer Research, 2018) and Beltran et. al. (Nature Medicine, 2016)
respectively. Elevated USP2 expression in patient tumours was positively associated with
genes elevated in NEPC (Figure 3.7A) and negatively associated with genes downregulated in
NEPC (Figure 3.7B). These observations are in concordance with elevated USP2 expression
sharing an inverse relationship with low AR activity (Figure 3.7C). Collectively, these data
demonstrated that USP2 is associated with the neuroendocrine phenotype and loss of AR

activity.
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Figure 3.7. Increasing USP2 expression directly correlated with increasing NEPC score and

inversely correlated with increasing AR activity. (A) The NEPC score per patient was
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calculated based on the expression of genes that were upregulated in neuroendocrine PCa
using single sample Gene Set Enrichment Analysis (ssGSEA). (B) The NEPC score per patient
was calculated based on the expression of genes that were downregulated in neuroendocrine
PCa using single sample Gene Set Enrichment Analysis (ssGSEA). The lists of genes in (A) and
(B) were curated by Beltran et. al. (2016). (C) Decreasing USP2 expression correlated with
increasing AR activity. AR activity was calculated using a list of canonical AR-regulated genes
curated by Sowalsky et. al. (2018). Linear regressions were plotted to investigate the
relationships between the y- and x-variables. The sample correlation coefficient (r) was also
shown for each correlation and their p-values were calculated to investigate if their

relationships were significant.

116



THE UNIVERSITY
ADELAIDE

3.3.3 USP2 is upregulated during the evolution to neuroendocrine

prostate cancer.

Androgen-sensitive adenocarcinoma cells, such as LNCaP, can be induced into a
neuroendocrine-like phenotype via trans-differentiation when grown in androgen-depleted
conditions (Yuan et al., 2006, Zhang et al., 2018b, Juarranz et al., 2001, Shen et al., 1997,
Sanchez et al., 2020, Fernandes et al., 2021). The growth of cells in androgen-depleted
conditions mimic the microenvironment that prostate cancer cells are in when the patient is
undergoing androgen deprivation therapy (ADT) (Crawford et al., 2019). As expected, there
was significant upregulation of the well-established neuroendocrine marker Synaptophysin
(§YP) when LNCaP cells were grown in androgen-depleted conditions (Figure 3.8).
Importantly, USP2a expression was also significantly upregulated during this trans-
differentiation process at all the time points tested (Figure 3.8). This data indicates that USP2

is upregulated when PCa cells evolved into a neuroendocrine-like state.
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Figure 3.8. Increased USP2a expression is associated with neuroendocrine prostate cancer

phenotype. The expression of SYP (a classic neuroendocrine marker) and USP2a increased

when LNCaP cells were grown in androgen-deplete conditions, which induced the evolution

of a neuroendocrine phenotype in-vitro. Statistical analysis was conducted via unpaired two-

tailed student t-tests between androgen-replete and androgen-deplete conditions at each

timepoint, p-values < 0.05 (*); < 0.01 (**). Mean % standard error mean (SEM) was shown,

n=4.
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3.3.4 Overexpressing USP2 induces a neuroendocrine phenotype.

To investigate if USP2 can drive the emergence of neuroendocrine-like PCa, a FLAG-
tagged form of USP2 was over-expressed in adenocarcinoma LNCaP cells, a model earlier
shown to have the lowest USP2 expression (Figure 3.3). USP2 overexpression was confirmed
by Western blotting with a FLAG-specific antibody (Figure 3.9A). LNCaP cells overexpressing
USP2 (LNCaP-USP2-OE) exhibited a growth advantage in full serum conditions (Figure 3.9B).
Neurites are projections from cancer cells that have been used to indicate a neuronal or
neuroendocrine (NE) phenotype (Yuan et al., 2006, Shen et al., 1997, Sanchez et al., 2020).
Interestingly, LNCaP-USP2-OE cells had longer neurites than control cells (Figure 3.9C),
supporting the idea that USP2 could promote a NE phenotype. Additionally, overexpression
of USP2 resulted in the induction of neuroendocrine differentiation and epithelial-to-
mesenchymal transition as determined by the significant upregulation of the neuroendocrine
marker Enolase 2 (ENO2) and mesenchymal marker Vimentin (VIM), and the significant
downregulation of the epithelial marker Zonula occludens-1 (ZO-1) (Figure 3.10). The NE
marker Synaptophysin (SYP) exhibited modest upregulation in the USP2-OE cells, although its
change in expression was not statistically significant (p = 0.0695). Although there was a
modest upregulation of SYP, it appears to be biologically relevant. Collectively, these results
demonstrate that USP2 can induce features of EMT and drive the acquirement of

neuroendocrine features.
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Control LNCaP Control LNCaP

Figure 3.9. USP2 drives the development of the neuroendocrine-like phenotype. (A) LNCaP
cells were transduced with lentiviruses to enable stable over-expression of FLAG-USP2 fusion
protein or a control (neon fluorescent protein). (B) Overexpressing USP2 in LNCaP cells
conferred a growth advantage in full serum. Cells were grown in full serum media under
standard growth conditions and counted on day 3 and 6 of experiment. Live and dead cells
were assessed via Trypan blue exclusion. Statistical analysis was conducted via unpaired One-
Way ANOVA, p-value £0.0001 (****). Mean + standard deviation (S.D) from each group were
shown, n=3. (C) USP2-OE LNCaP cells had longer neurites. At least 200 neurites per cell type
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were measured using NeuronJ software in Imagel. Mean + standard error mean (SEM) from
each group were shown, n=3. Statistical analysis was conducted via unpaired two-tailed
student t-test, p-value < 0.0001 (****). (D) Representative phase contrast images of control
LNCaP cells overexpressing the neon transgene or USP2 were shown. Neurites were traced in

magenta. Images were taken using the 20X objective lens.
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Figure 3.10. Elevated levels of USP2 expression in adenocarcinoma LNCaP induced lineage
plasticity and induced the EMT pathway. The expressions of the well-established

neuroendocrine-marker Enolase 2 (ENO2), mesenchymal marker Vimentin (VIM), epithelial
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marker Zonula occludens-1 (ZO 1) and Synaptophysin (SYP) were measured in LNCaP cells
overexpressing USP2 in full serum. Statistical analysis was conducted via unpaired two-tailed

student t-test, p-values < 0.05 (*); £0.01 (**); £0.001 (***); <0.0001 (****). The abbreviation

“dCT” is delta CT.
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3.3.5 Elevated levels of USP2 in adenocarcinoma LNCaP mediates

resistance to AR-targeted therapy and chemotherapy.

The aggressive NEPC typically has a reduced dependence or even lost dependence on
the AR signalling pathway, thereby acquiring resistance to AR-targeted therapies (Davies et
al., 2020, Davies et al., 2021, Davies et al., 2018, Ku et al., 2019, Aggarwal et al., 2018, Beltran
et al., 2016). Therefore, it is hypothesised that overexpression of USP2 and subsequent
acquisition of NE features could alter the responsiveness of PCa cells to inhibitors of the AR
signalling axis. Overexpression of USP2 conferred a growth advantage in the absence of
androgens (Figure 3.11A). Importantly, LNCaP cells overexpressing USP2 were less sensitive
to Enz-induced growth inhibition (Figure 3.11B). Collectively, these findings indicate the
prostate cancer cells with elevated levels of USP2 could have a clinically relevant significance
with respect to resistance to AR-targeted therapies.

Docetaxel is an approved therapy for patients with metastatic CRPC (Berthold et al.,
2008, Tannock et al., 2004, James et al., 2016, Kyriakopoulos et al., 2018). However,
chemotherapy is never curative; all tumours will eventually become resistant (Berthold et al.,
2008, Tannock et al., 2004, James et al., 2016, Kyriakopoulos et al., 2018). To assess if PCa
cells expressing high levels of USP2 are resistant to chemotherapies, LNCaP cells
overexpressing USP2 were given docetaxel. Docetaxel binds to B-tubulins and promotes its
assembly into microtubules, while simultaneously inhibiting its disassembly (Imran et al.,
2020, Azarenko et al., 2014). This results in the stabilisation of microtubules and consequently
the cell cycle is arrested, which eventually leads to cell death (Imran et al., 2020, Azarenko et
al., 2014). LNCaP cells overexpressing USP2 exhibited increased survival compared to control

cells (Figure 3.12A) and were protected from docetaxel-induced cell death (Figure 3.12B).
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These results indicate that high expression of USP2 could mediate PCa cell resistance to
chemotherapy by conferring longer survival. This phenomenon is posited to arise as a
consequence of USP2’s ability to drive the development of the neuroendocrine phenotype,

which is resistant to chemotherapy (Davies et al., 2018, Beltran and Demichelis, 2021).
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Figure 3.11. Overexpressing USP2 in LNCaP cells conferred growth advantage in androgen-
depleted conditions and with enzalutamide treatment. (A) Equal numbers of control LNCaP
cells (which over-express the neon fluorescent protein) or USP2 overexpressing (OE) LNCaP
cells (200,000 cells/6-well) were grown in androgen-depleted media for 4 days, after which
cells were counted. (B) Equal numbers of control and USP2 overexpressing (OE) cells were
seeded in 6-well plates (250,000 cells/6-well) and left to grow for 24 hours, after which they

were treated with indicated concentrations of enzalutamide for 3 days. For (A) and (B), the
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number of live and dead cells were assessed via Trypan blue exclusion. IC50 values were
calculated based on the number of live cells. Statistical analysis was conducted via unpaired

two-tailed student t-test, p-values < 0.01 (**). Mean * standard deviation (S.D) from each

group were shown, n=3.
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Figure 3.12. Elevated levels of USP2 in LNCaP cells confers survival advantage when treated
with of the chemotherapeutic drug, Docetaxel. (A-B) Overexpressing USP2 in LNCaP cells
resulted in enhanced growth (A) and reduced death (B) in response to Docetaxel. The number
of live and dead cells were assessed via Trypan blue exclusion after 72 h. Statistical analysis

was conducted using One-way ANOVA, p-value < 0.01 (**); £0.001 (***); < 0.0001(****).
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3.3.6 Aurora kinase A, Cyclin D1 and FAS appears to be stabilised by

USP2 in adenocarcinoma LNCaP cells overexpressing USP2.

Several USP2 substrates have been identified in other types of cancers, including
Cyclin D1 and Aurora kinase A (Kim et al., 2012, Shi et al., 2011). Cyclin D1 is an oncoprotein
important in the proliferation of bladder cancer cells (Kim et al., 2012). AURKA is an important
oncoprotein in mitosis, metastasis and the EMT pathway in bladder, pancreatic and breast
cancer, and a key driver of neuroendocrine prostate cancer (Jeong et al., 2015, Shietal., 2011,
Beltran et al., 2019). AURKA also functions in the regulation of microtubule organisation
during neurite extension in neurons (Mori et al., 2009). To ascertain whether Cyclin D1,
Aurora kinase A and FAS are substrates of USP2 in prostate cancer, the expression levels of
these proteins were investigated in LNCaP cells overexpressing USP2. Overexpression of USP2
resulted in an increase in Cyclin D1, Aurora kinase A and FAS expression in LNCaP cells (Figure
3.13 and Figure 3.14). Since USP2 over-expression could mediate the acquisition of
neuroendocrine features, we evaluated whether this was associated with a change in AR
expression or activity. However, the expression of AR and its target gene encoding FKBP5
remained unchanged in the presence of USP2 overexpression in LNCaP cells (Figure 3.14).
Collectively, these results suggest that Cyclin D1, AURKA and FAS are putative substrates of

USP2 in prostate cancer cells.
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Figure 3.13. Overexpression of USP2 in LNCaP cells resulted in increased levels and stability
of putative USP2 substrates in LNCaP cells, such as Cyclin D1 and Aurora A. Equal amounts
of proteins per sample was loaded into each lane and the housekeeping protein, Tubulin, was
shown as a loading control. (-) refers to control LNCaP cells overexpressing the neon
transgene, while (+) refers to LNCaP cells overexpressing USP2. Bands were quantitated using
Biorad Image software. The protein signals were normalised to the corresponding
housekeeping genes and calculated as a fold change to control. Two biological replicates of

USP2-OE LNCaP cells were shown.
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Figure 3.14. Constitutive overexpression of USP2 in LNCaP cells resulted in increased levels
of putative substrate FAS, yet AR and FKBP5 levels remain unchanged. Equal amounts of
proteins per sample was loaded into each lane and the housekeeping protein, Tubulin, was
shown as a loading control. (-) refers to control LNCaP cells overexpressing the neon
transgene, while (+) refers to LNCaP cells overexpressing USP2. Bands were quantitated using
Biorad Image software. The protein signals were normalised to the corresponding
housekeeping genes and calculated as a fold change to the first control. Two biological

replicates of each cell type were shown.
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3.3.7 USP2 expression is elevated in tumours with loss of PTEN, RB1

and P53

Mutations in tumour suppressor genes can result in induction of lineage plasticity in
prostate tumours. Concurrent loss of TP53 and RB1 functions were present in 39% of
metastatic castrate-resistant prostate adenocarcinomas and 74% of metastatic treatment
emergent NEPC (Mu et al., 2017, Beltran et al., 2016). Mechanistically, concurrent loss of TP53
and RB1 strongly correlated with increased SOX2 expression, which suggested that active
TP53 and RB1 inhibited its expression (Mu et al., 2017). Increased SOX2 expression was then
able to induce lineage plasticity of prostate cancer cells, which resulted in the development
of neuroendocrine PCa (Mu et al., 2017, Aparicio et al., 2016, Tan et al., 2014).

The phenomenon of lineage plasticity driven by tumour suppressors was corroborated
by mouse models of PCa (Ku et al., 2017). Concurrent loss of RB1 and P53 in mouse prostate
tumours (Pten™!) led to increased expression of EZH2 and SOX2, which induced a stem cell-
like epigenetic environment and was associated with acquisition of a neuroendocrine
phenotype (Ku et al., 2017). This observation was corroborated by other in vitro cell line
studies (Kareta et al., 2015, Bohrer et al., 2010, Bracken et al.,, 2003, Hong et al., 2009).
Tumours with loss of function mutations in the Pten and Rb1 genes (Pten/f; Rb1/) or in the
Pten, Rb1 and Trp53 genes (Pten™f; Rb1*/%; Trp53 */f) also had reduced AR levels and sensitivity
to enzalutamide (Ku et al., 2017). We examined transcriptomic data from these mouse
models and found that USP2 expression was significantly increased in these Pten/f Rb1"/f
tumours and Pten”f Rb1%f Trp537/ftumours (Figure 3.15). The results suggests that USP2 is
elevated in mouse tumours with deletions of these tumour suppressor genes. These results

support the hypothesis that USP2 is upregulated in neuroendocrine PCa.
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Figure 3.15. USP2 expression is the highest in prostate tumour models representing
epithelial-neuroendocrine plasticity. Tumours were harvested from mouse models of
prostate cancer with single, double, or triple loss of function mutations in the Pten, Rb1 and
Trp53 genes. RNA-sequencing data is from GSE90891 (Table 3.2). Statistical analyses were
conducted via unpaired One-Way ANOVA. P-values < 0.01 (**); < 0.001 (***). Mean
standard deviation (S.D) from each group were shown. The mean of each group is shown in

red.
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3.3.8 Lack of a suitable USP2 antibody hinders research on this factor

The lack of a specific and sensitive USP2 antibody is a major issue for research into this
factor (Priolo et al.,, 2006, Graner et al., 2004). During this project, six different USP2
antibodies were examined, and none were able to detect endogenous USP2 or the FLAG-USP2
fusion protein that was expressed in LNCaP cells (Table 3.3). The majority of these antibodies
detected many non-specific bands or no bands at the right size (Figure 3.16, Figure 3.17 and
Table 3.3). For example, the USP2 N-term (Abcepta) antibody, which in theory should be able
to detect the USP2a isoform, was demonstrated to be unable to detect overexpression of
Flag-tagged USP2a. The flag-tagged USP2a band detected by the flag primary antibody is also
not at the same location as the band detected by the USP2 N-term (Abcepta) antibody,
thereby validating that that USP2 antibody is not specific to USP2a. Collectively, this highlights

the strong need for an USP2 antibody.
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Table 3.3. Description of all USP2(a) antibodies being tested in this project.

USP2 Primary Antibodies

Evidence that the antibody is not specific

USP2 (Abcam AB66556) rabbit
polyclonal

No band at the right size.

USP2 (Abcam AB168945) mouse
polyclonal

One non-specific band at approximately the right size

USP2 (Thermofisher PA5-98234)
rabbit polyclonal

Multiple non-specific bands at approximately the right
size

USP2 C-term L523 (Abcepta
AP2131c) rabbit polyclonal

2 bands were also seen at the approximately the 60kDa
mark. There was also no band at the approximately
70kDa mark, as stipulated by manufacturer’s protocol.

USP2 N-term (Abcepta AP2131a)
rabbit polyclonal

Overexpression of flag tagged USP2a could not be
detected.

USP2 (Proteintech 10392-1-AP)
rabbit polyclonal

Multiple non-specific bands were detected. There was
also no detection of flag tagged USP2a overexpression.
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Figure 3.16. The USP2 N-term primary rabbit antibody (Abcepta) is not detecting USP2a.

Each lane contained 40ug of protein. (A) Blot was incubated with 1:1000 dilution of the USP2

N-term (Abcepta catalogue number AP2131a) or (B) Flag antibody overnight shaking at 4°C,

before being probed with 1:1000 dilution of secondary anti-rabbit antibody for 1 hour at 25°C

and then imaged. (-) refers to control LNCaP cells overexpressing the neon transgene, while

(+) refers to LNCaP cells overexpressing USP2. HEK293 lysate was run as a positive control, in

accordance with manufacturer’s protocol. The prominent band in blot (A) is unlikely to be

USP2a since it is not at the right size.
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Figure 3.17. The USP2 (Proteintech 10392-1-AP) primary rabbit antibody (Abcepta) is not

detecting USP2a. Each lane contained 40ug of protein. Blot (A) was incubated with 1:1000

dilution of the USP2 (Proteintech 10392-1-AP) or (B) Flag antibody overnight shaking at 4°C,

before being probed with 1:1000 dilution of secondary anti-rabbit antibody for 1 hour at 25°C

and then imaged. HelLa and HEK293 lysates were run as a positive control, in accordance with

manufacturer’s protocol.
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3.4 Discussion

The mechanism(s) that mediate prostate cancer cell resistance to enzalutamide is
poorly understood (Labrecque et al., 2019, Aggarwal et al., 2018, Davies et al., 2021). This
chapter demonstrates that the ubiquitin specific protease 2 (USP2) is an AR-repressed gene
and elevated in NEPC and that it can directly drive the neuroendocrine phenotype and
resistance to standard-of-care therapies. To the best of our knowledge, this is the first
ubiquitin specific protease that is reported to drive the neuroendocrine phenotype. These
findings are significant because they establish USP2 as a novel therapeutic target.

USP2 was found to be repressed by the androgen receptor, perhaps in a manner
mediated by direct AR binding to the USP2 promoter. There appears to be a common theme
that genes directly repressed by AR become important drivers of prostate cancer progression
and therapy resistance when they are de-repressed after the AR pathway is inhibited (Davies
et al., 2021, Kregel et al., 2013, Mu et al., 2017, Bishop et al., 2017), with key examples being
EZH2, SOX2, BRN2 and FOXA2 (Davies et al., 2021, Kregel et al., 2013, Mu et al., 2017, Bishop
etal., 2017, Han et al., 2022). Overall, these findings are important because they suggest that
USP2 is a novel AR-repressed gene that gets de-repressed with enzalutamide and potentially
drives cancer progression.

We modelled elevated USP2 expression in LNCaP cells, a classic AR-driven
adenocarcinoma model. Overexpression of USP2 resulted in the induction of a neuronal-like
morphology, upregulated classic neuroendocrine markers and conferred a growth advantage
in AR-targeted therapies. These results are in concordance with typical treatment-induced
clinical neuroendocrine PCa, whereby prostatic adenocarcinoma become androgen-

independent and acquire a neuroendocrine phenotype during long-term ADT (Bluemn et al.,
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2017, Aggarwal et al., 2018, Abida et al., 2019). Our findings suggest that USP2 is not only a
marker of NEPC but can also drive the development of the neuroendocrine phenotype.

Prostate adenocarcinoma LNCaP cells overexpressing USP2 conferred resistance to
chemotherapeutic drug, docetaxel. This finding can be clinically important as docetaxel is the
standard first-line chemotherapy for patients with CRPC and NEPC (Aparicio et al., 2016,
Lavoie et al., 2019, Tannock et al., 2004, Petrylak et al., 2004, Culine et al., 2007). Therefore,
the results provide additional rationale for USP2 as an appealing target for patients with
neuroendocrine prostate cancer.

We believe that USP2 promotes therapy resistant and NE phenotypes by stabilising
key oncoproteins, such as Aurora kinase A and Cyclin D1. Aurora kinase A has been shown to
be an important regulator of mitosis, metastasis and the EMT pathway, and driver of NEPC
(Wan et al., 2008, D'Assoro et al., 2014, Willems et al., 2018, Beltran et al., 2019, Beltran et
al., 2011). Furthermore, inhibiting AURKA in NEPC with underlying retinoblastoma 1 (RB1)
loss, which is a common alteration, was synthetically lethal and resulted in a drastic growth
retardation of NEPC xenografts (Gong et al., 2019, Oser et al., 2019). Meanwhile, high Cyclin
D1 expression in tumours was associated with poor prognosis and invasion (Ahmed et al.,
2020, Fusté et al., 2016, Gansauge et al., 1997). Overall, the results imply that through USP2
stabilisation of Aurora kinase A and Cyclin D1, USP2 can regulate castration-resistance and
the switch to a neuroendocrine phenotype. Our results also suggest that USP2 can be
mediating therapy resistance through stabilisation of other novel substrates that have yet to
be identified. This provides additional rationale for targeting USP2 in NEPC.

LNCaP cells overexpressing USP2 upregulated the mesenchymal marker Vimentin

(VIM) and downregulated the epithelial marker Zonula occludens-1 (ZO-1), indicating that
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elevated levels of USP2 expression is also associated with features of EMT. Induction of EMT
has been associated with castration resistance (Sun et al., 2012, Davies et al., 2020, Pak et al.,
2019, Crowley et al., 2021). Furthermore, Sun et. al. (2012) demonstrated that the EMT
pathway is induced in the prostate tissues and in the LUCAP35 xenografts of castrated mice
and in patients given androgen deprivation therapy. Given that the molecular mechanisms
driving neuroendocrine lineage plasticity and epithelial are similar, it is not surprising that
EMT-associated transcription factors have been implicated in NEPC (Davies et al., 2020,
Davies et al., 2018) (refer to Chapter 1 Section 1.9.2). TWIST is an important transcription
factor in the EMT pathway that has also been implicated in the development of both
mesenchymal and neuroendocrine phenotypes (Davies et al., 2018, Davies et al., 2020).
TWIST was also identified as a substrate of USP2 in bladder cancer (Liu et al., 2022, He et al.,
2019). We propose that investigating TWIST as a substrate of USP2 in prostate cancer is
warranted.

Interestingly, other USPs including USP10, USP12, USP22 and USP26 have been
reported to be positively regulated by the androgen receptor and increased expression of
these USPs resulted in increased AR stability and activity (Takayama et al., 2018, Draker et al.,
2011, Burska et al., 2013, McClurg et al., 2015, Schrecengost et al., 2014, Dirac and Bernards,
2010). Our findings contrast with these earlier studies and suggest that AR is inhibiting the
expression of USP2. Our findings also identified that USP2 do not stabilise AR, thereby
implying that there is no feedback loop between USP2 and AR.

The major findings of this chapter are corroborated by similar findings in non-prostatic
cancer studies. Several studies have reported that USP2 deubiquitylates its substrates, such

as AURKA and Cyclin D1, and stabilises them (Shi et al., 2011, Liu et al., 2013, Kim et al., 2012,

142



ot
\&J

THE UNIVERSITY
o ADELAIDE

Davis et al., 2016, Zhang et al., 2020a). Through USP2 stabilisation of its substrates, USP2 can
modulate cancer cell survival, cell proliferation and the EMT pathway (Silva et al., 2009, Zhang
et al., 202043, He et al., 2019, Stevenson et al., 2007, Shi et al., 2011, Kim et al., 2012, Liu et
al., 2013) (refer to Chapter 1 Section 1.15). Overall, our major findings further strengthen a
role for USP2 as a key player in cancer progression.

Importantly, our findings are significant because we have identified USP2 as a
potential driver of the neuroendocrine phenotype. ADT is the current standard first-line
treatment for patients with prostate cancer (Huggins and Hodges, 1972). However, there is
an apparent increase in the incidence rates of NEPC in recent years (Scher et al., 2012, Fizazi
et al., 2012). This may be partially explained by the introduction of more potent inhibitors
during ADT and before or after chemotherapy (Scher et al.,, 2012, Fizazi et al., 2012).
Therefore, there exists a need to identify other drivers of therapy resistance, such as USP2.

The first strength of this study is that USP2 was investigated in a range of prostate
cancer cell models representing different stages of the disease. The second strength of this
study is that USP2 was also investigated in large clinical or prostate cancer xenograft cohorts.
Another strength of this study is that USP2 was also investigated in patient tumours that were
treated with enzalutamide short-term. Collectively, the use of prostate cancer cell line and
clinical models enables our research on USP2 to be clinically relevant.

We acknowledged that a limitation of this study is the lack of a specific USP2 antibody.
This has limited our efforts in investigating endogenous US2P protein levels in prostate cancer
cell lines and tumours. The lack of a specific USP2 antibody could explain the discrepancies
observed in our study with two studies that initially showed USP2 to be upregulated by AR

activated with androgens (Graner et al., 2004, Priolo et al., 2006). To partially overcome this
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antibody issue, we generated cells overexpressing a FLAG-tagged form of USP2. This model
enabled us to investigate the biological outcomes of USP2 after manipulation of its expression
in prostate cancer. An alternative approach could have been a quantitative Tandem mass
spectrometry (MS/MS) method specifically designed for detection of USP2 (Liebler and
Zimmerman, 2013).

In summary, this present first-in-field study identifies USP2 as a novel AR-repressed
gene thatis a driver of therapy resistance and development of the neuroendocrine phenotype
when it is de-repressed after the AR pathway is inhibited. Overall, our findings rationalise

USP2 as an attractive novel therapeutic target to treat NEPC, which lacks effective therapies.
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Chapter 4:
Targeting USP2 in advanced prostate
cancer suppresses tumour growth and

de-stabilises its onco-substrates
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4 Targeting USP2 in advanced prostate cancer
suppresses tumour growth and destabilises its onco-

substrates

4.1 Introduction

In Chapter 3, we demonstrated that USP2 directly drives the emergence of
neuroendocrine prostate cancer. In this chapter, we aimed to evaluate the utility of
targeting USP2 as a novel therapeutic strategy for this aggressive, therapy-resistant disease
subtype castration-resistant prostate cancer (CRPC).

Patients with treatment emergent NEPC are often treated with systemic therapy
regimens used for small cell lung cancer (SCLC) (Beltran and Demichelis, 2021, Davies et al.,
2020, Yamada and Beltran, 2021). NEPC shares several clinical, pathologic and molecular
similarities with SCLC (Berchuck et al., 2021, Davies et al., 2020, Epstein et al., 2014, Wang
et al., 2021b). Both cancer types tend to be initially responsive to platinum-based
chemotherapy with response rates of ~60-66.6% (Sella et al., 2000, Papandreou et al., 2002).
The National Comprehensive Cancer Network (NCCN) has now recommended that patients
with NEPC be treated with a combination of cabazitaxel with carboplatin, which is a
platinum-based chemotherapeutic drug (Aparicio et al., 2013).

However, new therapies for treatment emergent NEPC are still urgently required.

Platinum-based chemotherapy fails to be effective long-term for these patients (Davies et al.,

2020, Beltran and Demichelis, 2021, Wang et al., 2021b). Current therapies are ineffective in
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patients with castrate resistant prostate cancer and neuroendocrine prostate cancer.
Therefore, there exists a need for identification of new drivers of NEPC to develop new

targeted treatment. This chapter will investigate USP2 as a new druggable target in therapy-

resistant prostate cancer.
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4.2 Materials and Methods

4.2.1 Transient RNA interference

The siRNAs targeting the human USP2a RNA, which is the canonical transcript transcribed
from the USP2 gene, were designed and purchased from Millennium Science. These siRNAs
were reverse transfected at a final concentration of 20 nM using Lipofectamine RNAiMax
(Invitrogen Cat. No. 13778150) according to manufacturer’s protocol.

The sequences of the siRNAs targeting human USP2 mRNA are:

5’-UAGUUCUCCAGGUAGUCGA-3’ and 5’-AUUCUGUGUAGCGCUUCAG-3'

The siRNA used for the negative control is the “AllStars Negative Control” siRNA (20nmol from

Qiagen, Catalogue# 1027281).

4.2.2 Trypan blue cell viability assays

Cell viability in response to USP2 knockdown was assessed using Trypan blue assays.
Triplicate wells of prostate cancer cells were reverse transfected using RNAIMAX
Lipofectamine (Invitrogen Cat# 13778150) in accordance with manufacturer’s instructions.
250,000 MR42D cells/well or 150 000 PC3 cells/well were transfected with 20nM of either
the siRNAs targeting the human USP2a transcript or the negative control siRNA at the point
of seeding. Live and dead cells were manually counted using a hemacytometer after 72 hours
of transfection. Using a hemacytometer, cell viability was determined by the exclusion of

Trypan blue in live cells.
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Cell viability in response to ML364, Docetaxel or Alisertib was assessed using Trypan
blue assays. Prostate cancer cells, such as MR42D, PC3 and LNCaP, were seeded at the
appropriate densities on Day “-2” such that cells in the vehicle treatments will reach 80%
confluence on day of harvest. All drug treatments were for 72 hours, except for IC50 assays

where PC3 cells were treated with ML364 for 48 hours.

4.2.3 Cell viability assays using an Incucyte

Cell viability was also measured using an Incucyte platform. Dead cells were stained with 100
KM SytoxGreen Invitrogen (Catalogue #57020), which was prepared by diluting a 5 mM stock
in RPMI. The nuclei of live cells were stained with a 1 in 2000 dilution of Nuclight Rapid Red
dye (Sartorius Catalogue #EBS-9500-4717). The percentage of confluence or amount of red

signal was used to measure growth of cells.

4.2.4 AnnexinV-PE and 7AAD flow cytometry

MR42D cells in 6-well plates were collected in 1X binding buffer. Cells were stained with 1 pL
7-AAD (Invitrogen Cat# A1310) and 2 pL AnnexinV-PE (BD Pharmingen Cat# 556421) in 1x
binding buffer as described in (Gillis et al., 2021). Samples were then analysed using the

CytoFlex-S flow cytometry machine and CytExpert software.

4.2.5 Orthotopic xenograft model

Male NOD/SCID/IL2rynull (NSG) mice received intraprostatic injections of 1 x 10® PC3 cells

overexpressing luciferase (PC3-luciferase) in 10 puL of PBS. These mice were given daily
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intraperitoneal injections of 30mg/kg ML364 (or vehicle control). D-Luciferin (potassium salt
from Perkin EImer) solution was injected weekly into these mice at 100mg/kg to image the
growth of the intraprostatic-grafted PC3-luciferase cells over time. Bioluminescence is
reported as the average of detected photons per second from the region of interest. At the
end of the experiment, tumours were excised, and half were snap frozen while the other half
was formalin fixed and paraffin embedded. All animal procedures were approved by the
SAHMRI Animal Ethics Committee (approval number SAM-21-042) in accordance with the

guidelines of the National Health and Medical Research Council of Australia (NHMRC).
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4.3 Results

4.3.1 Pharmacological inhibition of USP2 reduced cell viability and
increased cell apoptosis of neuroendocrine-like prostate

cancer cells

We first evaluated a pharmacological small molecule inhibitor of USP2, ML364 (Davis
et al., 2016) in several prostate cancer cell lines. ML364 was recently characterised to be a
reversible inhibitor of USP2 (Davis et al., 2016). The specificity of ML364 was demonstrated
using a Kinomescan assay, which showed that it did not bind to 102 other kinases, including
Aurora A/B and cyclin dependent kinases (CDK2, 3, 4, 5, 7, 8, 9 and 19) (Davis et al., 2016).

The three cell lines (MR42D, PC3 and LNCaP) represent the different prostate cancer
phenotypes observed in the clinic with regards to their aggressive and metastatic nature
(Aggarwal et al., 2018, Labrecque et al., 2019, Davies et al., 2021) (Table 2.3). MR42D is an
AR-positive LNCaP derivative that is resistant to enzalutamide (Bishop et al., 2017, Davies et
al., 2020); it is PSA-negative and has reduced expression of other canonical AR-regulated
genes (Bishop et al., 2017, Davies et al., 2020, Davies et al., 2021) and is considered to be a
model that represents partial transition from an epithelial to a neuroendocrine phenotype
(Davies et al., 2021, Chaves et al., 2021, Nolan et al., 2015). Meanwhile, PC3 is regarded as
more neuroendocrine-like PCa than MR42D (Tai et al.,, 2011, Zhang et al., 2011, Uysal-
Onganer et al., 2010). Both models express neuroendocrine markers such as chromogranin
A (CGA), neuron specific enolase (NSE), neural cell adhesion molecules (NCAM1), ENO2 and

SYP (Bishop et al., 2017, Davies et al., 2021). Treatment of the three PCa cell lines with ML364
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significantly reduced cell viability and increased cell death in a dose-dependent manner
(Figure 4.1). The representative half-maximal inhibitory concentrations (IC50) of ML364
calculated in MR42D, PC3 and LNCaP were 1.611uM, 1.894uM and 3.302uM respectively
(Figure 4.1). Based on the IC50 calculations, the results suggested that MR42D and PC3 cells
were more sensitive to USP2 inhibition than LNCaP cells. These findings were corroborated
by orthogonal cell growth/death assays using an Incucyte system (Figure 4.2). Moreover,
there was significant induction of cell death when neuroendocrine-like MR42D and PC3 cells
were treated with ML364 concentrations greater than 5uM. In contrast, concentrations
greater than 10uM of ML364 were required to significantly induce cell death in LNCaP cells
(Figure 4.1 and Figure 4.2). Therefore, we focussed our attention on the neuroendocrine-like
prostate cancer models.

ML364 caused apoptosis of PCa cells, as demonstrated by staining of cells with 7AAD
and AnnexinV-PE (Figure 4.3). A dose dependent increase in percentage of apoptotic cells was
observed in MR42D treated with ML364 (Figure 4.3). However, we cannot rule out that
ML364 causes other types of cell death including autophagy, necrosis, ferroptosis and

necroptosis (Green and Llambi, 2015, Strasser and Vaux, 2020).
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Figure 4.1. Pharmacological inhibition of USP2 with ML364 as a potential treatment for

aggressive prostate cancer. (A, B) Pharmacological inhibition of USP2 by the drug ML364

resulted in reduced cell viability (A) and increased cell death (B) of three prostate cancer (PCa)

cell lines as assessed using Trypan blue exclusion assays. The PCa cell lines tested were

enzalutamide-resistant MR42D, AR-negative PC3 and the androgen-dependent LNCaP cells
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cultured in full serum media. (C) The half maximal inhibitor concentration of ML364 in each
cell line was also calculated. Mean + standard deviation (S.D) from each group of three

independent replicates were shown, n = 3. The representative IC50s and cell viability data

from two biological replicates are shown.
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Figure 4.2. The USP2 inhibitor, ML364, reduced cell viability and induced cell death in
several prostate cancer cell lines in a dose dependent manner. (A) Cell death induced by
ML364 was measured over time by Sytox Green (B) Live cell signals in the experiments were
detected by Nuclight RFP over time and represented as a confluence area mask. Decrease in
confluence area correlated with decrease in percentage of live cells. Statistical analysis was
conducted via unpaired One-Way ANOVA, p-values < 0.05 (*); £ 0.01 (**); < 0.001 (***); <
0.0001 (****). Mean + standard deviation (S.D) from each group of three independent

replicates were shown, n = 3.
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Figure 4.3. The USP2 inhibitor, ML364, induces cell apoptosis when neuroendocrine-like

MR42D cells were treated with increasing concentrations of ML364. Statistical analysis was
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conducted via unpaired One-Way ANOVA, p-values < 0.05 (*); < 0.01 (**); < 0.0001 (****).
Mean * standard deviation (S.D) from each group of three independent replicates were

shown, n =3.
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4.3.2 Knockdown of USP2 inhibits growth and induced death of PCa

cells.

Given the utility of inhibiting USP2 with the pharmacological drug, ML364, we next
evaluated siRNAs as an alternative method to reduce USP2 activity To identify if inhibiting
USP2 in neuroendocrine-like prostate cancer (PCa) cells reduces cell viability, USP2 was
knocked down using siRNAs in androgen-insensitive MR42D and AR-negative PC3 cell line
models (Figure 4.4). In view of this, knockdown of USP2 mRNA with two highly effective
siRNAs (Figure 4.4A) significantly reduced cell viability (Figure 4.4B) and increased cell death
(Figure 4.4C) in both neuroendocrine-like PCa cell lines. These results suggest that USP2 is
important for the growth and survival of PCa cells.

Notably, both pharmacological (Figure 4.1, Figure 4.2 and Figure 4.3) and genetic
(Figure 4.4) inhibition of USP2 elicited the same phenotype effect. These observations
provide evidence that both the siRNAs and ML364 are acting on target i.e. by
inhibiting/suppressing USP2. Moreover, they provide further rationale for targeting USP2

using ML364 as a novel therapy for NEPC.
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Figure 4.4. Genetic manipulation of USP2a resulted in reduced cell viability and increased
cell death of neuroendocrine-like prostate cancer cells. (A) Knockdown of the USP2a mRNA
by two different siUSP2s in the androgen-insensitive MR42D cells and AR-null PC3 cells was
successful. mRNA values were represented as a fold change of the scrambled control (siCON).
(B) Knocking down USP2a resulted in a decrease in number of live cells, as determined by
Trypan blue assay. (C) Knocking down USP2a resulted in increase in percentage of cell death,
as determined by Trypan blue assay. Cell death was calculated as a percentage of the number
of dead cells over the total number of cells. For A-C, statistical analysis was conducted via
unpaired One-Way ANOVA, p-values < 0.01 (**); £ 0.001 (***); < 0.0001 (****). Mean %

standard deviation (S.D) from each group of three independent replicates were shown, n = 3.
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4.3.3 In vivo activity of a small molecule inhibitor of USP2, ML364

Given the impressive efficacy of ML364 in vitro, we next evaluated this USP2 inhibitor
in vivo. More specifically, PC3-luciferase xenografts were growth orthotopically (i.e. within
the prostate) of immunodeficient NSG mice. Treatment of the mice with ML364 resulted in
significant retardation of PC3-luciferase tumour growth (Figure 4.5A). Additionally, the
ML364 treatment did not result in any significant change in the weights of mice (Figure 4.5B),

suggesting that it did not cause any major toxicity.
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Figure 4.5. A small molecule inhibitor of USP2, ML364, significantly reduced growth of
neuroendocrine-like tumours in an orthotopic PC3-luciferase xenograft model. (A) Growth

of PC3-luciferase tumours over time in response to treatment. Mice were given
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intraperitoneal injections of 30mg/kg ML364 (or vehicle control) daily. Imaging and analysis
of the luminescence for each mouse was conducted using the IVIS Spectrum in vivo Imaging
System (by PerkinElmer). Bioluminescence of the PC3-luciferase tumours were measured in
photons per second. Two representative images from each group were presented. (B) The
ML364 treatment did not induce any significant weight loss when compared to mice given
the vehicle treatment. Statistical analysis conducted via One Way ANOVA, p-values < 0.0001
(****); > 0.05 (not significant, ns). Mean # standard error mean (SEM) from each group were

shown, n > 6 per group.
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4.3.4 Aurora kinase A, Cyclin D1 and FAS may be putative substrates

of USP2 in prostate cancer.

As described in Chapter 1, USP2 stabilises many oncoproteins in prostate cancer and
other cancer types. In particular, we were interested in Aurora kinase A, Cyclin D1 and fatty
acid synthase (FAS), since these are known substrates of USP2 in other cancer types and our
own results demonstrated increased levels of these proteins when USP2 was over-expressed
in LNCaP cells.

To verify that targeting USP2 influences the levels of Aurora kinase A and Cyclin D1,
we undertook Western blotting. Knockdown of USP2 in neuroendocrine-like PCa cells, such
as MR42D and PC3, resulted in a drastic decrease in AURKA expression (Figure 4.6). Similarly,
when USP2 was pharmacologically inhibited by a small molecule USP2 inhibitor ML364, the
expression of AURORA A, CYCIN D1 and FAS were greatly reduced in a dose dependent
manner (Figure 4.7A). Reduction in expression of these putative USP2 substrates began as

early as 24 hours of ML364 treatment (Figure 4.7B).
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Figure 4.6. Knocking down of USP2 resulted in decreased protein levels of Aurora kinase A
in the androgen-insensitive MR42D and AR-null PC3 cells. Cells were transiently transfected
with two distinct siRNAs targeting USP2 for 72 hours. Equal amounts of proteins per sample

was loaded per lane and the housekeeping protein, GAPDH, is shown as a loading control.
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Figure 4.7. Inhibition of USP2 reduced the protein levels of FAS, Aurora kinase A and Cyclin
D1. (A&C) FAS, Cyclin D1 and Aurora kinase A expression levels were reduced when
neuroendocrine-like PCa cells were treated with different concentrations of ML364 for 72

hours. Quantitation of protein signals was conducted by measuring the intensity of the
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protein bands in Imagelab. The intensity of each protein band was then normalised to the
corresponding GAPDH and then calculated as a ratio to the control. (B&D) The kinetics of
USP2 inhibition in MR42D cells by ML364 began after 24 hours of 5uM ML364 treatment.
Equal amounts of proteins per sample was loaded into each lane and the housekeeping
protein, GAPDH, was shown as a loading control. Quantitation of protein signals was
conducted by measuring the intensity of the protein bands in ImageLab. The intensity of each

protein band was then normalised to the corresponding tubulin.
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4.3.5 LNCaP cells expressing elevated levels of USP2 were more

sensitive to Aurora A inhibition.

Given the importance of USP2 for maintaining Aurora kinase A protein levels (Figure
4.6 and Figure 4.7), we postulated that cells with high expression of USP2 — and hence
stabilisation of Aurora kinase A — might be more sensitive to an Aurora A kinase inhibitor. To
test this hypothesis in vitro, LNCaP cells stably overexpressing USP2, which exhibit acquisition
of NEPC features and increased levels of Aurora kinase A (see Chapter 3), were treated with
Alisertib. Alisertib is a specific Aurora kinase A inhibitor that has been tested in a clinical trial
for patients with NEPC (Beltran et al., 2019). LNCaP cells overexpressing USP2 were more
sensitive to Alisertib than control cells, both in terms of cell growth (Figure 4.8) and death
(Figure 4.8). This suggests that USP2-OE LNCaP cells developed a heightened sensitivity to the

Aurora kinase inhibitor, Alisertib.
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Figure 4.8. Overexpressing USP2 in LNCaP sensitises cells to Aurora kinase A inhibition by

the small molecule inhibitor, called Alisertib. (A) When treated with Alisertib, LNCaP cells

overexpressing USP2 had a lower number of live cells than control, which is measured as a

fold change to Day 0 count of live cells. (B) LNCaP cells overexpressing USP2 experienced

greater cell death than control cells, when treated with Alisertib. The number of live and dead

cells were counted via hemacytometer and live cells excluded Trypan blue. Fold change of live

cells was calculated as a ratio of the number of live cells on Day 3 to the average number of
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live cells on Day 0. Cell death was calculated as the percentage of dead cells over the total
number of live and dead cells. Statistical analyses were conducted via unpaired t-tests
between control and LNCaP cells overexpressing USP2, p-values <0.05 (*); £0.01 (**); <0.001
(***); > 0.05 (not significant). Mean * standard deviation (S.D) from each group of three

independent replicates were shown, n = 3.
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4.4 Discussion

Current AR-targeted strategies inevitably result in the development of CRPC (Aggarwal
et al., 2018, Davies et al., 2020). One mechanism of resistance to AR-targeted therapies is the
acquisition of an AR-independent, neuroendocrine-like phenotype (Smith et al., 2018a, Smith
et al., 2015, Wong et al., 2008, Ben-Porath et al., 2008, Davies et al., 2021, Aggarwal et al.,
2018). Using a range of prostate cancer cell lines and prostate tumours that model different
stages of the disease, this chapter builds on the key findings of Chapter 3 and provides more
evidence that USP2 is a potential therapeutic target in NEPC.

Genetic and pharmaceutical inhibition of USP2 significantly reduced cell viability of a
diverse range of prostate cancer cell lines. Supporting our hypothesis, the data suggest that
the two NEPC-like models used in this study, MR42D and PC3, were more sensitive than
LNCaP to USP2 inhibition. Additionally, this is the first study that demonstrated a significant
reduction of tumour growth in an orthotopic xenograft model of neuroendocrine-like
prostate cancer when USP2 was pharmacologically inhibited using a small molecule inhibitor
of USP2, ML364. Our major finding is consistent with two previous studies of aggressive solid
tumour models (He et al., 2019, Zhang et al., 2020a). In those two studies, inhibition of USP2
by ML364 resulted in significant growth reductions of basal-like breast and triple negative
breast tumours (He et al., 2019, Zhang et al., 2020a).

Furthermore, our study is the first to demonstrate that ML364 did not cause a
reduction in the weights of mice. Measurement of mice weight is the most basic measure of
drug safety. ADME of a drug stand for absorption, distribution, metabolism, and excretion.
The preliminary ADME results of the activity, pharmacokinetic properties, and safety profile

for ML364 suggested that it is a good drug candidate for in vivo models (Davis et al., 2016).
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The stability of ML364 in mouse plasma and mouse and human liver microsomes were
reported to be at 100%, 61% and 84% respectively within 30 minutes of the microsome assay
(t12) (Davis et al., 2016), which indicates reasonable stability of the drug (Davis et al., 2016,
Dybing, 1973, Obach, 1999, Poulin et al., 2012, Sohlenius-Sternbeck et al., 2010). Therefore,
our results and the preliminary ADME results collectively suggest that USP2 is a promising
drug candidate that warrants further evaluation as a novel treatment for NEPC. However, we
acknowledged that the mice could have experienced early pre-diabetes, dyslipidemia or other
early toxicity as no additional measurements were taken.

Notably, inhibition of USP2 reduced the protein levels of Aurora kinase A, FAS, and
Cyclin D1 in multiple prostate cancer cell lines. These results, in combination with the findings
from Chapter 3, strongly suggest that Aurora kinase A, FAS, and Cyclin D1 are USP2 substrates
in prostate cancer. Reduction of these USP2 substrates in prostate cancer were observed
within 24 hours of ML364 treatment. Given that the in vitro and in vivo pharmacokinetics of
a drug shares a positive linear relationship (Rojas Gémez and Restrepo Valencia, 2015), our
results also imply that the pharmacokinetics of ML364 can occur within 24 hours in vivo.
However, it must be acknowledged that further in vivo analyses such as the rapid assessment
of compound exposure (RACE) (McAnally et al.,, 2012) and a comprehensive analysis of
pharmacokinetics in vivo must be conducted (White, 2000).

This chapter demonstrates that USP2 is a good protein candidate to target in prostate
cancer due to its ability to stabilise Aurora kinase A. This kinase is of great interest because it
has been identified as a driver of NEPC (Beltran et al., 2011, Davies et al., 2020) . Aurora kinase
A is important for mitosis, and the duplication and maturation of centrosomes (Liu and

Ruderman, 2006, Asteriti et al., 2015). Aurora kinase A has also been found to be associated
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with the epithelial-to-mesenchymal transition (D'Assoro et al., 2014, Liu et al., 2016) and with
chemotherapy-resistance (Anand et al., 2003, Sun et al., 2014). The AURKA gene is often
amplified and overexpressed in treatment emergent neuroendocrine PCa (Mosquera et al.,
2013, Beltran et al., 2011). Collectively, these studies suggest that Aurora kinase A is
important in NEPC. Therefore, we propose that one key mechanism of action of USP2 in NEPC
is to stabilise Aurora kinase A.

Given the importance of Aurora kinase A as a driver in the development of NEPC
(Beltran et al., 2011, Aparicio et al., 2016), a small molecule inhibitor, Alisertib, was tested in
a phase Il clinical trial (Beltran et al., 2019). Unfortunately, Alisertib improved progression-
free survival in only four out of sixty patients in that clinical trial (Beltran et al., 2019). Our
study demonstrated that LNCaP cells with elevated levels of USP2 developed enhanced in
vitro sensitivity to inhibition of AURORA A as compared to control cells (Figure 4.8). This
phenomenon can be partly explained by the increased Aurora kinase A expression in these
USP2-OE LNCaP cells, and potentially a greater reliance on Aurora kinase A as a knock-on
effect. Given that USP2-OE LNCaP cells resembles NEPC phenotypically and that USP2 directly
drives the development of a neuroendocrine-like phenotype (refer to chapter 3), our results
imply that prostate tumours with high USP2 expression can be treated with Alisertib. Thus,
we propose that USP2 could be used as a selection marker to stratify patients for treatment,
which may improve patient outcomes in trials of Alisertib. This hypothesis could be tested in
patient-derived xenografts, which have a range of USP2 levels (Figure 3.6D). Moreover, our
results suggest that a combinatorial inhibition of USP2 (with ML364) and Aurora kinase A
(with Alisertib) is a rational combination therapy that might also sensitise neuroendocrine

prostate cancer cells to chemotherapy.
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One of the strengths of this study is that USP2 was evaluated as a target in multiple
prostate cancer cell lines with a diverse range of phenotypes. Prostate adenocarcinoma
LNCaP cells are luminal epithelial cells that are androgen responsive, while PC3 and the
LNCaP-derived MR42D are neuroendocrine-like PCa cells that are androgen insensitive. The
objective of choosing those three PCa models (LNCaP, MR42D and PC3) is that these models
represent the heterogeneity of therapy-resistant prostate cancer that can plausibly arise as
multiple “conduits” to terminal state NEPC (Labrecque et al., 2019, Aggarwal et al., 2018,
Davies et al., 2021). However, we acknowledge that ML364 should be tested in additional
models, most importantly the gold-standard in the field, which is NEPC patient derived
xenografts.

Another strength is that ML364 was evaluated in mice grafted with neuroendocrine-
like PCa cells in their prostate glands. This type of preclinical mouse model enables us to
assess the efficacy of ML364 in an organ-specific tumour environment, which best mimics the
pathology, metastasis, and prostate cancer progression in humans (Nassar et al., 2020, Li et
al., 2020, Zhang et al., 2018a).

We acknowledge that we have not conclusively shown that Aurora kinase A is a key
mediator of USP2 action. Therefore, we suggest conducting further experiments to
conclusively demonstrate that putative mechanism. A potential experiment can be knocking
down USP2 in neuroendocrine-like PCa (such as MR42D cells), followed by overexpressing
Aurora kinase A in those cells and document any rescue of phenotype. The objective of this
future experiment is to investigate if AURKA is a direct substrate of USP2 and acts
downstream of USP2. Another important future work can be to identify other novel

substrates of USP2. This can enable a comprehensive understanding of the mechanism(s) by
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which USP2 utilises to mediate epithelial-neuroendocrine plasticity; this work will be
described in Chapter 5, which discusses proteomic and transcriptomic analyses of PCa cells

following manipulation of USP2 expression and activity.
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Chapter 5:
Integrative omics to define USP2

function in prostate cancer
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5 INTEGRATIVE OMICS TO DEFINE USP2 FUNCTION IN

PROSTATE CANCER

5.1 Introduction

The ubiquitin-proteasome system (UPS) manages degradation of intracellular proteins
through substrate recognition by ubiquitin ligases, conjugation of ubiquitin and degradation
of ubiquitinated substrates by proteasomes (Borg and Dixit, 2017, Komander et al., 2009).
Ubiquitinated proteins can be de-ubiquitinated by deubiquitylating enzymes (DUBs) (Harrigan
et al.,, 2018, Komander et al., 2009, Rajkumar et al., 2005). Among the 79 putative DUBs
encoded by the human genome, the ubiquitin-specific proteases (USPs) make up the largest
family of DUBs (Pal et al., 2014, Harrigan et al., 2018).

Notably, we have identified USP2 to be important and dysregulated in prostate
cancer. To the best of our knowledge, we have shown for the first time that USP2 is
upregulated in patients’ primary tumours in response to AR-targeted therapies and in NEPC
(refer to chapter 3). We are also the first to show that USP2 directly drives the neuroendocrine
phenotype and mediates resistance to AR-targeted therapy and chemotherapy (refer to
chapter 3). In chapter 4, we validated USP2 as a bona fide therapeutic target in aggressive
prostate cancer. While several novel substrates of USP2 have been identified and investigated
in prostate cancer (refer to chapter 3 and 4), it is imperative that other novel substrates of
USP2 be identified to elucidate the resistance mechanism(s) by which USP2 mediates its

effects.
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Proteomics- and transcriptomics-based techniques have often been employed in
cancer studies to identify potential mechanisms of resistance (Lenchine et al., 2021, Liu et al.,
20184, Gillis et al., 2021). To elucidate the substrates of USPs using omics, studies had labelled
the proteome with radiolabelled amino acids and conduct quantitative proteome or
ubiquitinome (Heidelberger et al., 2016, Liu et al., 2018a). Label-free proteomics of the
immunoprecipitant to identify substrates of the USP has also been conducted (Liu et al.,
2018a).

In this chapter, an integrative omics strategy to identify the substrates and functions
of USP2 in prostate cancer is described. More specifically, we conducted mass spectrometry-
based proteomics and transcriptional profiling (RNA sequencing) following manipulation of
USP2 expression. Integration of these -omics approaches had provided the first
comprehensive evaluation of USP2 function in prostate cancer and yielded a set of putative

substrates that can be interrogated in future work.
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5.2 Methods

5.2.1 Proteomics

2 million MR42D cells were seeded in full serum media per 10cm dish prior to a 24-
hour treatment with 5 uM ML364 (n = 5) or vehicle control (n = 5). LNCaP cells overexpressing
USP2 (USP2-0OE) or neon (control) transgenes were seeded in full serum media (n = 5) at the
appropriate densities: 1.1 million cells or 1.8 million cells in a 10cm dish for a 4 day or 3 day
growth. For both sets of proteomics experiments, cells were washed with PBS and then
harvested in 0.7 mL of lysis buffer (50 mM Tris-HCL pH 8.0) and 1x cOmplete mini EDTA-free
protease inhibitors (Roche Catalogue# 04693124001). Protein lysates were homogenised
using a Dounce homogeniser and a final concentration of 1% (w/v) Dodecylmaltoside (DDM)
was added per sample.

The Flinders Omics Facility then carried out EZQ protein assay (Invitrogen Catalogue#
R33200) to quantitate protein concentrations. 10 ug of proteins per lysate were reduced with
100 mM ammonium bicarbonate (Sigma #09830 Bio-Ultra Grade) and 10 mM TCEP-HCL
(Millipore CAS 51805-45-9) for 30 minutes at 56°C to reduce the proteins. The reduced
proteins were then alkylated with 20 mM chloroacetamide (Sigma #C0267) for 30 minutes at
room temperature. The alkylated proteins were digested with trypsin at ratio of 1:50 (protein
to trypsin) in a total volume of 200 plL overnight at 37°C. The trypsinisation reaction was
guenched using 0.1% Formic acid. The digested peptides were cleaned up using C18 StageTips
and eluted using 80% acetonitrile in 0.1% formic acid. In-house stage tips were made by
inserting 3x 1.25mm C18 disks (PK20 Empore Octadecyl C18, Sigma 66883-U) followed by 3x

1.4mm disks into an Axygen maxyum recovery 200uL tip (T-200-C-L). Peptides were separated
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using reversed phase liquid chromatography, which is a type of high-performance liquid
chromatography (HPLC). Peptide precursors were identified using data acquired via mass-
spectrometry 1 (MS1) and MS2 scans. Identification of peptides were carried out via data-
dependent and data-independent acquisition of peptide precursors and analysed against a
spectral library. The mass spectrometry model for both proteomics experiments was Dionex
Ultimate 3000 UPLC (ThermoFisher Scientific). The spectral library database file used was:

uniprot-Homo+sapiens+(Human)+[9606] 08-2021.fasta. For both proteomics experiments,
peptides were enriched using an in-house 40 cm 75um inner diameter fused silica capillary
packed with 1.9 um ReproSil-Pur C18 beads (Dr. Maisch, Ammerbuch, Germany) was used.
The uHPLC gradient was 0.3 pL per minute. In the first proteomics experiment, where MR42D
cells were treated with DMSO or ML364, peptides were analysed using the Exploris data
dependent and independent analysis methods. In the second proteomics experiment, where
USP2 was constitutively overexpressed in LNCaP cells, peptides were analysed using the

Lumos data dependent and independent analysis methods.

In the first proteomics experiment, the proteins were calculated as a ratio of the
protein expression in the ML364 treatment group over the control group. In the second
proteomics experiment, the proteins were calculated as a ratio of the protein expression in
the USP2-OE LNCaP cells over the control group. In both proteomics experiments, candidate

proteins are proteins with absolute log,fold change > 0.5 and a g-value < 0.05.

Pathway Enrichment Analyses
The entire list of proteins was inserted into the Gene Set Enrichment Analysis (GSEA)

tool. Pathways enriched in the LNCaP-USP2-OE cells (i.e. USP2 up) or the LNCaP-USP2-neon
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cells (i.e. USP2 down) were identified using GSEA. The following databases from MSigDB
(Subramanian et al., 2005) were selected for assessment by GSEA: Hallmarks, KEGG,
Reactome, Wikipathways, Transcription factor targets, Computational gene sets, Gene
Ontology and Oncogenic signature.

The list of significantly elevated or reduced proteins were inserted into the ClueGO
tool (Bindea et al., 2009). The following databases from MSigDB (Subramanian et al., 2005)

were selected for assessment by GSEA: KEGG, Reactome, Wikipathways, and Gene Ontology.
5.2.2 RNA sequencing

LNCaP cells constitutively overexpressing USP2 (LNCaP-USP2-OE) or the neon control
transgene (LNCaP-control) were seeded in full serum media in 6-well plate format. They were
then harvested in Trizol at the appropriate time points. Three biological replicates from
consecutive passage numbers, each of which were a pool of 3 technical replicates from that
passage, were processed for RNA sequencing. Total RNA was extracted using a RNeasy mini
kit (Qiagen #74104) according to manufacturer’s instructions.

RNA sequencing was done by the South Australian Genomic Centre (SAGC). The
quality and quantity of RNA samples was assessed using LabChip GX Touch 24 and Qubit
respectively. Next-generation RNA sequencing libraries were constructed according to the
Nugen Universal Plus mRNA-seq protocol and include 15 cycles of amplification. Equimolar
pools were prepared and converted to MGI compatible libraries. lllumina to MGI library
conversion was carried out using the MGIEasy Universal Library Conversion kit, part no.
MGI1000004155. Libraries were sequenced (single-end) on the MGI DNBSEQ-G400 large Flow
cell platform at the South Australian Genomics Centre (SAGC). The run had produced

reads of 471.1 million lengths with an average Q30 of 92.75%.
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Bioinformatics analysis of RNA-sequencing data

The following data processing and analysis was carried out by Dr. Marri from Flinders
Centre for Innovation in Cancer (FCIC, South Australia). The resulting FASTQ files averaging 75
million reads per sample were analysed and quality checked using FastQC program

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc). Reads were mapped against

the human reference genome (hg38) using the STAR spliced alignment algorithm (Dobin et
al., 2013) (version 2.5.2b with default parameters). The reads were assigned to each exon
region based on the human genome annotation from the GENCODE

(https://www.gencodegenes.org/) and assigned reads were summarised as counts using the

featureCounts (v.1.6.4) tool (Liao et al., 2014). The counts were normalized and PCA plots
generated using the pcaExplorer package (Marini and Binder, 2019) in R (v.4.2;

https://www.R-project.org/).

Differential gene expression analysis was done using the DESeq2 program (Love et al.,

2014) in R (v.4.2; https://www.R-project.org/). Briefly, DESeq2 uses a Wald test for

statistically significant testing. The Wald test p values from the genes that pass the
independent filtering step are adjusted for multiple testings using the Benjamini-Hochberg
test. Benjamini-Hochberg adjusted p values of < 0.05 were considered statistically significant.
DESeq?2 reports a log2FoldChange for the differential expression of each gene. Differentially
expressed genes were defined by a log2FoldChange of > 1 or < -1. Volcano plots were
generated using the EnhancedVolcano R package

(https://bioconductor.org/packages/release/bioc/html/EnhancedVolcano.html).
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Pathway Enrichment Analyses

The gene lists were filtered to only include protein-coding genes. Subsequently,
pathways enriched in the LNCaP-USP2-OE cells (i.e. USP2 up) or the LNCaP-neon cells (i.e.
USP2 down) were identified using Gene Set Enrichment Analysis (GSEA). The following
databases from MSigDB (Subramanian et al., 2005) were selected for assessment by GSEA:
Hallmarks, KEGG, Reactome, Wikipathways, Transcription factor targets, Computational gene
sets, Gene Ontology and Oncogenic signature.

The list of significantly upregulated or downregulated genes were inserted into the
ClueGO tool (Bindea et al., 2009). The following databases from MSigDB (Subramanian et al.,
2005) were selected for assessment by GSEA: KEGG, Reactome, Wikipathways, and Gene

Ontology.
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5.3 Results

5.3.3 Overview of experimental strategy to identify USP2 substrates

We devised a strategy to robustly identify USP2 substrates and activities in prostate
cancer cells (Figure 5.1). This strategy relied on mass-spectrometry-based analysis of
proteomes when USP2 is inhibited in neuroendocrine-like MR42D cells and when USP2 is
overexpressed in the adenocarcinoma LNCaP cells, combined with RNA-sequencing of the
USP2-OE LNCaP cells (Figure 5.1). Integration of these three experiments would identify
proteins that decreased with USP2 inhibition and increased with USP2 overexpression, with
a further filtering step being to identify proteins that did not exhibit altered expression at the
transcript level (Figure 5.1). In other words, factors exhibiting changes at the mRNA level but
not the protein level are unlikely to be a substrate. RNA-seq can also provide additional
insights into how the overall transcriptome is altered and whether this is related to the
neuroendocrine phenotype, including potential changes to activity of transcription factors.
Below, the results of these experiments, including integration of the distinct datasets, are

described in more detail.
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Figure 5.1. Schematic diagram depicting the overall experimental approach for quantitative

proteomics and transcriptomics in this study. The analytical parameters to identify novel
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5.3.4 Analyses of the global proteome in MR42D cells treated with

the USP2 inhibitor, called ML364.

To systematically identify proteins that were altered when USP2 was inhibited in
neuroendocrine-like prostate cancer cells, the total proteome was profiled in MR42D cells
treated for 24 hours with 5uM ML364 or a vehicle control. Principal component analysis (PCA)
revealed that the proteome of the MR42D cells treated with ML364 was distinct from MR42D
cells treated with vehicle and there was little variation between replicates (Figure 5.2).

The average number of protein groups detected per sample was 3395 (Table 5.1). The
minimum percentage of detected protein groups was 94.05% (Table 5.1), thereby indicating

that the data was robust.
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Figure 5.2. Principal component analysis of the global proteomes from MR42D cells treated
with vehicle (control) versus 5uM ML364. The 95% confidence interval used to group the

samples were indicated by the probability ellipsoids.
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Table 5.1. Number of protein groups detected in MR42D cells treated with vehicle (DMSO)

versus ML364.

Number of protein groups detected in MR42D cells treated with vehicle versus ML364
Sample name Number of Total number Percentage of
protein groups of protein protein groups
detected groups across detected
all samples

1 Control replicate 1 3371 3549 94.98%

2 Control replicate 2 3434 3549 96.76%

3 Control replicate 3 3435 3549 96.79%

4 Control replicate 4 3461 3549 97.52%

5 Control replicate 5 3443 3549 97.01%

6 ML364-treated 3338 3549 94.05%
replicate 1

7 ML364-treated 3373 3549 95.04%
replicate 2

8 ML364-treated 3341 3549 94.14%
replicate 3

9 ML364-treated 3393 3549 95.60%
replicate 4

10 ML364-treated 3364 3549 94.79%
replicate 5
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A volcano plot was plotted to showcase the changes in protein abundance in response
to inhibition of USP2 by ML364. The proteins that had significant changes in expression are
indicated in red dots (Figure 5.3). These candidate proteins had absolute log,(fold change) >
0.5 and g-values < 0.05. This analysis revealed that there were a greater number of proteins
that were significantly downregulated than upregulated: 57 proteins were significantly
upregulated (Supplementary Table 7.1), while 476 proteins were significantly downregulated
with USP2 inhibition in MR42D cells (Figure 5.3; Supplementary Table 7.2). This finding may

reflect the function of USP2 in maintaining stability of its protein substrates.
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Figure 5.3. Volcano plot of the proteins at different abundance levels were identified
between the MR42D cells treated with 24 hours of 5uM ML364 and the control group. These
proteins were calculated as a ratio of the protein expression in the ML364 treatment group
over the control group. Each dot represents a protein. Candidate proteins are proteins with
absolute log,(fold change) > 0.5 and g-value < 0.05, shown as red dots. The threshold line

corresponds to g-value = 0.05.
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To gather insight into the possible biological functions of USP2, Gene Set Enrichment
Analysis (GSEA) was used to identify pathways altered in the proteomics data. GSEA is a
powerful enrichment tool to interpret mass spectrometry-based proteomics and RNA
sequencing (Zito et al., 2021, Subramanian et al., 2005). Pathways enriched using GSEA that
had an FDR-adjusted p-value less than 0.25 were determined to be enriched, a cutoff that has
been determined to identify biologically relevant pathways previously (Subramanian et al.,
2005). We also used another enrichment tool called ClueGO (Bindea et al., 2009) to
investigate the list of proteins that were significantly reduced or increased. ClueGO has been
used to interpret mass spectrometry-based proteomics in cancer cells (Liu et al., 2018a).
Pathways enriched using the ClueGO tool that have adjusted p-values less than 0.05 were
selected for this study, according to the suggested workflow (Liu et al., 2018a).

Gene Set Enrichment Analysis (GSEA) revealed an enrichment of cell cycle pathways
that were significantly downregulated (FDR adjusted p-value < 0.05) with USP2 inhibition in
MR42D cells (Figure 5.4A). The enriched cell cycle pathways that were inhibited were the
Hallmark “E2F targets” and Hallmark “G2/M checkpoint” pathways with normalised
enrichment scores of -2.04 and -1.65 respectively (Figure 5.4A). The Hallmark “G2/M
checkpoint” collection was a list of genes encoding proteins important for cell cycle
progression, while the Hallmark “E2F targets” pathway contained a list of cell cycle related
targets of E2F transcription factors (Liberzon et al., 2015, Subramanian et al., 2005).

Meanwhile, analyses via GSEA and ClueGO also revealed enrichment of DNA repair
and mitochondrial translation pathways that were downregulated (Figure 5.4B, Figure 5.5).
With GSEA, the “DNA repair” and “mitochondrial translation” Reactome pathways have

normalised enrichment scores of -1.64 and -1.55 respectively (Figure 5.4B). The “DNA repair”
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Reactome pathway (R-HAS-73894) ensures the integrity of the cellular genome is maintained
(Curtin, 2012, Lindahl and Wood, 1999). The “mitochondrial translation” Reactome pathway
represents proteins that are encoded in the genome and translated by the mito-ribosomes
on the inner mitochondrial membrane (Hallberg and Larsson, 2014, Lightowlers et al., 2014).

Notably, there was enrichment of the glycolysis pathway in the set of proteins that
were significantly reduced in neuroendocrine-like MR42D cells treated with ML364 (Figure
5.5). Other notable pathways that were suppressed with ML364 include fatty acid
metabolism, extracellular matrix assembly, chaperone-mediated protein folding, ERAD
pathway and canonical WNT signalling pathway (Figure 5.5).

In contrast, there was enrichment of pathways that metabolised cellular energy
reserves, such as glycogen, with proteins that were significantly upregulated in MR42D cells
treated with ML364 (Figure 5.6). Collectively our analyses revealed new associations of USP2
with cellular functions, such as cell cycle, DNA repair, mitochondrial translation, protein
chaperones, fatty acid metabolism and WNT signalling in neuroendocrine-like prostate cancer

cells.
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HALLMARK] |REACTOME/KEGG

Name of pathway NES FDR adjusted
p-value
E2F targets -2.04 <0.0001
G2/M checkpoint -1.65 0.0382
Mitotic G1 and G1/S transition -1.95 0.0195
Metabolism of carbohydrates 2.06 0.0417
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NAME NES FDR adjusted
p-value
Oxidative phosphorylation -1.41 0.1252
Pathways in cancer -1.56 0.1404
DNA repair -1.64 0.1826
Mitotic cell cycle -1.52 0.1884
Mitochondrial translation -1.55 0.1973
Ubiquitination -1.68 0.2043
Carbohydrate metabolism 2.00 0.0792

Figure 5.4. GSEA analysis of proteomics data from MR42D cells exposed to 5uM ML364

revealed inhibition of cell cycle pathways. (A) The pathways displayed are significantly

enriched (FDR-adjusted p-value < 0.05). (B) The pathways displayed are significant (0.05< FDR-

adjusted p-value <0.25). For (A) and (B), the entire proteomic dataset (i.e. all proteins

detected) were used as an input in GSEA.
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Figure 5.5. Inhibition of USP2 in neuroendocrine-like PCa cells is associated with an

inhibition of glycolysis, cell cycle and fatty acid metabolism. Pathway enrichments via

ClueGO were conducted using the list of proteins that were significantly reduced in MR42D

cells treated with 24 hours of ML364 (adjusted p-value < 0.05).
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Figure 5.6. Inhibition of USP2 in neuroendocrine-like PCa cells is associated with an

activation of cellular polysaccharide catabolic process. (A) Pathway enrichments via ClueGO
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were conducted using the list of proteins that were significantly upregulated in MR42D cells
treated with 24 hours of ML364 (adjusted p-value < 0.05). (B) Pathways related to the cellular
polysaccharide catabolic process were highlighted. The larger the size of the node, the higher
the enrichment significance of the terms. The thicker the connecting line, the stronger the

association strength between the terms.
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5.3.5 Analyses of the global proteome when LNCaP cells

overexpressed USP2

The global proteome was also profiled in LNCaP cells overexpressing USP2 (USP2-OE)
or the neon transgene (control). Principal component analysis (PCA) distinguished the
proteome of USP2-OE LNCaP cells from the control cells (Figure 5.7). The relatively low
variance accounted by the combination of the two most important principal components
signals that the proteomes from the two cell types are very distinct (Figure 5.7).

The average number of protein groups detected per sample was 3997 (Table 5.2). The
minimum percentage of detected protein groups was 90.01% (Table 5.2), thereby indicating

that the data was robust.
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Figure 5.7. Principal component analysis of the global proteome differentiated the global
proteome profiles of the LNCaP cells overexpressing USP2 (USP2-OE) versus control cells
overexpressing the neon transgene. The probability ellipsoids represent the 95% confidence

interval used to group the samples.
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Table 5.2. Number of protein groups detected in the LNCaP overexpressing the neon

transgene (control) or USP2 (USP2-OE) when these cells were grown in media supplemented

with full serum.

Number of protein groups detected in the control LNCaP cells versus LNCaP cells
overexpressing USP2
Sample names Number of Total number of Percentage of
protein groups protein groups across protein groups
detected all samples
1 Control LNCaP 3984 4254 93.65%
replicate 1
2 Control LNCaP 4075 4254 95.79%
replicate 2
3 Control LNCaP 4127 4254 97.01%
replicate 3
4 Control LNCaP 4067 4254 95.60%
replicate 4
5 Control LNCaP 3963 4254 93.16%
replicate 5
6 USP2-OE 3829 4254 90.01%
LNCaP
replicate 1
7 USP2-OE 3976 4254 93.46%
LNCaP
replicate 2
8 USP2-OE 3948 4254 92.81%
LNCaP
replicate 3
9 USP2-OE 4068 4254 95.63%
LNCaP
replicate 4
10 USP2-OE 3942 4254 92.67%
LNCaP
replicate 5
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The volcano plot depicted the changes in protein abundance in response to
overexpression of USP2 in androgen dependent LNCaP cells (Figure 5.8). There were 137
proteins that were significantly upregulated (average log,fold change > 0.5) (Figure 5.8;
Supplementary Table 7.3) and 448 proteins that were significantly downregulated (average
log,(fold change) < - 0.5) (Figure 5.8; Supplementary Table 7.4). Candidate proteins that have
absolute log,(fold change) 2 0.05 and g-values < 0.05 and are denoted in red dots (Figure 5.8).
It is postulated that the proteins that are more highly expressed in the USP2-OE LNCaP cells
than control cells could be enriched as USP2 substrates. Therefore, we mainly focused on the

pathways that were activated within this class of proteins.
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Figure 5.8. Volcano plot of proteins at different abundance levels were identified between
the USP2-OE LNCaP cells and the control group. These proteins were calculated as a ratio of
the protein expression in the USP2-OE LNCaP cells over the control group. Candidate proteins
are proteins with absolute log,(fold change) > 0.5 and a g-value < 0.05, shown as red dots.

The threshold line corresponds to g-value = 0.05.
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GSEA analysis of the global proteomes from LNCaP cells overexpressing USP2 revealed
the following pathways to be significantly and positively enriched (FDR-adjusted p-value <
0.05 and normalised enrichment score > 0): Cyclin D1 signalling, peroxisomal signalling and
import of peroxisomal proteins, translation and import of mitochondrial proteins, protein
localisation, extracellular matrix organisation, gluconeogenesis, regulation of the transport of
insulin growth factor and detoxification of reactive oxygen species (Figure 5.9A). GSEA
pathway analyses also suggested USP2 to play a role in RAF1 signalling, fatty acid metabolism
and reactive oxygen species (ROS) (0.05 < FDR-adjusted p-value < 0.25 and normalised
enrichment score > 0) (Figure 5.9B).

Findings using the ClueGO tool were generally similar to that obtained by GSEA (Figure
5.10). There were enrichments of lipid metabolism pathways, suggesting that USP2 might be
a positive regulator of lipid metabolism (Figure 5.10). There were also enrichments of
translation and import of mitochondrial proteins, and chaperone-mediated protein folding
(Figure 5.10). Other notable pathway enrichments were detoxification of reactive oxygen
species, neuron projection regeneration and positive regulation of histone H3-K4 methylation
(Figure 5.10). This indicated that USP2 might be involved in the ROS pathway and regulating
neuron projections and methylation. Importantly, there was enrichment of protein de-
ubiquitination with the proteins that were significantly increased in USP2-OE LNCaP cells
(Figure 5.10). This supports the role of USP2 as a deubiquitinating enzyme in prostate cancer
cells.

GSEA also revealed enrichment of several downregulated pathways that were
previously not associated with elevation of USP2 in prostate cancer (Figure 5.9). High

expression levels of USP2 in LNCaP cells was associated with downregulation of interferon
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signalling and the antiviral mechanism by IFN signalling cascade (Figure 5.9). These
enrichments were supported by the ClueGO analyses (Figure 5.11). The Toll like receptor
(1/2/4/9) signalling cascades were also downregulated in these USP2-OE LNCaP cells (Figure
5.9). Additionally, elevated expression of USP2 resulted in a negative enrichment for
ubiquitin-mediated proteolysis, specifically the ubiquitin conjugating enzyme activity and

protein K48-linked ubiquitination pathways (Figure 5.9, Figure 5.11).
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C6_Oncogenic signatures Normalised I(Ehrl'ég;] ment Score [REACTOME/KEGG
Pathway Enriched NES FDR adjusted
p-value
Ubiquitin mediated proteolysis -1.71 0.0310
Interferon (IFN) signalling -1.92 0.0294
Antiviral mechanism by IFN cascade -1.88 0.0139
Toll like receptor (TLR1/2/4/9) signalling -1.69 0.0284
Peroxisomal signalling 1.87 0.0377
Peroxisomal protein import 1.99 0.0073
Mitochondrial translation 1.90 0.0095
Protein localisation 2.06 0.0058
Extracellular matrix organisation 1.91 0.0099
Gluconeogenesis 1.92 0.0114
Regulation of IGF transport and uptake 2.14 0.0054
Detoxification of reactive oxygen species 2.28 0.0034
Upregulation of CCDN1 signalling 2.21 <0.0001
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Figure 5.9. GSEA pathway analysis of the altered proteome in response to USP2

overexpression in LNCaP cells revealed novel associations with upregulation of CCDN1

signalling and fatty acid metabolism. (A) The pathways presented were significantly enriched

(FDR-adjusted p-value <0.05). (B) The pathways presented were significantly enriched (0.05<

FDR-adjusted p-value <0.25).
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Figure 5.10. Elevated USP2 expression in LNCaP cells is associated with activation of
neuroendocrine-associated signalling and lipid metabolism. (A) Pathway analyses via
ClueGO was conducted using the list of proteins that were significantly elevated in the USP2-

OE LNCaP cells. Displayed pathways are significantly enriched (adjusted p-value < 0.05). (B)
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Pathways related to beta-oxidation of very long chain fatty acids were highlighted. The larger
the size of the node, the higher the enrichment significance of the terms. The thicker the

connecting line, the stronger the association strength between the terms.
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Figure 5.11. Elevated USP2 expression in LNCaP cells is associated with inhibition of protein
ubiquitination, apoptosis, and interferon signalling. (A) Pathway analyses via ClueGO was
conducted using the list of proteins that were significantly reduced in the USP2-OE LNCaP
cells. Displayed pathways are significantly enriched (adjusted p-values < 0.05). (B) Pathways
related to ubiquitin mediated proteolysis were highlighted. The larger the size of the node,
the higher the enrichment significance of the terms. The thicker the connecting line, the

stronger the association strength between the terms.
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5.3.6 Analyses of the global transcriptome when LNCaP cells overexpress USP2
To identify transcripts that had significant changes in expression in LNCaP cells when
USP2 is elevated, RNA-seq was used to profile the transcriptome in LNCaP cells
overexpressing USP2 (USP2-OE) or the neon transgene (control). Across the six samples, the
average number of mapped reads was 73.2 million, which corresponds to an average of
97.82% mapped reads (Table 5.3). The minimum percentage of mapped reads in the
transcriptomics data was 97.42% (Table 5.3). Despite the variability between replicates, the

principal component analysis (PCA) still categorised the transcriptomes of the USP2-OE LNCaP

cells and the control LNCaP cells as two distinct groups (Figure 5.12).
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Table 5.3. Number of transcripts detected in the LNCaP overexpressing the neon transgene

(control) or USP2 (USP2-OE) when these cells were grown in media supplemented with full

serum.
Sample Total | Mapped | Mapped ll:l:alqu::;/ ml\allult;d Unmapped |Unmapped
Name Reads Reads | Reads (%) (;3 (;3 reads (%)
Control
Replicate [ 7.24E+07 [ 7.07E+07 | 97.63% 90.80% 6.83% 1.72E+06 2.37%
1
Control
Replicate [ 7.40E+07 [ 7.24E+07 | 97.88% 92.25% 5.64% 1.57E+06 2.12%
2
Control
Replicate [ 7.19E+07 [ 7.02E+07 | 97.70% 92.15% 5.55% 1.65E+06 2.30%
3
USP2-0OE
Replicate | 8.67E+07 [ 8.45E+07 | 97.42% 92.28% 5.14% 2.24E+06 2.58%
1
USP2-OE
Replicate | 7.30E+07 [ 7.16E+07 | 98.17% 91.42% 6.75% 1.34E+06 1.83%
2
USP2-OE
Replicate [7.10E+07 [ 6.97E+07 | 98.12% 91.18% 6.94% 1.34E+06 1.88%
3
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PC2: 17.3% variance

0
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Figure 5.12. Principal component analysis of the global transcriptome grouped the
transcriptomes of the LNCaP cells overexpressing USP2 (USP2-OE) and LNCaP cells
overexpressing the neon transgene (control) into two clear clusters. The probability

ellipsoids indicate the 95% confidence interval used to group the samples.
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The volcano plot depicted the changes in transcript abundance in response to
overexpression of USP2 in adenocarcinoma LNCaP cells (Figure 5.13). There were 433
transcripts that were significantly upregulated and 358 transcripts that were significantly

downregulated (Figure 5.13; Supplementary Table 7.5).
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Figure 5.13. Volcano plot of transcripts at different abundance levels between the USP2-OE
LNCaP cells and the control LNCaP cells. These transcripts were calculated as a ratio of the
transcript levels in the USP2-OE LNCaP cells over the control group. The transcripts that had

log, (fold change) > 1 and p-value < 0.05 were indicated in red dots.

214



ot
\&J

THE UNIVERSITY
o ADELAIDE

GSEA analysis of the transcriptomic data was conducted to systematically identify the
biological pathways that USP2 can influence. This strategy revealed that hypoxia and mitotic
spindle pathways were significantly positively enriched in LNCaP cells overexpressing USP2
(FDR-adjusted p-value <0.05) (Figure 5.14). A lower parameter (FDR-adjusted p-value < 0.05)
was chosen due to the moderate variation observed among replicates (Figure 5.12).
Furthermore, these GSEA analyses were supported by the ClueGO analyses of proteins that
were significantly increased or reduced (Figure 5.15 and Figure 5.16).

Pathway analyses, via ClueGO, of transcripts that were significantly increased in
USP2-OE LNCaP cells unveiled enrichment of glycolysis, fatty acid metabolism, neuron/cell
projection and mesenchymal cell migration (Figure 5.15). There was also enrichment of
cellular response to hypoxia and signalling pathways, such as the HIF-1, EGFR, ERBB, MAPK,
Hippo and WNT signalling pathways (Figure 5.15).

Regarding the transcripts that were significantly reduced in USP2-OE LNCaP cells,
pathway analyses via ClueGO uncovered enrichment of interferon signalling and expression
of interferon-induced genes (Figure 5.16). This supported the negative enrichment of
interferon signalling when the global transcriptome of USP2-OE LNCaP cells was analysed
using GSEA (Figure 5.14). These results also supported the GSEA and ClueGO analyses on the

proteomes of USP2-OE LNCaP cells (Figure 5.9, Figure 5.11).
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Figure 5.14. GSEA analysis of transcriptomic data conducted on LNCaP cells overexpressing

USP2 (USP2-OE) versus LNCaP cells overexpressing the neon transgene (control) revealed

associations of USP2 with inhibition of Interferon signalling and activation of hypoxia and
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mitotic spindle pathways. (A) The pathways presented are significantly enriched (FDR-
adjusted p-value < 0.05). (B) Further description on the normalised enrichment scores (NES),

FDR-adjusted p-values for the enriched pathways shown in (a).
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Figure 5.15. Elevated USP2 expression in LNCaP cells is associated with activation of
neuroendocrine-associated signalling and fatty acid metabolism. (A) Pathway analyses via

ClueGO was conducted using the list of genes that were significantly elevated in USP2-OE
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LNCaP cells. Displayed pathways are significantly enriched (adjusted p-values < 0.05). (B)
Pathways related to protein-disulfide reductase activity and ether lipid metabolism were
highlighted. The larger the size of the node, the higher the enrichment significance of the
terms. The thicker the connecting line, the stronger the association strength between the

terms.
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Figure 5.16. Elevated USP2 expression in LNCaP cells is associated with inhibition of
interferon signalling and expression of interferon-induced genes. (A) Pathway analyses via
ClueGO was conducted using the list of genes that were significantly reduced in USP2-OE
LNCaP cells. Displayed pathways are significantly enriched (adjusted p-values < 0.05). (B)
Pathways related to expression of IFN-induced genes were highlighted. The larger the size of
the node, the higher the enrichment significance of the terms. The thicker the connecting

line, the stronger the association strength between the terms.
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5.3.7 Integration of the three sets of proteomics and transcriptomics

expression data

As a first step to integrate the data from the 3 separate -omics experiments, we
overlapped the proteins that were found to be reduced in cells treated with ML364 and
elevated in LNCaP cells overexpressing USP2. There were 13 proteins that overlapped
between the two sets of proteomes (Figure 5.17A). We then incorporated the transcriptomic
data and found no significant changes in transcript levels between the experimental and
control groups for those high priority candidates (FDR-adjusted p-values close to 1) (Table
5.4). The cellular functions associated with those 13 protein candidates were described
(Figure 5.18), with several of these proteins being associated with chemotherapy resistance
and neuroendocrine tumours. The roles of these proteins were further discussed in Chapter
5 Section 5.4.

There were 585 genes encoding proteins that overlapped between the proteome and
transcriptome of USP2-OE LNCaP cells. Out of those 585 genes, the transcription of only 2
genes were significantly changed (log2 fold change > 1 and p-value < 0.05) (Table 5.5). Those
two genes were GAGE1 and PEG3 (Table 5.5). This indicates that GAGE1 and PEG3 are not
regulated by USP2, as USP2 functions at the post-translational level through the removal of

ubiquitin groups from proteins.
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Figure 5.17. Thirteen proteins were identified as potential novel USP2 substrates. (A) Venn

diagram showing the overlap between the two sets of proteomes. The first set of proteome
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was the list of 476 proteins that were significantly reduced (average log2 fold change < -0.5)
in MR42D cells treated with 24 hours of 5uM ML364. The second set of proteome is the list
of 137 proteins that were significantly increased (average log, fold change > 0.5) in LNCaP
cells overexpressing USP2. (B) Each of the 13 overlaping proteins had reduced expression in
MR42D cells treated with ML364. Statistical analysis was conducted via t-test, FDR-adjusted
p-values £ 0.05 (*); £0.01 (**); < 0.001 (***); < 0.0001 (****). (C) Each of the 13 overlapping
proteins had increased expression in LNCaP cells overexpressing USP2. Statistical analysis was

conducted via t-test, FDR-adjusted p-values < 0.05 (*); < 0.01 (**); < 0.001 (***); < 0.0001
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Table 5.4. Changes in transcript levels encoding potential substrates of USP2.

Protein Name Gene (formula) log2(FoldChange) p-value g-value
ABLIM1 ABLIM1 0.1779 0.3380 0.9988
GRN GRN -0.1648 0.4058 0.9988
G3BP2 G3BP2 0.1552 0.5863 0.9988
LAMB2 LAMB2 0.1035 0.4097 0.9988
FUBP1 FUBP1 0.0312 0.8571 0.9988
MARVELD2 MARVELD2 -0.0280 0.8928 0.9988
NUCB1 NUCB1 -0.0293 0.8828 0.9988
SLAIN2 SLAIN2 0.0802 0.6738 0.9988
RCN3 RCN3 0.3956 0.0598 0.9180
LAMC1 LAMC1 0.1313 0.4235 0.9988
TM1L2 TOM1L2 -0.1966 0.0380 0.7767
VCP vcp -0.0912 0.2921 0.9988
BRX1 BRIX1 -0.1545 0.1621 0.9988
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Gross et al., 2022)
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Figure 5.18. Several of these thirteen high-priority candidates as USP2 substrates were

associated with neuroendocrine tumours and resistance to chemotherapy and

immunotherapy. The other protein candidates remained unexplored in relation to

neuroendocrine tumours, chemotherapy, or immunotherapy.
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Table 5.5. Two genes were identified to have significantly changed transcript levels

(log2foldchange > 1 and p-value < 0.05). These genes were identified by overlapping the

transcriptome of USP2-OE LNCaP cell line with its proteome.

Genes | log2FoldChange p-value
GAGE1 -1.10 1.32E-05
PEG3 1.51 9.84E-06
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5.4 Discussion

Despite our findings in Chapters 3 and 4, the precise mechanism(s) that USP2 utilises
in prostate cancer to drive resistance against AR-targeted therapy and chemotherapy remain
to be fully determined. In this chapter, using a series of omics experiments, we found that
USP2 can be involved in a plethora of signalling pathways. Consistently, elevated USP2
expression was associated with activation of protein de-ubiquitination, which is to be
expected given its enzymatic activity. Additionally, pathway analyses revealed associations of
USP2 with cellular pathways such as neuroendocrine, lipid metabolism and cell cycle; these

findings are significant because they support the results in Chapter 3 and 4.

Elevation of USP2 in LNCaP cells resulted in a significant activation of neuroendocrine-
associated pathways (Figure 5.10 and Figure 5.15). These pathways include neuron projection
regeneration, neural crest development, stem cell development, mesenchymal cell, and
glycolysis. Neuron projections from cancer cells indicate a neuronal or neuroendocrine (NE)
phenotype (Yuan et al., 2006, Shen et al., 1997, Sanchez et al., 2020). Furthermore, a major
fraction of human prostatic neuroendocrine cells and neuroendocrine tumours was identified
to be neural crest-derived (Szczyrba et al., 2017, Gammill and Weichert, 1973, Adams and
Bronner-Fraser, 2009, Rosai, 2011). Additionally, treatment induced NEPC exhibits metabolic
reprogramming towards aerobic glycolysis (Ahmad et al., 2021, Wang et al., 2019, Choi et al.,
2018). A more detailed dissection of the neuroendocrine-associated proteins/transcripts that
are regulated by USP2, which were identified in this chapter from both the proteomics and
transcriptomics experiments and summarised in Figure 5.19, will undoubtedly provide more

insight into its function. For example, by identifying factors enriched in several of the major
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neuroendocrine-associated pathways (Figure 5.19), we could prioritise TWIST1, SEMA4C,
SEMAA4G and SMO as factors that may play influential roles downstream of USP2 in mediating
cell plasticity. PGRN/GRN and LAMB?2 are also of high interest as they are part of the thirteen
high priority putative substrates of USP2 (Figure 5.18). Collectively, our omics results suggest
that elevated USP2 expression is associated with neuroendocrine signalling and these results
support the findings that USP2 is a driver of the neuroendocrine phenotype in prostate cancer

(refer to chapter 3 and 4).
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Figure 5.19. Neuroendocrine- and mesenchymal-related factors that are increased with

upregulation of USP2 expression in LNCaP cells.

229



ot
\&J

THE UNIVERSITY
o ADELAIDE

Inhibition of USP2 by ML364 resulted in a significant downregulation of cell cycle
pathways, such as G2M checkpoint and E2F targets (Figure 5.4A). Conversely, elevated levels
of USP2 in the androgen dependent LNCaP cells resulted in significant upregulation of cell
cycle pathways, such as mitotic spindle, Cyclin D1 and RAF signalling (Figure 5.5 and Figure
5.9). The upregulation of mitotic spindle pathways can be facilitated by the increased
expression of Aurora kinase A (AURKA). AURKA is important for the assembly and orientation
of mitotic spindles (Liu and Ruderman, 2006, Asteriti et al., 2011). Meanwhile, Cyclin D1 can
complex with CDK4/6 (Topacio et al.,, 2019, Otto and Sicinski, 2017) and activate the
transcriptional activity of E2F transcription factors to promote cell cycle progression (Hurford
et al., 1997, Ohtani et al., 1995). Activation of the E2F signalling can also further amplify the
Cyclin D1 signalling pathway (Lee et al., 2000, Hydbring et al., 2016, Ohtani et al., 1995).
Activation of the RAF signalling pathway often results in enhanced cellular proliferation,
increased protein synthesis and reduced sensitivity to agents that induces apoptosis
(Steelman et al., 2011, Wang and Proud, 2002). Collectively, our proteome data supports our
key findings in previous chapters that increased expression of Cyclin D1 and Aurora kinase A

in LNCaP cells overexpressing USP2 is important for cell viability and proliferation.

Elevation of USP2 levels in LNCaP cells resulted in a positive enrichment of
peroxisomal (Figure 5.9) and fatty acid metabolism pathways (Figure 5.5, Figure 5.10, Figure
5.15). Lipid metabolism is often dysregulated in prostate cancer (Butler et al., 2021, Hoy et
al., 2021), while peroxisomes are essential for the oxidative metabolism of both linear and
branched forms of very long chain fatty acids (vLCFAs) (> 22 carbons) (Singh et al., 1992,

Lazarow and De Duve, 1976, Mihalik et al., 1995) (Morita and Imanaka, 2012, Jakobs and
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Wanders, 1995) into long-chain acyl-CoA fatty acids and acetyl-CoA that can fuel proliferation
of cancer cells and tumorigenesis (Butler et al., 2021, Hoy et al., 2021, Jakobs and Wanders,
1995). Additionally, dysregulation of lipid metabolism has been associated with the
development of resistance to AR antagonists (Lin et al., 2021) and chemotherapy (Scheinberg
et al., 2023, Butler et al., 2020, Rysman et al., 2010, Hoy et al., 2021, Princova et al., 2023,
Wilson et al., 2022). Our results suggests that USP2 might be regulating the stability of
enzymes important in lipid metabolism, such as acyl-CoA oxidase 1 (ACOX1), catalase (CAT)
and peroxisomal 2,4-dienoyl-CoA reductase (DECR2). Through USP2 stabilisation of these
enzymes, USP2 can promote cancer proliferation, survival and resistance to AR-antagonist

and chemotherapy.

Elevated expression of USP2 in LNCaP cells resulted in a negative enrichment with
innate immunity signalling cascades, such as Toll like receptor(s) (TLRs) and interferon (IFN)
(Figure 5.11, Figure 5.16). In many studies, TLR signalling had been demonstrated to exert an
anti-tumour effect (Javaid and Choi, 2020, Brignole et al., 2010, Urban-Woijciuk et al., 2019,
Xun et al., 2021, Meyer and Stockfleth, 2008, Krieg, 2007, Karapetyan et al., 2020).
Downregulation of TLR signalling in USP2-OE LNCaP cells could partly explain the
downregulation of interferon signalling cascade (Xun et al.,, 2021). Cancer cells often
downregulate IFN signalling to evade the anti-tumour effects of IFN (Boukhaled et al., 2021,
Budhwani et al., 2018, Alavi et al., 2018). Interferons could inhibit the angiogenesis of tumour
cells (Berger et al., 2011, Kitamura et al., 2015, Boukhaled et al., 2021, Katlinskaya et al.,
2016). Downregulation of IFN could also promote the establishment of an immune privileged
tumour microenvironment (Katlinski et al., 2017, Hirata et al., 2019) and has been associated

with immunotherapy resistance (Katlinski et al., 2017, Alavi et al., 2018, Uehara et al., 2017,
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Zhang et al., 2020b, Liang et al., 2018). Therefore, our results suggest that USP2 can partly
mediate an aggressive phenotype and the development of therapy resistance through
stabilising factors important in the inhibition of innate immunity pathways.

Inhibition of protein ubiquitination pathways were significantly enriched when
MR42D cells were treated with ML364 (Figure 5.4) or when USP2 is overexpressed in LNCaP
cells (Figure 5.9,Figure 5.11). For the former finding, inhibition of the ubiquitination pathway
might arise because of high levels of accumulated protein ubiquitination in cells, where USP2
is unable to cleave ubiquitin molecules from its substrates. For the latter finding, inhibition of
the ubiquitination pathway might arise because of cross talk between USP2 and ubiquitin
ligases (Oh et al., 2011, Zhang et al., 2021).

By comparing the two sets of proteomics data and the transcriptomic data, we
identified thirteen high-priority candidate substrates of USP2. Several of these proteins, such
as Progranulin (PGRN), Ras-GTPase activating protein SH3 domain-binding protein 2 (G3BP2),
Far upstream element-binding protein 1 (FUBP1), Nucleobindin-1 (NUCB1) and TOM1-like
protein 2 (TM1L2), have been associated with chemotherapy resistance. Progranulin is highly
expressed in colorectal tumours from patients who had undergone neoadjuvant
chemotherapy and is associated with impaired overall survival of patients (Klupp et al., 2021).
G3BP2 is a core protein involved in the formation of stress granules (SG) that can mediate
resistance against chemotherapy (Fournier et al., 2010, Gareau et al., 2011) in osteosarcoma
(U20S) and mouse embryonic fibroblasts (MEFs) (Schwed-Gross et al., 2022). FUBP1 is highly
expressed in ERBB2+ breast tumours and is associated with significantly shorter disease-free
survival for patients (Venturutti et al.,, 2016, Liu et al., 2020). FUBP1 can target matrix

metalloproteinase 2 (MMP2) and c-Myc to enhance breast cancer metastasis and resistance
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to chemotherapy, such as cisplatin (Liu et al., 2020), or to drugs that are typically used in
conjunction with chemotherapy (Venturutti et al., 2016). NUCB1 can activate breast cancer
cell metastasis by promoting the trafficking of MMPs along the Golgi apparatus. NUCB1 was
identified as a potential drug resistance biomarker in diffuse large B cell lymphoma
(Ejtehadifar et al., 2023). Through NUCB1 inhibition of the activating transcription factor 6
(ATF6), NUCB1 can suppress the unfolded protein response (UPR) (Tsukumo et al., 2007),
which can result in the dampening of UPR-induced apoptosis (Ejtehadifar et al., 2023).
Methylation of the TOM1L2 gene in testicular cancer was found to be higher in patients who
received cisplatin-based chemotherapy than untreated, and had been associated with
increased risk of developing metabolic syndrome and relapse of cancer (Bucher-Johannessen
et al., 2019). Collectively, USP2 is posited to mediate chemotherapy resistance through
stabilising these high-priority candidates.

Several of these high-priority candidates are also associated with neuroendocrine
tumours and immunotherapy resistance. Barbu et. al. (2016) suggested that Progranulin
(PGRN) was associated with neuroendocrine tumours. PGRN was upregulated in the tumours
of MEN1+/- mouse and in the serum of patients with pancreatic neuroendocrine tumours
(Barbu et al., 2016). Another factor associated with neuroendocrine tumours is BRX1 (Paulson
et al., 2018). BRIX1 was identified via single cell RNA-sequencing to be elevated in a patient
with relapsed Merkel cell carcinoma, which is a type of neuroendocrine skin cancer (Paulson
et al., 2018). Furthermore, this patient had been treated with immunotherapy prior to
relapse, thereby associating BRX1 with immunotherapy resistance (Paulson et al., 2018). As a
result, USP2 is postulated to orchestrate the development of the neuroendocrine phenotype

through stabilising these high-priority candidates.
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A strength of this study is the ability to compare and integrate different sets of -omics
data. A limitation of this study is that the protein/gene candidates are yet to be further
validated. Future work can be conducted to validate some of the protein candidates as direct
substrates of USP2 in prostate cancer. This objective can be achieved by immunoprecipitation
of the FLAG-USP2 fusion protein and probing for the protein candidates via Westerns.
Alternatively, we could use an affinity-based ubiquitinated peptide enrichment proteomics
approach to systematically quantify the ubiquitinome changes after manipulations of USP2
expression in the neuroendocrine-like MR42D cells.

In summary, the analyses of the proteomics and transcriptomics data unveiled new
potential roles of USP2 in pathways such as neuroendocrine differentiation, lipid metabolism,
cell cycle and interferon signalling in prostate cancer. Theses analyses also demonstrated that
USP2 is also associated with cellular processes such as the epithelial-to-mesenchymal
transition. These mechanisms posit USP2 as an important factor for influencing prostate
cancer growth and progression. Critically, our omics analyses were consistent with USP2
function as a de-ubiquitylating enzyme and its importance in cancer (refer to chapter 1

section 1.13 and 1.15).
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6 Discussion

Prostate cancer (PCa) is the fourth most diagnosed cancer in the world, with the highest
incidence occurring in Australia and New Zealand. The growth of prostate tumours relies on
the activation of the androgen receptor by male sex hormones, called androgens (Centenera
et al., 2018b). Therefore, the standard-of-care treatment for patients with metastatic PCa is
androgen deprivation therapy (ADT), which inhibits AR activity (Huggins et al., 1941, Cornford
et al., 2017) (Chapter 1 section 1.8.2). However, these patients will eventually develop a
lethal therapy-resistant form of the disease, termed castration-resistant prostate cancer
(CRPC) (Centenera et al., 2018b). The AR signalling axis is altered in CRPC to confer resistance
to AR-targeted therapies (Chapter 1 section 1.9.1) (Centenera et al., 2018b).

A subset of CRPC may evade inhibition of AR by ADT through becoming AR-
independent, which is termed as neuroendocrine PCa (NEPC). Treatment-emergent
neuroendocrine PCa occurs in approximately 15 to 20% of patients with adenocarcinoma
CRPC (Bluemn et al., 2017, Aggarwal et al., 2018, Abida et al., 2019, Beltran and Demichelis,
2021, Wang et al., 2021b, Zhang et al., 2020c, Yao et al., 2021).

The body of work described in this thesis stemmed from the urgent need to identify
drivers of resistance to AR-targeted therapies, including those factors that cause the
emergence of NEPC. We were fortunate to have access to a transcriptomic dataset in which
patients’ tumours were treated ex vivo with a clinical AR antagonist, enzalutamide. This
dataset revealed that Ubiquitin specific protease 2 (USP2) was upregulated in response to
enzalutamide (Chapter 3 Figure 3.1). Given the many examples of USPs having oncogenic
roles in various tumour types (Chapter 1), this led to the hypothesis that USP2 is important

for the growth and survival of prostate cancer and can mediate resistance to AR-targeted

236



-
30

THE UNIVERSITY
o ADELAIDE

therapies and a project aimed at testing that hypothesis. Our findings demonstrated that
USP2 is upregulated in response to AR-targeted therapies, drives epithelial-neuroendocrine
plasticity via major alterations to the PCa proteome and transcriptome and can be targeted

to inhibit PCa growth (Figure 6.1).

237



ot
L)

THE UNIVERSITY
o ADELAIDE

Therapy-sensitive prostate cancer Neuroendocrine prostate cancer
(AR-driven adenocarcinoma) ( \ (NEPC)
usP2

Ubiquitin specific protease 2

- 00 0

1 AR * Epithelial-neuroendocrine -
plasticity AR or AR™
‘ * Resistance to AR-targeted . =
‘ usP2 ‘ therapy and chemotherapy 1 { USP2 ’
b * Increased growth and survival - =

AR
J_ | | Inhibiting USP2
- using ML364

Androgen response USP2 gene _ as a bona-fide therapy
element
Mesenchymal-neuroendocrine Cell cycle
Ubiquitin (Ub) is \eé_'
L TWisT1 _PGRN . AURKA removed by USP2 Ub -“vl_‘-
o . < ( AURKA Protea:
Lipid metabolism | : : \ roteasome
DECR2 ‘ i
- cveun usP2 | —n
_FAS D _ACOX1 D1 ~ S

Figure 6.1. Diagram summarising the key findings in my PhD dissertation. The activated
androgen receptor (AR) is identified to inhibit USP2 expression. Conversely, AR inhibited by
enzalutamide resulted in an increase in USP2 expression in patient tumours. Elevated USP2
expression in LNCaP cells (USP2-OE) resulted in induction of epithelial-neuroendocrine
plasticity, resistance to AR-targeted therapy and chemotherapy and increased growth and
survival. The effects of USP2 could be mediated through USP2 stabilisation of its substrates.
Inhibiting USP2 in a mouse model of AR-null PC3 cells was effective, thereby suggesting the

potential of ML364 as a bona-fide therapy.
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6.1 USP2 can drive the development of treatment-emergent
neuroendocrine phenotype and confers therapy

resistance.

This is the first study demonstrating that USP2 expression as being increased in patient
tumours and prostate cancer cell lines treated with AR-targeted therapies (Chapter 3).
Conversely, treatment with DHT resulted in reduction in USP2 expression (Chapter 3). This
phenomenon is unlike the findings for other USPs, such as USP10, USP12, USP22 and USP26
(Takayama et al.,, 2018, Draker et al., 2011, Burska et al., 2013, McClurg et al., 2015,
Schrecengost et al., 2014, Dirac and Bernards, 2010). Those USPs were reported to be
positively regulated by the androgen receptor, and increased expression of those USPs also
resulted in increased AR stability and activity (Takayama et al., 2018, Draker et al., 2011,
Burska et al., 2013, McClurg et al., 2015, Schrecengost et al., 2014, Dirac and Bernards, 2010).

There is an apparent trend that AR-repressed genes become important drivers of
prostate cancer progression and therapy resistance after the AR pathway is inhibited. A classic
example of a gene that is de-repressed after the AR pathway is targeted is EZH2 (Davies et al.,
2021). The de-repression of EZH2 resulted in the induction of lineage infidelity and plasticity,
which promotes emergence of treatment-resistant tumours with neuroendocrine features
(Davies et al., 2021). Another classic example is the master neural transcription factor, BRN2
(Bishop et al., 2017). BRN2 was demonstrated to mediate resistance to enzalutamide and is
required for neuroendocrine differentiation (Bishop et al., 2017). Similarly, the body of work
in this thesis suggest that USP2 is a novel AR-repressed gene that following enzalutamide

treatment, its expression is de-repressed and potentially drives cancer progression.
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To the best of our knowledge, this is also the first study to demonstrate USP2 as a
direct driver for neuroendocrine differentiation and orchestrator of the epithelial-to-
mesenchymal (EMT) transition in prostate cancer. In the context of the broader literature,
several USPs have been associated as mediators of EMT in non-prostatic types of cancer.
Examples of these USPs are USP1 (Meng and Li, 2022) , USP3 (Fan et al., 2019, Fang et al.,
2018), USP4 (Zhang et al., 2012, Pu et al., 2022) , USP5 (Xue et al., 2020) , USP7 (Zeng et al.,
2019), USP9X (Chen et al., 2019) , USP13 (Gao et al., 2020) , USP15 (Xu et al., 2018, Zhong et
al., 2021) , USP17 (Yildirim et al., 2019) , USP18 (Cai et al., 2020, Song et al., 2021) , USP21
(Chen et al., 2017b) , USP22 (Zhang et al., 2017) USP47 (Silvestrini et al., 2020, Choi et al.,
2017). Mechanistically, USP5, USP7 and USP15 can induce EMT through the activation of
WNT/B-catenin signalling pathway (Xue et al., 2020, Zeng et al., 2019, Zhong et al., 2021).
Given that USP2 is associated with positive enrichment with WNT signalling pathway (chapter
5), it is postulated that USP2 could be inducing EMT through activation of WNT signalling in
prostate cancer. However, USP2 is the only ubiquitin-specific protease to be implicated as
driver for both the neuroendocrine phenotype and EMT.

Future work could be conducted to provide further evidence that USP2 directly drives
the neuroendocrine phenotype. The first proposed experiment is to culture LNCaP cells in
androgen deprived conditions and inhibit USP2 using ML364. The objective of the experiment
is to investigate whether USP2 is required for the acute transition into the neuroendocrine
phenotype. The second proposed experiment is to conduct chromatin immunoprecipitation
sequencing (ChlIP-seq) for H3K27-trimethylation (H3K27me3) and H3K4-trimethylation
(H3K4me3). The experimental objective is to determine if there was a switch from the

repressive H3K27me3 mark to the active H3K4me3 mark near the promoters of stem cell
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reprogramming factors and neuroendocrine lineage markers as described in (Shamma et al.,
2013). Given that inactivation of RB1 and PTEN correlated with increased USP2 expression in
prostate tumour models (Figure 3.15) and there is enrichment of histone H3-K4 methylation
in USP2-OE LNCaP cells (Figure 5.10), these results provide rationale to conduct the
aforementioned ChlIP-seq.

The third proposed experiment is to assess USP2 in in vivo prostate carcinoma models
of epithelial-neuroendocrine plasticity such as mouse models of prostate adenocarcinoma
containing loss of function mutations in the tumour suppressor genes Pten, Rb1 genes and
Trp53 gene (Pten'f RB1/f Trp53/f). Loss of PTEN, RB1 and P53 resulted in the induction of
lineage plasticity of prostate adenocarcinoma into neuroendocrine PCa and the development
of resistance to anti-androgen therapy (Ku et al., 2017). The objective of the Ptenf RB1%f
Trp537f mouse model is to assess if deletion or inhibition of USP2 can block tumour growth,
progression, and emergence of NEPC. The expression of AR, luminal lineage markers and
neuroendocrine lineage markers and AR activity can be measured to investigate if inhibition
of USP2 can reverse or suppress lineage transformation of NEPC variants in vivo.

Other future experiments can be to conduct single-cell RNA sequencing (scRNA-seq)
on prostate tumours. These prostate tumours could be harvested from the in vivo PCa models
of epithelial-neuroendocrine (Pten'f; Rb1*; Trp53 */f) followed by deletion or inhibition of
USP2 by ML364 or siUSP2. scRNA-seq can classify, characterise, and distinguish the
transcriptomes of each cell and this can enable identification of various functional cell
populations in the neuroendocrine prostate tumour (Jovic et al., 2022). The primary objective
of this experiment is to identify signatures of NEPC in these tumours following manipulations

of USP2. The secondary experimental objective is to investigate the cellular network directing
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neuroendocrine trans-differentiation following USP2 manipulations in patients’ tumours.
Overall, the single-cell characterisation of the spatiotemporal dynamics of neuroendocrine
prostate tumours can offer new perspective on USP2 as a potential novel prognostic

biomarker of NEPC.

6.2 USP2is a bona fide therapeutic target in prostate cancer.

Importantly, we demonstrated the utility of a small molecule USP2 inhibitor, ML364, in
an orthotopic xenograft model of neuroendocrine-like prostate cancer treated with ML364
as well as multiple in vitro models (chapter 4). An important finding of the in vivo study was
that ML364 did not cause any overt toxicity (chapter 4). Preliminary results of the ML364’s
stability and ADME (adsorption, distribution, metabolism and excretion) also indicate
favourable bioavailability for in vivo models (Davis et al., 2016).  Given the anti-cancer
activity of ML364 in prostate cancer models in vitro and in vivo (chapter 3, 4 and 5), we
propose that this pharmacological inhibitor of USP2 could eventually be tested in clinical
trials.

Prior to investigating USP2 inhibitor(s) in patients with NEPC, the pharmacodynamics
and pharmacokinetics of the drug and in combination with AR-targeted therapy and
chemotherapy must be evaluated in animal models (McAnally et al., 2012, White, 2000). The
additive effect of these drug combinations will also be assessed concurrently in these models.
Given that USP2 is also implicated in other systems, such as metabolic regulation (Kitamura
and Hashimoto, 2021), we acknowledge that the potential side effects of systemic USP2
inhibition may adversely affect its clinical utility. Therefore, we propose targeted delivery
(Tieu et al., 2021, Dmochowska et al., 2023) of ML364 to prostate tumours can be an option

to explore in mice models.
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Assessing the acute toxicity of the drug can be implemented using two different animal
species (one rodent and one non-rodent) (Parasuraman, 2011). This can be followed by
assessing the acute and sub-chronic toxicity of the drug with repeated doses of the drug for
a minimum of 28 and 90 days respectively (Parasuraman, 2011). The purpose of these safety
trials in animal models of prostate cancer is to measure variations in the body weight,
biochemical, cardiovascular, and behavioural changes (Parasuraman, 2011, Kpemissi et al.,
2020, Rodriguez-Lara et al., 2019). Risk assessments of the drug, such as the lowest observed
adverse effect level (LOAEL) (Dorato and Engelhardt, 2005, Sahota et al., 2016), no observed
adverse effect (NOAEL) (Dorato and Engelhardt, 2005, Sahota et al., 2016) and minimum
anticipated biological effect level (MABEL) can also be calculated to provide a holistic and
comprehensive assessment of ML364 prior to clinical trials (Agoram, 2009, Muller et al., 2009,
Sahota et al., 2016).

If ML364 has favourable pharmacokinetic and pharmacodynamic properties
individually and in combination with AR-targeted therapy and chemotherapy, it can be
recommended to be given in phase 1 clinical trials. The primary objective of the phase 1
clinical trial is to assess safety of ML364 in combination with AR-targeted therapies or
chemotherapy. The secondary objective is to assess efficacy of ML364 in humans by
documenting progression-free survival and overall survival over time. Our findings suggest
that early phase clinical trials of ML364 could utilise combination treatment strategies with
chemotherapies, Alisertib and/or AR-targeted therapies. The rationale for combinatorial
treatments of ML364 with AR-targeted therapy and chemotherapy is that current AR-
targeted therapies or chemotherapies remain ineffective long term (Aggarwal et al., 2018,

Yamada and Beltran, 2021, Abida et al., 2019). Furthermore, inhibition of USP2 by ML364 is
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posited to sensitise CRPC tumours to chemotherapy when used in conjunction with
Docetaxel, which targets the microtubules (Imran et al., 2020, Azarenko et al., 2014). The
working hypothesis that stemmed from the body of work described in this dissertation is that
USP2 is important in the progression to CRPC and NEPC. Therefore, we envision that the
assessment of ML364 with AR-targeted therapy or chemotherapy in phase 1 clinical trial will
comprise of patients with metastatic PCa, CRPC and NEPC. Patients with high levels of USP2
and/or Aurora A expression could be prioritised for this clinical trial as a means to improve

patient responses, as described in Section 4.4.

6.3 Integrative omics reveals new functions of USP2

The proteomics and transcriptomics analyses identified enrichment of pathways such
as neuroendocrine signalling, cell cycle and lipid metabolism (chapter 5). These pathway
associations have not been previously linked to USP2 activity in cancer. The cell cycle
pathways that were enriched in USP2-OE LNCaP cells included enhanced Cyclin D1 signalling
and mitotic spindle (chapter 5), which supported the enhanced expression of Cyclin D1 and
Aurora kinase A identified in USP2-OE LNCaP cells (chapter 4). The results suggest that these
pathways can be important in enabling prostate cancer cells to acquire an aggressive
phenotype and develop resistance against chemotherapy and AR-targeted therapy. The
results also highlight that USP2 can be an important mediator of classic resistance
mechanisms, thereby emphasising the benefit of targeting USP2 in prostate cancer.

Through the integration of three sets of proteomics and transcriptomics data, thirteen
proteins were identified as putative substrates of USP2 (chapter 5). Several of these putative

substrates (such as PGRN (Klupp et al., 2021), G3BP2 (Fournier et al., 2010, Gareau et al.,
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2011, Schwed-Gross et al.,, 2022), FUBP1 (Venturutti et al.,, 2016, Liu et al.,, 2020),
Nucleobindin-1 (NUCB1) (Ejtehadifar et al., 2023, Tsukumo et al.,, 2007) and TOM1-Like
protein 2 (TM1L2) (Bucher-Johannessen et al., 2019) had been associated with chemotherapy
resistance in non-prostatic cancers. PGRN and BRIX1 were also associated with
neuroendocrine tumours in non-prostatic cancers (Barbu et al., 2016, Paulson et al., 2018).
Therefore, USP2 is posited to mediate its resistance to chemotherapy and drive lineage
plasticity through stabilising at least some of these factors. Validating whether these are
direct substrates of USP2, using strategies described in Chapter 5 section 5.4, is an important

next step for this research project.

Future work needs to be conducted to elucidate how USP2 mediates epithelial-
neuroendocrine plasticity. It is posited that USP2 mediates its effects through stabilisation of
its substrates. A potential experiment can be knocking down USP2 in neuroendocrine-like PCa
(such as MR42D and PC3 cells), followed by overexpressing a putative substrate (such as
PGRN) in those cells and document any rescue of phenotype. The objective of this future
experiment is to investigate if PGRN is a direct substrate of USP2 and acts downstream of
USP2. These rescue experiments can also be conducted in other prostate cancer models, such
as organoids, that are more clinically relevant to patient tumours. However, it is expected
that only a partial rescue of phenotype will be observed, since USP2 has many substrates.
Therefore, it is likely that to completely rescue the phenotype, a combination of putative
USP2 substrates is required to be simultaneously overexpressed in PCa cells when USP2
activity is decreased. Collectively, these experiments can enable systematic evaluation of the

importance of USP2 in prostate cancer.
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6.4 Overall conclusion

In summary, the research conducted in the course of my PhD has demonstrated that
USP2 plays an important role in prostate cancer growth, survival and resistance to therapy.
We provide evidence that elevated expression of USP2 in response to AR-targeted therapies
drives therapy resistance and the emergence of a neuroendocrine phenotype. In addition,
our work demonstrates the plausibility of using ML364 as a treatment for aggressive NEPC. It
is proposed that the body of work in this dissertation could, in the long term, lead to new

therapeutic strategies to treat lethal prostate cancer.
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7.1 Proteomics data from MR42D cells treated with ML364

Supplementary Table 7.1. Expression data of proteins that are significantly elevated in

MRA42D cells treated with either DMSO or 5uM ML364 for 24 hours.

Comparison Gene encoding the Log2 fold change q value
(group1/group?2) detected protein
Inhibitor / Control A2M 0.847868432 3.15E-05
Inhibitor / Control ACP6 0.676641925 4.59E-05
Inhibitor / Control AFP 0.978019069 0.000418339
Inhibitor / Control AGL 1.623953017 4.40E-07
Inhibitor / Control AMDHD2 1.01070011 1.22E-05
Inhibitor / Control ANGEL2 1.112853314 0.002514041
Inhibitor / Control ARHGEF10 0.580186942 0.007233307
Inhibitor / Control ARMC1 0.69238317 3.16E-10
Inhibitor / Control ARRB1 0.805892096 0.000163887
Inhibitor / Control CD44 0.636780573 0.039547547
Inhibitor / Control CHCHD2 1.066126794 6.36E-12
Inhibitor / Control CTH 0.748778983 1.33E-08
Inhibitor / Control DCAF13 1.015616424 9.11E-05
Inhibitor / Control DDOST 0.826626562 0.000224746
Inhibitor / Control EHD1 0.832886534 0.024725432
Inhibitor / Control FARS2 2.840083886 0.023503267
Inhibitor / Control GDF15 2.722989041 1.52E-10
Inhibitor / Control GDPGP1 1.071009229 0.008313174
Inhibitor / Control GYS1 2.559605569 1.20E-11
Inhibitor / Control HOGA1 0.620393933 6.32E-05
Inhibitor / Control ITIH2 0.606122898 0.000562926
Inhibitor / Control LASIL 1.012951524 0.000395446
Inhibitor / Control MALT1 0.582548149 0.027212758
Inhibitor / Control MAN2C1 0.983124211 0.004782565
Inhibitor / Control MAP3K7IP1 0.740090283 0.014129825
Inhibitor / Control MOCS2 1.158218879 0.045139464
Inhibitor / Control MRRF 1.074628244 0.045839467
Inhibitor / Control MYO18A 0.779535493 0.011861202
Inhibitor / Control NARS1 0.798910094 0.016352185
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Inhibitor / Control NIFUN 0.769194207 0.024683582
Inhibitor / Control NOLC1 0.909357609 0.000627453
Inhibitor / Control NR2C2AP 0.697757177 0.00012309
Inhibitor / Control NUDCD3 0.758721892 0.004005506
Inhibitor / Control PBEF1 0.605982102 1.63E-06

Inhibitor / Control PGAMS5 0.682026658 1.18E-06

Inhibitor / Control PLG 1.611509631 5.90E-06

Inhibitor / Control PON2 0.813935973 0.028117137
Inhibitor / Control PPP2CB 0.646402577 0.001281632
Inhibitor / Control PYGB 1.460135494 1.51E-08

Inhibitor / Control PzZpP 0.827223081 0.001464264
Inhibitor / Control RAB25 2.717396586 0.000120206
Inhibitor / Control RP11-78J21.1 0.66058764 0.008266084
Inhibitor / Control SEPHS2 0.639233924 2.07E-06

Inhibitor / Control SEPT7 0.637004277 0.00202707
Inhibitor / Control SHC1 2.450524859 0.004108322
Inhibitor / Control SLU7 0.895518923 0.01364849
Inhibitor / Control SPTBN1 0.922565815 0.009329085
Inhibitor / Control SQSTM1 1.124826409 6.77E-07

Inhibitor / Control STBD1 0.950932382 4,59E-05

Inhibitor / Control STXBP5L 0.67902916 0.043755906
Inhibitor / Control SUMO2 0.670775793 0.00102607
Inhibitor / Control TDP2 2.78046992 0.021586196
Inhibitor / Control TMED9 1.470511337 0.010101828
Inhibitor / Control VDAC3 0.645896567 0.000412785
Inhibitor / Control WDR12 0.83364116 1.49E-06

Inhibitor / Control ZHX3 1.919858771 0.038981611
Inhibitor / Control ZNF447 0.643989651 0.003828089
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Supplementary Table 7.2. Expression data of proteins that are significantly reduced in MR42D

cells treated with 5uM ML364 for 24 hours (average log2 fold-change < 0.5).

Comparison Gene encoding the .
(group1/group?2) detected protein AVG Log2 Ratio q value
Inhibitor / Control AAMP -0.875700108 7.78E-04
Inhibitor / Control AAR2 -0.8521253 1.78E-02
Inhibitor / Control AASDHPPT -0.581162884 0.000601606
Inhibitor / Control ABLIM1 -0.604797714 1.09E-02
Inhibitor / Control ABR -0.967573307 1.11E-03
Inhibitor / Control ABRAXAS2 -0.601457618 0.001053289
Inhibitor / Control ACTR10 -0.605493119 2.19212E-05
Inhibitor / Control ACTR5 -1.288710249 1.36E-03
Inhibitor / Control ACYP1 -2.411497445 0.037058481
Inhibitor / Control ADAT3 -0.606701317 0.011372564
Inhibitor / Control ADD1 -1.241581685 6.22E-04
Inhibitor / Control ADNP -1.126680703 2.05E-03
Inhibitor / Control ADRBK1 -0.713068056 7.26E-07
Inhibitor / Control AFG3L2 -0.647397444 0.007429025
Inhibitor / Control AIP -0.628379927 0.001145607
Inhibitor / Control ALKBH7 -2.298861203 2.76835E-05
Inhibitor / Control ANKRD39 -1.389925545 6.93E-06
Inhibitor / Control ANKZF1 -1.686530925 7.54909E-05
Inhibitor / Control APOC3 -0.675953445 7.89E-03
Inhibitor / Control AR -0.796562114 2.70E-05
Inhibitor / Control ARHGEF16 -0.891345107 0.00213639
Inhibitor / Control ARNT -0.668612211 0.000195843
Inhibitor / Control ASAH1 -0.664041652 0.021749449
Inhibitor / Control ASDURF -0.848250792 7.71903E-05
Inhibitor / Control ASF1B -1.454898306 0.003139708
Inhibitor / Control ATG3 -0.612717166 6.46505E-05
Inhibitor / Control ATL2 -0.991520092 0.000399778
Inhibitor / Control ATN1 -0.603371472 0.000742159
Inhibitor / Control ATP1B1 -0.587245163 0.000819567
Inhibitor / Control ATP5MF-PTCD1 -0.609782854 0.000732036
Inhibitor / Control ATPAF1 -0.691640918 0.00446091
Inhibitor / Control ATPAF2 -2.937359093 6.60122E-07
Inhibitor / Control ATRN -1.048640046 0.010018289
Inhibitor / Control ATXN10 -0.588726821 2.08E-04
Inhibitor / Control AVEN -0.638490377 1.16E-02
Inhibitor / Control BAX -0.801895989 1.60E-03
Inhibitor / Control BCAM -1.06517488 0.010739264
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Inhibitor / Control BCKDHA -0.740645755 6.87171E-05
Inhibitor / Control BCLIL -4.621058467 8.80E-04

Inhibitor / Control BID -0.743866655 0.000223662
Inhibitor / Control BIRC6 -1.973283612 0.010385927
Inhibitor / Control BOD1L1 -0.756994495 0.006811818
Inhibitor / Control BRCA1 -1.532308328 2.20E-04

Inhibitor / Control BRD2 -0.885310315 0.008637943
Inhibitor / Control BRD4 -0.734080159 0.000762904
Inhibitor / Control BRDS8 -1.962900483 6.34936E-06
Inhibitor / Control BRIX1 -0.66971428 0.00947206
Inhibitor / Control BUB1B -1.033051468 1.19E-03

Inhibitor / Control BUD23 -1.545854453 3.43E-04

Inhibitor / Control BZW1 -2.473988606 0.000307725
Inhibitor / Control C12o0rf57 -0.601576962 5.17153E-07
Inhibitor / Control C180rf25 -1.753647066 0.000503867
Inhibitor / Control Clorf48 -1.604371134 0.00150076
Inhibitor / Control CAMK2N1 -2.098471536 3.19746E-07
Inhibitor / Control CAMSAP1 -0.628284557 7.77E-03

Inhibitor / Control CAPRIN1 -0.760888117 0.000115768
Inhibitor / Control CASP7 -1.265006884 0.000142511
Inhibitor / Control CCDC32 -1.165016565 1.33115E-08
Inhibitor / Control CCDC86 -1.111826522 0.000136835
Inhibitor / Control CCNA2 -0.618368746 0.017238109
Inhibitor / Control CCNB1 -1.342923879 0.000187094
Inhibitor / Control CCNT1 -2.053169857 0.013443258
Inhibitor / Control CDC123 -1.500008765 0.000329811
Inhibitor / Control CDC2L5 -1.245948204 2.82246E-05
Inhibitor / Control CDC40 -0.963303463 0.010915942
Inhibitor / Control CDC42EP4 -0.768842141 0.000501413
Inhibitor / Control CDK1 -0.945173656 1.75812E-06
Inhibitor / Control CDK2 -0.805304923 0.000741634
Inhibitor / Control CDK4 -0.919145286 0.023804183
Inhibitor / Control CDK5RAP3 -2.124991756 0.00026717
Inhibitor / Control CEBPZ -0.76377085 0.000508552
Inhibitor / Control CENTG3 -0.799514561 0.001396571
Inhibitor / Control CEP170B -1.243251557 0.001392089
Inhibitor / Control CETN2 -0.75519255 8.41874E-06
Inhibitor / Control CHAF1B -1.586249654 0.00061587
Inhibitor / Control CHP -3.522301521 3.60884E-06
Inhibitor / Control CKS1B -1.416929515 0.000126549
Inhibitor / Control CKS2 -2.237413543 6.23113E-05
Inhibitor / Control CLASP2 -0.791740457 0.017490246
Inhibitor / Control CLMN -0.719615787 7.04058E-05
Inhibitor / Control CLPX -0.635419828 0.000169549
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Inhibitor / Control CMSS1 -0.639089173 0.009869162
Inhibitor / Control CNOT3 -2.316952367 1.92474E-09
Inhibitor / Control COL4A3BP -0.904724187 7.31961E-05
Inhibitor / Control COL6A1 -0.721462637 0.001132614
Inhibitor / Control COPG2 -0.593940143 0.019762472
Inhibitor / Control COPRS -0.837804843 0.005777901
Inhibitor / Control CSDE1 -0.638641867 1.57838E-05
Inhibitor / Control CTNNBIP1 -1.368388435 0.008341076
Inhibitor / Control CTuUl -0.618861987 0.003936595
Inhibitor / Control cwce27 -1.251726798 0.043396857
Inhibitor / Control DCAF11 -1.050025787 0.012611063
Inhibitor / Control DCAF7 -2.737325039 1.33115E-08
Inhibitor / Control DCTN5 -1.125821914 0.026390226
Inhibitor / Control DDA1 -0.660926051 1.5614E-05

Inhibitor / Control DDRGK1 -0.616342279 0.00331263

Inhibitor / Control DDX23 -0.934041963 0.01201724
Inhibitor / Control DENND1B -0.585324711 0.000236366
Inhibitor / Control DERA -0.623307018 0.008213208
Inhibitor / Control DHX38 -0.639993023 0.000259541
Inhibitor / Control DHX8 -0.7908878 0.02691966
Inhibitor / Control DIAPH1 -1.124710897 0.000405485
Inhibitor / Control DIDO1 -0.631664589 0.005677016
Inhibitor / Control DLGAP5 -0.74891896 0.002061559
Inhibitor / Control DNAJA1 -0.691563909 1.25002E-06
Inhibitor / Control DNAJA3 -0.596953497 0.002832977
Inhibitor / Control DNAJB2 -0.602029133 0.005741672
Inhibitor / Control DNAJC19 -0.631448104 0.003056447
Inhibitor / Control DNM1L -0.623204645 0.001539649
Inhibitor / Control DNPEP -0.611464201 0.014358799
Inhibitor / Control DOM3Z -0.812330543 0.000229462
Inhibitor / Control DRAP1 -0.613441308 0.003379886
Inhibitor / Control DSC2 -0.85617581 0.002434465
Inhibitor / Control DYR -0.939628659 3.16088E-10
Inhibitor / Control EEF1E1-BLOC1S5 -1.542958902 1.31866E-07
Inhibitor / Control EFNB1 -0.631113443 0.00645111
Inhibitor / Control EIF1 -1.062726339 1.91792E-05
Inhibitor / Control EIFAG3 -1.236387766 0.000681255
Inhibitor / Control ELMO3 -0.762660965 1.3167E-05

Inhibitor / Control ENDOG -1.015597578 0.000102088
Inhibitor / Control ENO3 -1.750377584 0.00074708
Inhibitor / Control EPB41L1 -0.846382367 0.000206043
Inhibitor / Control ERAL1 -1.0504134 0.004584623
Inhibitor / Control ERBB2 -1.611453004 2.92434E-05
Inhibitor / Control ERCC1 -0.957450135 0.006107092
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Inhibitor / Control ERCC6 -0.815788051 0.022867822
Inhibitor / Control EXOSC10 -1.697108052 0.011091728
Inhibitor / Control FAM107B -0.728775292 0.002604732
Inhibitor / Control FAM111B -0.687103827 0.001290316
Inhibitor / Control FAM120C -1.324057267 0.006814639
Inhibitor / Control FAMS54B -0.751216202 0.007181818
Inhibitor / Control FANCI -1.053642164 0.005852957
Inhibitor / Control FAT1 -1.265991014 0.008471066
Inhibitor / Control FKBPS8 -0.628543718 1.37164E-05
Inhibitor / Control FLNC -0.71933191 0.035526803
Inhibitor / Control FNBP1 -1.255148279 0.021172373
Inhibitor / Control FTH1 -0.680946503 0.005597378
Inhibitor / Control FUBP1 -0.795739588 0.002839041
Inhibitor / Control FZD6 -2.020330308 1.17912E-05
Inhibitor / Control G3BP1 -0.625561351 5.82374E-06
Inhibitor / Control G3BP2 -3.031234773 0.007787702
Inhibitor / Control GADDA45GIP1 -1.131902138 0.0306552

Inhibitor / Control GAGE5 -0.950608615 0.003787547
Inhibitor / Control GATAD2A -0.829533872 0.024069534
Inhibitor / Control GCFC2 -0.668212821 0.000390035
Inhibitor / Control GIT1 -1.751369812 0.000829437
Inhibitor / Control GLTSCR2 -0.621053804 0.006337732
Inhibitor / Control GNB2 -0.86045424 0.000391342
Inhibitor / Control GOLPH2 -0.797803026 0.000178481
Inhibitor / Control GOLPH3L -0.832341469 0.000516802
Inhibitor / Control GPATCH11 -0.667916989 0.010470787
Inhibitor / Control GPATCH4 -1.048825182 3.20559E-05
Inhibitor / Control GRN -1.239250822 0.002883857
Inhibitor / Control GSTK1 -1.111918816 3.89817E-05
Inhibitor / Control GTF2H2 -0.771379472 8.96012E-08
Inhibitor / Control GTF2| -0.822758396 4.41348E-07
Inhibitor / Control H1-2 -0.661918663 0.006519502
Inhibitor / Control HAUS6 -0.605364912 0.027176096
Inhibitor / Control HBB -2.499507515 0.004884863
Inhibitor / Control HCTP4 -0.768810322 0.000597292
Inhibitor / Control HEBP1 -0.884543788 2.97152E-07
Inhibitor / Control HEL-S-2 -3.674983112 0.003134

Inhibitor / Control HIC2 -0.73752006 1.65025E-05
Inhibitor / Control HK2 -0.80811484 0.003099372
Inhibitor / Control HMCES -1.65620925 2.00313E-07
Inhibitor / Control HMG20A -1.143991714 0.000144414
Inhibitor / Control HNRNPA3 -3.439071662 0.003217375
Inhibitor / Control HOOK1 -0.911352605 0.000272144
Inhibitor / Control HSP90AB2P -0.674609605 0.001854399
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Inhibitor / Control HSPA1L -1.952584338 9.49921E-07
Inhibitor / Control HSPAS8 -1.336179236 0.014034117
Inhibitor / Control IDUA -1.846987793 0.001666047
Inhibitor / Control IGFBP2 -1.197421834 1.21658E-08
Inhibitor / Control IGHMBP2 -1.157392637 9.6192E-05

Inhibitor / Control IGKC -1.507210312 0.013158844
Inhibitor / Control IK -0.78391431 0.006431255
Inhibitor / Control IMPACT -2.441845485 1.85889E-05
Inhibitor / Control IPO4 -0.718598329 0.003975117
Inhibitor / Control IPO9 -0.601683462 0.000645717
Inhibitor / Control IRAK1 -0.633903151 0.00254405
Inhibitor / Control JMIJD1B -0.968840082 0.002509664
Inhibitor / Control JPT1 -1.301688878 0.001833793
Inhibitor / Control JUP -1.138192637 0.000604051
Inhibitor / Control KCTD5 -0.975071196 0.000425138
Inhibitor / Control KIAA0256 -0.669020892 0.035456597
Inhibitor / Control KIAA1244 -0.689523043 0.026638111
Inhibitor / Control KIAA1715 -0.600759623 0.001543147
Inhibitor / Control KNSTRN -1.162978641 0.0013573

Inhibitor / Control KNTC2 -0.889907485 5.15127E-05
Inhibitor / Control KPNA2 -0.853301059 9.03193E-08
Inhibitor / Control KPRP -0.666012423 0.002399017
Inhibitor / Control KRT10 -0.608521367 0.004621353
Inhibitor / Control KRT2 -1.1097475 0.003220448
Inhibitor / Control KRTS5 -1.525712817 0.002183583
Inhibitor / Control KRT77 -1.677741374 0.015806209
Inhibitor / Control KYAT1 -0.992961098 0.036379165
Inhibitor / Control LAMB2 -0.589496783 0.006875722
Inhibitor / Control LAMC1 -0.632307212 0.000588234
Inhibitor / Control LAMTORS5 -0.727919299 3.60579E-06
Inhibitor / Control LANCL2 -1.225360523 0.002916603
Inhibitor / Control LARP4 -0.664303587 4,93557E-05
Inhibitor / Control LARP4B -0.830245741 0.000375073
Inhibitor / Control LGALS3BP -0.747403483 0.001638192
Inhibitor / Control LGMN -2.054186956 0.00771555
Inhibitor / Control LMNB2 -0.614415233 0.013158844
Inhibitor / Control LOC392748 -0.848179043 1.33968E-05
Inhibitor / Control LONP2 -0.855845904 0.010618329
Inhibitor / Control LSR -0.812920345 0.000240667
Inhibitor / Control LYPLA1 -0.626252048 0.000166022
Inhibitor / Control LYRM4 -0.593064834 0.000239019
Inhibitor / Control MAN2B2 -0.795708171 0.008707407
Inhibitor / Control MANBA -1.046641581 0.003151901
Inhibitor / Control MAP2K4 -0.735384295 0.043626647
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Inhibitor / Control MARK?2 -1.449190822 1.58393E-06
Inhibitor / Control MARK3 -0.659275456 5.15127E-05
Inhibitor / Control MARVELD2 -0.964010509 0.021838687
Inhibitor / Control MAST4 -0.653992815 0.00336404
Inhibitor / Control MCRIP1 -0.892362706 2.55819E-07
Inhibitor / Control MCTS1 -1.261851663 0.011668535
Inhibitor / Control MEA1 -1.081511735 0.002156046
Inhibitor / Control MED8 -1.546267728 0.006489704
Inhibitor / Control METAP2 -0.793722265 0.00024744
Inhibitor / Control METTL2A -1.405998388 0.008690662
Inhibitor / Control MEX3C -0.698279947 0.001013237
Inhibitor / Control MGC11102 -0.838090733 1.31573E-05
Inhibitor / Control MID1IP1 -1.639028485 0.001041239
Inhibitor / Control MMADHC -0.754704907 0.002509664
Inhibitor / Control MMP240S -0.600560079 0.000844659
Inhibitor / Control MORC2 -1.346027275 0.000630304
Inhibitor / Control MRFAP1 -1.945439906 2.14448E-07
Inhibitor / Control MRPL14 -0.649874048 4.87416E-06
Inhibitor / Control MRPL16 -0.592159865 6.32211E-05
Inhibitor / Control MRPL18 -0.608476222 0.005577429
Inhibitor / Control MRPL22 -1.3946976 0.003787547
Inhibitor / Control MRPL24 -2.816812911 0.000174025
Inhibitor / Control MRPL28 -0.603764221 8.15244E-05
Inhibitor / Control MRPL3 -0.805302974 0.000191315
Inhibitor / Control MRPL34 -0.672115239 0.001108993
Inhibitor / Control MRPL39 -0.778852772 0.000663851
Inhibitor / Control MRPL47 -0.587154865 0.009951164
Inhibitor / Control MRPS14 -1.066221241 2.97824E-08
Inhibitor / Control MRPS15 -1.264886204 9.03193E-08
Inhibitor / Control MRPS21 -1.703482406 0.001566181
Inhibitor / Control MRPS26 -1.649073687 1.63159E-06
Inhibitor / Control MRPS31 -1.892800445 7.14941E-07
Inhibitor / Control MRPS9 -1.000412655 1.70731E-05
Inhibitor / Control MSL1 -0.971592861 0.017526638
Inhibitor / Control MSX2 -0.844519524 0.00061587
Inhibitor / Control MTA2 -0.912420607 4.85947E-06
Inhibitor / Control MTCH2 -2.911788392 0.000392412
Inhibitor / Control MYH14 -0.643657702 0.00306427
Inhibitor / Control MZT2B -0.583052643 0.000944017
Inhibitor / Control N6AMT1 -0.603726569 0.002624198
Inhibitor / Control NAAA -1.03222859 0.00167487
Inhibitor / Control NAP1L1 -0.767990003 0.001621781
Inhibitor / Control NAV1 -0.6113957 0.00035243
Inhibitor / Control NCAPD2 -0.68770225 0.005504325
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Inhibitor / Control NCAPD3 -0.860987067 0.000602463
Inhibitor / Control NCBP2 -1.422491761 5.51561E-05
Inhibitor / Control NCOR2 -0.873919154 3.15584E-07
Inhibitor / Control NDRG3 -1.036106612 0.000878035
Inhibitor / Control NDUFA13 -1.070941903 1.17871E-05
Inhibitor / Control NDUFA2 -1.288622167 1.43313E-08
Inhibitor / Control NDUFAB1 -0.651577104 0.002220225
Inhibitor / Control NDUFB10 -0.746742873 2.15965E-06
Inhibitor / Control NDUFB4 -1.225901785 0.000228967
Inhibitor / Control NDUFS1 -0.947528287 5.47601E-07
Inhibitor / Control NDUFS3 -0.675435157 0.000104828
Inhibitor / Control NDUFV1 -0.66490866 0.015055605
Inhibitor / Control NDUFV2 -0.611615281 4.07249E-06
Inhibitor / Control NMNAT1 -1.316447061 0.02647343
Inhibitor / Control NOB1 -0.963848094 5.0427E-05

Inhibitor / Control NRBP1 -0.812343231 0.000477424
Inhibitor / Control NSA2 -1.031209572 0.000111385
Inhibitor / Control NUCB1 -1.131084234 0.001082851
Inhibitor / Control NUDT16 -0.786834777 0.001526474
Inhibitor / Control NUDT3 -1.314393245 0.000672994
Inhibitor / Control NUP153 -0.692588296 0.001082897
Inhibitor / Control NUP58 -1.124071909 0.003285245
Inhibitor / Control NUP88 -0.953919697 0.002018388
Inhibitor / Control NUP93 -1.347169798 0.007495407
Inhibitor / Control NUP98 -0.6937641 0.007165902
Inhibitor / Control NUSAP1 -1.311859183 2.503E-07

Inhibitor / Control OAS3 -0.811620028 0.009013902
Inhibitor / Control OCIAD1 -0.910823894 1.31866E-07
Inhibitor / Control OXSR1 -0.782330937 0.04678002
Inhibitor / Control PAHA2 -0.791180568 0.000127941
Inhibitor / Control PAHTM -1.114195316 0.00018425
Inhibitor / Control PAIP1 -3.030405531 0.002291421
Inhibitor / Control PALLD -1.88194442 0.000909124
Inhibitor / Control PARD6B -1.057662408 0.000175342
Inhibitor / Control PARN -1.411110771 0.000991441
Inhibitor / Control PAWR -0.630165072 0.005091834
Inhibitor / Control PAXX -0.783400965 0.014123473
Inhibitor / Control PCLAF -3.595339673 1.3026E-05

Inhibitor / Control PDCD10 -1.676795128 0.001051634
Inhibitor / Control PDCL3 -0.862799064 0.000652777
Inhibitor / Control PDDC1 -1.226567144 0.003105231
Inhibitor / Control PDIA3 -0.85365093 0.00032759
Inhibitor / Control PDK3 -1.407550032 0.00173595
Inhibitor / Control PDLIM2 -1.447635778 0.006658394
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Inhibitor / Control PDPR -0.940419842 0.004467954
Inhibitor / Control PDS5B -1.26602767 0.00204314
Inhibitor / Control PEX5 -0.867426126 4.46667E-05
Inhibitor / Control PFKFB2 -1.131893505 0.000396268
Inhibitor / Control PGGT1B -0.658040788 0.00556813

Inhibitor / Control PHKA1 -0.958059635 7.04058E-05
Inhibitor / Control PIP5K1A -1.26514448 0.012190309
Inhibitor / Control PJA1 -0.809060073 0.045890315
Inhibitor / Control PKIA -0.813107199 0.000251156
Inhibitor / Control PKIG -0.626069933 0.000700326
Inhibitor / Control PLK1 -1.987789726 7.20471E-06
Inhibitor / Control PLRG1 -1.622190876 5.64232E-05
Inhibitor / Control PML -1.636522983 0.00170602

Inhibitor / Control PMM1 -1.382864049 8.91402E-05
Inhibitor / Control PMVK -1.097385379 0.005252451
Inhibitor / Control POLA1 -1.097967801 6.32211E-05
Inhibitor / Control POLD2 -0.662131526 6.78596E-05
Inhibitor / Control POLE3 -0.75854015 4.98038E-08
Inhibitor / Control POLR2E -0.890400368 0.002567487
Inhibitor / Control POMP -0.818199153 0.000421052
Inhibitor / Control POP7 -0.587510028 6.32211E-05
Inhibitor / Control PPFIA1 -1.385046648 0.001633507
Inhibitor / Control PPFIA2 -1.137161199 7.0092E-07

Inhibitor / Control PPIALAC -0.995835893 0.030088399
Inhibitor / Control PPID -0.612492743 0.001113186
Inhibitor / Control PPP1R10 -0.603336787 0.001080078
Inhibitor / Control PPP1R9A -1.043604904 0.02224033

Inhibitor / Control PPPAC -0.889371514 1.63159E-06
Inhibitor / Control PREPL -0.803122791 1.58393E-06
Inhibitor / Control PRIM1 -0.99146443 0.000324122
Inhibitor / Control PRIM2 -0.688836893 0.003900557
Inhibitor / Control PRKCI -1.308094701 7.23097E-06
Inhibitor / Control PRKCZ -1.796937846 7.94683E-05
Inhibitor / Control PRPF38A -0.950522116 0.001430733
Inhibitor / Control PRRC2B -1.220709252 1.80257E-08
Inhibitor / Control PSMB3 -0.987665988 0.000592534
Inhibitor / Control PSMD5 -0.617659293 0.005461502
Inhibitor / Control PYGO2 -1.130282468 0.000631402
Inhibitor / Control QRSL1 -0.649720176 0.017798967
Inhibitor / Control R3HDM4 -0.713973842 0.000542747
Inhibitor / Control RAB27A -1.225318524 0.000962393
Inhibitor / Control RAB3GAP1 -0.707966125 0.000726906
Inhibitor / Control RAB5A -0.651727907 0.00038934
Inhibitor / Control RAB6B -1.27399531 0.014458761
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Inhibitor / Control RBM15B -1.012130782 0.004356996
Inhibitor / Control RBM3 -0.716771638 8.15188E-07
Inhibitor / Control RCN3 -1.312339627 4.77469E-05
Inhibitor / Control RECQL4 -0.785463317 0.008378607
Inhibitor / Control RFC4 -0.785067348 0.001202691
Inhibitor / Control RFK -0.738207961 0.000147415
Inhibitor / Control RING1 -0.929319125 0.00133965

Inhibitor / Control RMDN1 -0.587548808 0.015338769
Inhibitor / Control RNF187 -1.359904839 1.33968E-05
Inhibitor / Control RNF220 -0.954308014 5.89527E-06
Inhibitor / Control RNF40 -0.780272755 1.58239E-06
Inhibitor / Control RPIA -0.975042302 0.001288748
Inhibitor / Control RPLP1 -1.037742708 0.000928203
Inhibitor / Control RPP40 -1.395199687 0.002913304
Inhibitor / Control RRM1 -0.670324652 0.001018135
Inhibitor / Control RRM?2 -1.239518365 1.04858E-08
Inhibitor / Control RRP12 -0.822501102 0.001586323
Inhibitor / Control RSBN1L -0.717084782 0.000126549
Inhibitor / Control RSF1 -1.204675877 0.000204674
Inhibitor / Control RSL24D1 -0.603828263 0.022942411
Inhibitor / Control RTF1 -1.426340046 1.13049E-05
Inhibitor / Control RTL8C -0.844761836 0.000262504
Inhibitor / Control RTN4IP1 -1.291286205 0.017430092
Inhibitor / Control RUFY1 -0.718353972 0.033449454
Inhibitor / Control SCRIB -0.957304499 0.008916535
Inhibitor / Control SDCBP -2.093997119 0.000102088
Inhibitor / Control SEC24A -0.853901841 0.000145033
Inhibitor / Control SEC24B -1.159549678 0.002451851
Inhibitor / Control SENP8 -1.204985409 0.010190456
Inhibitor / Control SEPTIN3 -1.03306175 0.006847668
Inhibitor / Control SERPINI1 -0.938464528 3.8637E-07

Inhibitor / Control SETD3 -0.589385118 0.001663241
Inhibitor / Control SETDB1 -2.400771479 0.000237205
Inhibitor / Control SFRP1 -0.997248486 0.009498439
Inhibitor / Control SHROOM1 -0.760052968 0.00571024
Inhibitor / Control SIN3A -0.606919215 0.001354921
Inhibitor / Control SIRT1 -0.813510209 0.003455392
Inhibitor / Control SLAIN2 -1.131894473 0.000818167
Inhibitor / Control SLC25A10 -1.01617363 0.003391743
Inhibitor / Control SLC25A22 -0.957391129 0.011977333
Inhibitor / Control SMAP1 -0.785586768 0.001549201
Inhibitor / Control SMAP2 -1.014542002 0.000862005
Inhibitor / Control SMARCB1 -0.846779097 9.72123E-05
Inhibitor / Control SMARCE1 -0.70599779 0.000422972
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Inhibitor / Control SMIM20 -0.583245401 6.59823E-07
Inhibitor / Control SNRPF -1.018043393 0.003744466
Inhibitor / Control SNX6 -0.592505859 0.00017118

Inhibitor / Control SPDL1 -2.345801351 1.40955E-08
Inhibitor / Control SPECCI1L -3.963118325 0.005974438
Inhibitor / Control SPINT1 -2.557606816 0.002803088
Inhibitor / Control SRR -0.743346983 0.001188437
Inhibitor / Control SSBP3 -0.726362698 0.000481599
Inhibitor / Control SSNA1 -0.668330294 5.60114E-05
Inhibitor / Control SSuU72 -0.984719909 5.62271E-08
Inhibitor / Control ST14 -2.004520761 0.001061331
Inhibitor / Control STK32C -0.716497446 2.86088E-05
Inhibitor / Control STXBP2 -0.714311691 0.00277016

Inhibitor / Control SUGT1 -0.815186631 1.48162E-06
Inhibitor / Control SuUz12 -0.671825001 0.000335981
Inhibitor / Control TBC1D15 -0.592570846 7.86431E-05
Inhibitor / Control TBC1D5 -0.707726995 1.83766E-05
Inhibitor / Control TBPL1 -0.696735913 0.003520035
Inhibitor / Control TCAF1 -2.41347958 8.09802E-05
Inhibitor / Control TCEAL4 -1.010536096 2.32989E-05
Inhibitor / Control TCEALS -0.952152102 3.4398E-05

Inhibitor / Control TCERG1 -1.366322222 0.000600134
Inhibitor / Control TDRKH -0.698211767 0.000398165
Inhibitor / Control TENM?2 -0.595467655 3.27162E-05
Inhibitor / Control TFB2M -0.943291369 0.008741758
Inhibitor / Control THAP11 -0.652115489 0.014946185
Inhibitor / Control THOC2 -1.878462526 0.001411454
Inhibitor / Control TIMM23 -0.820243916 0.000575936
Inhibitor / Control TIMM44 -1.746540719 0.001462218
Inhibitor / Control TJP2 -3.17347392 0.001006946
Inhibitor / Control TK1 -1.658185653 5.4495E-05

Inhibitor / Control TLE1 -0.731362821 0.008068076
Inhibitor / Control TMEDS8 -0.975920187 0.007254796
Inhibitor / Control TMEM113 -0.773186505 0.000382736
Inhibitor / Control TMEM132A -1.390257251 0.000117656
Inhibitor / Control TOM1L1 -2.888053399 0.001716972
Inhibitor / Control TOM1L2 -1.409456421 0.008676148
Inhibitor / Control TOMM34 -0.585088007 0.002243272
Inhibitor / Control TOR1AIP1 -0.68933206 0.001418613
Inhibitor / Control TRAF2 -1.314443484 0.000108087
Inhibitor / Control TRAPPC3 -0.66238688 0.000156479
Inhibitor / Control TRIM26 -1.075220767 0.00046927

Inhibitor / Control TRIP4 -1.635528762 0.00077036

Inhibitor / Control TRNAU1AP -0.637090873 6.01823E-05
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Inhibitor / Control TUSC2 -0.604925483 0.027809286
Inhibitor / Control TWSG1 -0.885369506 7.19067E-06
Inhibitor / Control TXLNA -0.656262769 1.5614E-05

Inhibitor / Control TXLNG -0.691073585 1.65049E-06
Inhibitor / Control TYMS -1.676553431 5.94004E-07
Inhibitor / Control TYSND1 -0.694810685 0.003566442
Inhibitor / Control UBAP2 -0.769608785 2.26471E-05
Inhibitor / Control UBE2A -0.624860044 6.56691E-06
Inhibitor / Control UBE2B -0.863567793 2.04786E-07
Inhibitor / Control UBE2T -2.2086713 1.31866E-07
Inhibitor / Control UBE4B -0.822113499 0.000118454
Inhibitor / Control UBR1 -0.927910584 0.00361379
Inhibitor / Control UBXN2A -1.174352841 0.035070987
Inhibitor / Control UCK2 -1.368822103 2.82246E-05
Inhibitor / Control UQCRC2 -0.634381736 3.25181E-05
Inhibitor / Control UQCRFS1P1 -2.447951202 4.01643E-06
Inhibitor / Control URLC6 -0.734732237 0.001021654
Inhibitor / Control USP11 -0.60271051 3.29664E-06
Inhibitor / Control USP13 -0.756190997 6.07931E-07
Inhibitor / Control USP19 -0.693736109 0.002286598
Inhibitor / Control USP4 -1.005404401 0.033153809
Inhibitor / Control UTP15 -1.428389692 0.000786605
Inhibitor / Control UTP20 -0.637357627 0.000529472
Inhibitor / Control UTP4 -0.778040242 0.040893865
Inhibitor / Control VBP1 -0.988223266 0.003375115
Inhibitor / Control VCP -0.776755853 1.35602E-05
Inhibitor / Control VPS25 -6.068716286 0.013759426
Inhibitor / Control VPS37C -1.297161213 0.000762904
Inhibitor / Control WASHC5 -3.800088236 0.006879512
Inhibitor / Control WDR18 -0.879568508 0.012724729
Inhibitor / Control WDR37 -0.636519408 0.028928412
Inhibitor / Control WDR6 -0.887914306 2.78412E-07
Inhibitor / Control WNK1 -0.981263735 0.000778346
Inhibitor / Control XPO4 -0.684250713 0.013129189
Inhibitor / Control XRCC1 -1.778921473 0.035249769
Inhibitor / Control YTHDF2 -0.976480971 1.37164E-05
Inhibitor / Control ZC3HDC1 -1.100396402 0.002015679
Inhibitor / Control ZCCHC6 -0.596284187 0.006824881
Inhibitor / Control ZFAND1 -0.883900241 0.041540607
Inhibitor / Control ZFYVE16 -0.616875593 0.001043339
Inhibitor / Control ZNF316 -1.097032048 0.000831922
Inhibitor / Control ZNF503 -0.895462093 1.73994E-07
Inhibitor / Control ZNF511 -0.754734623 0.04560312

260




-
30

THE UNIVERSITY
o ADELAIDE

7.2 Proteomics data from LNCaP cells overexpressing USP2

Supplementary Table 7.3. Expression data of proteins that are significantly increased in the

LNCaP cells overexpressing USP2 than the control cells (average log2 fold-change > 0.5).

Comparison Gene encoding the Log2 fold change q value
(group1/group2) detected protein

USP2 / Neon ACAT1 2.660392267 9.14E-06
USP2 / Neon TRIM56 2.410814661 3.86E-02
USP2 / Neon HSPBP1 2.123313269 0.000828341
USP2 / Neon TXNRD2 1.926884659 2.37E-03
USP2 / Neon BTF3 1.917889719 2.21E-03
USP2 / Neon MCFD2 1.778259414 0.001355307
USP2 / Neon BRIX1 1.576490665 0.008230426
USP2 / Neon NONO 1.560970311 1.05E-04
USP2 / Neon PAN3 1.542714383 1.58102E-06
USP2 / Neon MTRES1 1.439331347 2.64415E-06
USP2 / Neon DHPS 1.412166998 5.18E-07
USP2 / Neon FBXO2 1.382160804 1.19E-03
USP2 / Neon VCP 1.273086264 2.10E-04
USP2 / Neon PSMA2 1.21154656 0.008659358
USP2 / Neon CBX8 1.174302167 7.1062E-05
USP2 / Neon HMGA1 1.160063531 3.01961E-06
USP2 / Neon PROSC 1.136686878 2.61E-04
USP2 / Neon CKB 1.112852141 8.8532E-07
USP2 / Neon PEG3 1.103351836 4.19E-04
USP2 / Neon RBMS8 1.043500432 8.35E-04
USP2 / Neon TOM1L2 1.038057287 0.000125736
USP2 / Neon COX17 1.034116518 4.57464E-06
USP2 / Neon NFX1 1.017161234 0.032491694
USP2 / Neon FKBP2 1.011343303 0.010284082
USP2 / Neon NUCKS1 1.004583764 4.42533E-05
USP2 / Neon ZNFX1 1.001188063 1.06116E-05
USP2 / Neon MRPS18A 0.999248221 4.79025E-06
USP2 / Neon HDAC2 0.997902978 0.007789045
USP2 / Neon LAMC1 0.986849181 0.000164412
USP2 / Neon CAT 0.982936362 3.77606E-06
USP2 / Neon RCN3 0.978839368 1.99453E-05
USP2 / Neon RALY 0.929253213 2.64079E-05
USP2 / Neon SCAF11 0.927977479 0.004926573
USP2 / Neon SLAIN2 0.926502084 1.38E-04
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USP2 / Neon HEL-S-74 0.924945151 1.20E-05
USP2 / Neon KLK3 0.922161885 2.14E-06
USP2 / Neon NMD3 0.91024323 0.001508422
USP2 / Neon MKNK1 0.908378278 0.001504097
USP2 / Neon LSM14B 0.905939224 1.51E-04
USP2 / Neon GDF15 0.895055132 0.000699277
USP2 / Neon POLRMT 0.893619903 0.0001449
USP2 / Neon PRPF4B 0.886452317 0.033152029
USP2 / Neon PHF6 0.874114965 8.12E-04
USP2 / Neon ADGRG6 0.873729362 5.27517E-05
USP2 / Neon EFS 0.87311539 2.18601E-06
USP2 / Neon ADA 0.864876923 1.88937E-07
USP2 / Neon RNPEP 0.851005243 5.18181E-07
USP2 / Neon MYDGF 0.847575028 6.81E-06
USP2 / Neon MGC3731 0.842797292 6.47E-04
USP2 / Neon MRPL30 0.838852737 0.000386332
USP2 / Neon NUCB1 0.836060809 1.38778E-06
USP2 / Neon MPLKIP 0.834036602 1.69889E-05
USP2 / Neon GTF3C3 0.810351076 4.43646E-05
USP2 / Neon RNF115 0.810276329 0.000152774
USP2 / Neon SEPTING 0.801849891 8.23E-04
USP2 / Neon EXOSC4 0.800969384 0.001223237
USP2 / Neon PPIF 0.794903136 2.44707E-07
USP2 / Neon RYBP 0.792575464 1.43073E-06
USP2 / Neon HSPAS 0.792335237 5.81347E-08
USP2 / Neon NVL 0.78024688 2.14954E-05
USP2 / Neon ERP70 0.775733185 5.87521E-08
USP2 / Neon RRAS 0.771059423 0.023065669
USP2 / Neon NIP30 0.769866082 6.69696E-05
USP2 / Neon MGC20255 0.764773142 0.000116673
USP2 / Neon GOLGA4 0.760866186 0.007426986
USP2 / Neon PTMS 0.753705567 2.42683E-05
USP2 / Neon MARVELD2 0.753423713 0.012164717
USP2 / Neon FUBP1 0.751757492 0.003623807
USP2 / Neon FLVCR1 0.750921269 0.001276496
USP2 / Neon USP25 0.749603082 0.005588434
USP2 / Neon MYO18A 0.74448636 0.018714078
USP2 / Neon CALR 0.742800671 0.001079512
USP2 / Neon VGLL4 0.74095495 2.9235E-05
USP2 / Neon DPP7 0.731301726 0.002503435
USP2 / Neon GNAS 0.728053813 5.03641E-05
USP2 / Neon RNMT 0.720925562 3.43622E-05
USP2 / Neon SHROOMS3 0.720416912 2.3815E-06
USP2 / Neon ZNF513 0.719473407 0.000871025
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USP2 / Neon WDR5 0.717409224 5.32145E-06
USP2 / Neon DDX54 0.706907393 3.96528E-05
USP2 / Neon LAMB2 0.702970554 7.27948E-06
USP2 / Neon USP48 0.702620464 0.001542029
USP2 / Neon G3BP2 0.700718352 0.044947868
USP2 / Neon MARS2 0.700353627 0.00877759

USP2 / Neon ACOX1 0.699855717 4.23479E-06
USP2 / Neon CDKN2AIP 0.697727812 0.001198828
USP2 / Neon RNF181 0.697705352 0.00152047

USP2 / Neon RDX 0.697483175 1.59832E-06
USP2 / Neon CARD11 0.696349841 0.002050667
USP2 / Neon TMSB4X 0.693427541 2.2302E-07

USP2 / Neon C2o0rf49 0.692129547 4.50519E-06
USP2 / Neon NENF 0.690718649 1.2023E-06

USP2 / Neon NEDD1 0.690535217 2.07947E-05
USP2 / Neon FVT1 0.68972962 0.033889546
USP2 / Neon THOP1 0.688865314 0.001359433
USP2 / Neon HTATSF1 0.685072469 0.000158543
USP2 / Neon hCG_2042749 0.684310298 1.14141E-05
USP2 / Neon TRMT10A 0.68356307 0.000891101
USP2 / Neon PRDX4 0.682802225 9.26073E-07
USP2 / Neon JMJD6 0.682183947 9.86958E-05
USP2 / Neon GRN 0.681172491 5.34908E-06
USP2 / Neon MACROD1 0.680221632 0.02232844
USP2 / Neon FH 0.678189913 9.76935E-05
USP2 / Neon BCS1L 0.676031411 0.002252349
USP2 / Neon DYNLL2 0.67563188 0.038563083
USP2 / Neon PCBD2 0.669050102 0.000206634
USP2 / Neon MANF 0.665654335 4.23479E-06
USP2 / Neon ATP5IF1 0.660653943 0.002158112
USP2 / Neon DCTD 0.652741932 4.75287E-05
USP2 / Neon Clz1 0.649445012 0.002790617
USP2 / Neon Céorf57 0.645428508 3.42624E-05
USP2 / Neon CWC(C15 0.645408509 0.009436454
USP2 / Neon HLCS 0.64132319 0.008063617
USP2 / Neon HAGH 0.640240965 0.000233634
USP2 / Neon DECR2 0.637362785 0.000150697
USP2 / Neon HSPA9 0.637072205 2.00983E-05
USP2 / Neon OXCT1 0.636359356 0.00029424
USP2 / Neon CKAP5 0.635153006 0.018571184
USP2 / Neon PAHB 0.630113294 3.29797E-06
USP2 / Neon STX4A 0.629813738 0.00302394
USP2 / Neon ARHGEF35 0.62466333 3.14598E-05
USP2 / Neon DTL 0.621888805 0.03855036
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USP2 / Neon MBP 0.619559336 4.56947E-05
USP2 / Neon AADAT 0.617401959 0.003671578
USP2 / Neon DHX16 0.614439854 0.000126979
USP2 / Neon NELFE 0.614007707 0.00017784
USP2 / Neon GTPBP1 0.613436043 0.034152857
USP2 / Neon MICALL1 0.612333596 9.66759E-05
USP2 / Neon LZIC 0.610193693 0.000386758
USP2 / Neon ABLIM1 0.607975115 7.54743E-07
USP2 / Neon STXBP4 0.603161624 0.006914607
USP2 / Neon ALCAM 0.593748275 0.003218195
USP2 / Neon SUMF2 0.588167866 1.14141E-05
USP2 / Neon MRPS27 0.58609503 0.002001301
USP2 / Neon FXR1 0.585483391 0.003635651
USP2 / Neon HSPE1 0.584045693 6.55489E-06
USP2 / Neon MRPS35 0.581874357 0.002361227
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Supplementary Table 7.4. Expression data of proteins that are significantly reduced in the

LNCaP cells overexpressing USP2 than the control cells (average log2 fold-change > 0.5).

Comparison Gene encoding the Log2 fold change q value
(group1/group?2) detected protein
USP2 / Neon EARS2 -0.580018249 2.46E-04
USP2 / Neon GPRASP2 -0.580336686 2.44E-03
USP2 / Neon TMOD3 -0.581820105 0.000407735
USP2 / Neon PMS2 -0.582900831 7.22E-06
USP2 / Neon FLNB -0.583104868 6.19E-04
USP2 / Neon PRKACB -0.584173833 2.81492E-05
USP2 / Neon FHOD1 -0.585512475 0.004236663
USP2 / Neon ANKRD44 -0.586098948 1.30E-02
USP2 / Neon CDC123 -0.587229223 1.91283E-05
USP2 / Neon TRIP13 -0.587899068 6.63388E-05
USP2 / Neon KPNA6 -0.587953017 2.16E-06
USP2 / Neon TRA2A -0.588445816 1.08E-02
USP2 / Neon NUP62 -0.588617864 4.38E-04
USP2 / Neon PDLIM7 -0.588880379 0.000702033
USP2 / Neon BTF3L4 -0.588894652 0.044497402
USP2 / Neon DCTN5 -0.58913784 0.004018679
USP2 / Neon MRPL11 -0.590442111 7.77E-03
USP2 / Neon WDFY2 -0.591022776 0.011610517
USP2 / Neon TBCD -0.591093274 5.26E-04
USP2 / Neon GFM2 -0.591501935 1.28E-06
USP2 / Neon GYG1 -0.592085996 0.002283053
USP2 / Neon PI4KA -0.594867745 0.003573994
USP2 / Neon RPA1 -0.595292185 3.38432E-05
USP2 / Neon PSMD9 -0.595495681 3.65888E-05
USP2 / Neon PFKFB2 -0.597462135 2.17283E-06
USP2 / Neon AP1B1 -0.598208391 1.58102E-06
USP2 / Neon SNX18 -0.598551615 0.002033619
USP2 / Neon CSE1L -0.598774476 1.45113E-05
USP2 / Neon RAB24 -0.599116076 0.002747775
USP2 / Neon MCM7 -0.600854143 0.00734249
USP2 / Neon N6AMT1 -0.601217683 0.000563318
USP2 / Neon LSM6 -0.603755885 0.00011744
USP2 / Neon PHB -0.604410758 0.013037619
USP2 / Neon GINS1 -0.60458283 1.25E-05
USP2 / Neon KPNB1 -0.604587332 2.43E-05
USP2 / Neon GTF2B -0.604853682 5.18E-07
USP2 / Neon IDH3B -0.604915247 0.003271366
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USP2 / Neon GET3 -0.605589781 2.65576E-05
USP2 / Neon COG3 -0.605882306 9.45E-04
USP2 / Neon ROCK1 -0.606727187 8.08077E-06
USP2 / Neon TUBA4A -0.607014507 1.14546E-06
USP2 / Neon UBE2E1 -0.607536774 0.000732042
USP2 / Neon MAP2K5 -0.610655294 9.21E-04
USP2 / Neon SLC4A2 -0.611388952 0.004037866
USP2 / Neon WUGSC:H_RG054D04.1 -0.614139674 0.009694427
USP2 / Neon TRUB1 -0.614908269 2.60484E-05
USP2 / Neon C9orf32 -0.616329478 8.45177E-06
USP2 / Neon TARDBP -0.618333999 2.68E-04
USP2 / Neon PIK3R2 -0.62081691 2.34E-06
USP2 / Neon NDRG3 -0.621082709 9.35335E-06
USP2 / Neon AURKAIP1 -0.622556848 0.002512678
USP2 / Neon BCL2L13 -0.622667684 0.001948509
USP2 / Neon UROD -0.623194209 0.004384945
USP2 / Neon HSPA14 -0.623899221 0.002803587
USP2 / Neon PATI -0.624123026 3.09E-03
USP2 / Neon PNN -0.624527801 0.004230839
USP2 / Neon DAXX -0.624555728 0.002224143
USP2 / Neon SNX12 -0.626919411 7.54743E-07
USP2 / Neon EPS8L1 -0.62740093 0.006893545
USP2 / Neon NECAP1 -0.628917778 0.000131669
USP2 / Neon TBC1D15 -0.629458146 4.00368E-05
USP2 / Neon PRPF31 -0.630179598 9.26554E-07
USP2 / Neon CUL4AA -0.631300554 5.96315E-06
USP2 / Neon LIMD1 -0.631382291 0.031398313
USP2 / Neon EIF3K -0.632622302 0.000683509
USP2 / Neon RPL22L1 -0.632710988 4.86271E-05
USP2 / Neon PRMT7 -0.633407787 3.42624E-05
USP2 / Neon GAGE2B -0.63369128 0.007212707
USP2 / Neon GNMT -0.634339243 4.86271E-05
USP2 / Neon PPME1 -0.635054748 1.48919E-05
USP2 / Neon MAP4 -0.636477788 0.004017381
USP2 / Neon CNOT1 -0.638356276 0.00325019
USP2 / Neon MAP2K4 -0.639377975 1.30705E-06
USP2 / Neon ACACA -0.640623913 4.50519E-06
USP2 / Neon ANKMY2 -0.641754269 0.000148262
USP2 / Neon uSO1 -0.641935464 2.12913E-05
USP2 / Neon TDRKH -0.642663577 0.003607443
USP2 / Neon AFP -0.646065442 0.004045748
USP2 / Neon DPH5 -0.646708685 9.26554E-07
USP2 / Neon IMY -0.646837387 3.18278E-05
USP2 / Neon HBA2 -0.647021314 0.000688461
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USP2 / Neon HSDL2 -0.647997332 3.87549E-05
USP2 / Neon KRT79 -0.648644351 3.42624E-05
USP2 / Neon POLD2 -0.648660604 1.46973E-05
USP2 / Neon PTPNG6 -0.649052942 0.001002552
USP2 / Neon ATXN10 -0.649534687 1.57965E-05
USP2 / Neon NPC1 -0.649640811 0.001595979
USP2 / Neon TBC1D10B -0.650298086 0.00020663
USP2 / Neon NHLRC2 -0.650532335 6.27725E-05
USP2 / Neon ATP6V1E1 -0.650660869 6.41153E-06
USP2 / Neon PWP1 -0.650805391 0.007575995
USP2 / Neon DNAAF5 -0.652039153 2.91777E-05
USP2 / Neon AHCTF1 -0.652874527 6.75278E-06
USP2 / Neon XRN1 -0.653433098 0.000261193
USP2 / Neon ZZEF1 -0.654880492 2.58256E-05
USP2 / Neon ELL -0.655394785 0.001074808
USP2 / Neon AGPS -0.655901454 0.000394167
USP2 / Neon SNX5 -0.657080513 2.64079E-05
USP2 / Neon C6orf106 -0.657518982 2.42683E-05
USP2 / Neon GSTK1 -0.659054814 3.87555E-06
USP2 / Neon MCRIP1 -0.659503775 0.002599987
USP2 / Neon GGA1l -0.659726612 0.000188067
USP2 / Neon CRADD -0.659988407 0.000114055
USP2 / Neon POLR2H -0.660187386 0.000136569
USP2 / Neon PITPNB -0.66166649 0.000928932
USP2 / Neon DSTN -0.662541113 2.64079E-05
USP2 / Neon VPS4AA -0.664792699 1.27823E-06
USP2 / Neon H2AZ1 -0.66514661 2.51862E-06
USP2 / Neon ATF7IP -0.666884225 0.000599341
USP2 / Neon ATP1A1 -0.668281002 0.007178058
USP2 / Neon HOOK3 -0.668330876 3.89854E-05
USP2 / Neon CHFR -0.668456513 0.002370165
USP2 / Neon TYMS -0.671914598 0.000329062
USP2 / Neon BUB1B -0.67261832 1.54558E-05
USP2 / Neon MORF4L2 -0.67272291 5.04825E-05
USP2 / Neon CASP9 -0.672871158 7.87694E-05
USP2 / Neon TRMT61A -0.674698166 0.000267522
USP2 / Neon ATP6V1H -0.676817792 0.006872489
USP2 / Neon FNBP1 -0.677033228 0.008925182
USP2 / Neon ATPAF2 -0.678485332 7.25509E-07
USP2 / Neon GGA2 -0.679003205 0.001136384
USP2 / Neon HAT1 -0.679576989 6.93793E-05
USP2 / Neon GTF2I -0.67966647 6.15794E-05
USP2 / Neon MTHFD1 -0.680891155 3.52742E-05
USP2 / Neon CGREF1 -0.682066717 0.041430798
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USP2 / Neon SPECC1L -0.682790204 7.77823E-05
USP2 / Neon ASL -0.68603541 0.000275753
USP2 / Neon NCAPD2 -0.686889734 8.8532E-07
USP2 / Neon CAMK2G -0.687775771 0.000505282
USP2 / Neon SLC25A5 -0.689360908 0.004430444
USP2 / Neon DGKH -0.68942002 7.12981E-05
USP2 / Neon AP3S1 -0.68957905 4.84329E-06
USP2 / Neon GLTP -0.692055462 0.003201879
USP2 / Neon CyCi -0.692521717 1.09169E-06
USP2 / Neon UCK1 -0.692809862 2.19077E-05
USP2 / Neon NEDDA4L -0.694115646 3.54244E-07
USP2 / Neon RPE -0.695932491 0.000144673
USP2 / Neon TEX264 -0.696036571 0.001329113
USP2 / Neon MRPL50 -0.700443069 0.001322746
USP2 / Neon IPO4 -0.700852965 0.006589815
USP2 / Neon EIF4A2 -0.700879327 0.000139553
USP2 / Neon HMBS -0.703380975 7.56213E-06
USP2 / Neon CTul -0.703702096 4.01239E-06
USP2 / Neon FDX2 -0.706464115 6.12222E-05
USP2 / Neon TBC1D10A -0.707679441 3.10065E-05
USP2 / Neon ARHGAP1 -0.70781424 5.38655E-05
USP2 / Neon NUP93 -0.708874881 9.37506E-06
USP2 / Neon APIP -0.709507403 0.00034192
USP2 / Neon KBTBD7 -0.711485334 0.008773287
USP2 / Neon PRPSAP1 -0.711580054 8.33455E-07
USP2 / Neon GTF2A2 -0.711581556 0.000471425
USP2 / Neon COG1 -0.712689885 0.000598914
USP2 / Neon NOB1 -0.712818687 0.000142799
USP2 / Neon PRMT3 -0.714027667 2.00983E-05
USP2 / Neon MON2 -0.715848727 2.97825E-05
USP2 / Neon SEC24C -0.716709384 4.68583E-05
USP2 / Neon CAMSAP3 -0.717507924 2.89971E-05
USP2 / Neon CCDC132 -0.719873846 0.000246283
USP2 / Neon SMC2L1 -0.720274652 8.8532E-07
USP2 / Neon FAMA49B -0.720393822 2.44707E-07
USP2 / Neon PHGDH -0.720608277 1.68464E-05
USP2 / Neon ADSL -0.721137887 0.000278324
USP2 / Neon NEK7 -0.722495543 7.54743E-07
USP2 / Neon PPP2R1B -0.72470651 6.12222E-05
USP2 / Neon TBC1D17 -0.725968361 0.000200092
USP2 / Neon RBM14 -0.72632692 2.04689E-05
USP2 / Neon PDCL3 -0.727946821 0.000599341
USP2 / Neon EIF2B3 -0.729812694 5.16164E-05
USP2 / Neon DNM1L -0.730604006 1.5973E-05
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USP2 / Neon ITPKB -0.730851577 0.019330941
USP2 / Neon NOL6 -0.731369398 0.029252653
USP2 / Neon TRAPPC11 -0.73197131 2.55578E-05
USP2 / Neon HNRPK -0.733946616 0.01341644
USP2 / Neon DDX39A -0.734234226 0.00247343
USP2 / Neon BCAR1 -0.734525661 6.51403E-05
USP2 / Neon RHPN2 -0.734977131 1.49707E-05
USP2 / Neon RAB6A -0.73520649 0.001221161
USP2 / Neon CASP7 -0.738737939 1.49723E-05
USP2 / Neon POLDIP3 -0.740446945 0.00010455
USP2 / Neon cuLl -0.741067253 0.00640812
USP2 / Neon UGDH -0.741265506 8.605E-06
USP2 / Neon PKN2 -0.741787693 5.96888E-05
USP2 / Neon NDUFA6 -0.745579216 2.71959E-05
USP2 / Neon MAGED?2 -0.746117565 1.8928E-06
USP2 / Neon RAB3GAP1 -0.746619578 8.29796E-06
USP2 / Neon UBE2Q1 -0.747216907 0.00016542
USP2 / Neon ST20-MTHFS -0.749552496 5.11404E-05
USP2 / Neon STARD7 -0.752850441 0.012816475
USP2 / Neon UBE2T -0.755245151 5.56815E-05
USP2 / Neon AP3B1 -0.756868104 1.62836E-05
USP2 / Neon SRSF6 -0.759050392 8.80481E-05
USP2 / Neon TSEN2 -0.759895579 4.23479E-06
USP2 / Neon CBL -0.760584396 0.000703839
USP2 / Neon LENG9 -0.761336608 0.000131669
USP2 / Neon UBXN7 -0.762239222 2.5818E-05
USP2 / Neon RPS6KA3 -0.767085261 6.46971E-05
USP2 / Neon ARHGAP17 -0.767794296 0.002732576
USP2 / Neon DDX23 -0.767855834 0.00151347
USP2 / Neon LYSMD2 -0.769126426 0.000132044
USP2 / Neon POLR1A -0.769551212 0.023606167
USP2 / Neon NCAPG -0.769929872 5.34012E-05
USP2 / Neon HOOK1 -0.770454778 1.65058E-07
USP2 / Neon TRAPPC3 -0.770942651 2.32945E-05
USP2 / Neon RPA3 -0.77210906 0.000113646
USP2 / Neon SAE1 -0.774758265 2.13573E-06
USP2 / Neon PARN -0.776740775 3.52571E-05
USP2 / Neon DDX19B -0.777769316 5.81347E-08
USP2 / Neon RAC1 -0.778778326 4.90504E-06
USP2 / Neon FBS1 -0.784662836 0.004018679
USP2 / Neon CUL2 -0.785650741 6.87083E-06
USP2 / Neon DUSP23 -0.785690108 0.014446765
USP2 / Neon TCF25 -0.786046823 2.43289E-06
USP2 / Neon AP1IM2 -0.786666408 6.63388E-05
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USP2 / Neon FLI20323 -0.788135149 0.000832208
USP2 / Neon VDAC1 -0.788821451 0.00708653
USP2 / Neon LDAH -0.790131494 0.002637074
USP2 / Neon IST1 -0.790224926 0.001359745
USP2 / Neon GAGES5 -0.790692361 0.000772153
USP2 / Neon PPCS -0.791130516 2.55578E-05
USP2 / Neon PRIM1 -0.792303732 8.0487E-07
USP2 / Neon SRSF11 -0.793011717 0.00610691
USP2 / Neon SDSL -0.795717631 5.57603E-05
USP2 / Neon TUBB2A -0.796192837 0.000230777
USP2 / Neon UMPS -0.796594363 4.24609E-05
USP2 / Neon HIP1R -0.79848747 0.000186942
USP2 / Neon TPMT -0.798704031 0.000177273
USP2 / Neon LRRC40 -0.801259817 7.32916E-06
USP2 / Neon KPNA2 -0.801311038 1.56194E-06
USP2 / Neon GPSM1 -0.8023836 0.021511734
USP2 / Neon CDK4 -0.804614175 4.50519E-06
USP2 / Neon DIAPH1 -0.805152484 2.75388E-06
USP2 / Neon EHDA4 -0.806372619 2.05474E-06
USP2 / Neon ARFGAP3 -0.807280738 2.42683E-05
USP2 / Neon TIPRL -0.807301526 0.001104114
USP2 / Neon GTF3C5 -0.808728019 6.41062E-05
USP2 / Neon NUDT16 -0.81057618 5.02289E-05
USP2 / Neon SH3GLB1 -0.810742504 3.81106E-05
USP2 / Neon DKFZp686H0429 -0.810792731 2.3815E-06
USP2 / Neon DENND10 -0.810958267 1.27823E-06
USP2 / Neon NAA30 -0.817420808 0.002918084
USP2 / Neon STXBP2 -0.818620443 3.54244E-07
USP2 / Neon EEF1E1 -0.8193541 3.60435E-05
USP2 / Neon ARF6 -0.820278204 0.000179835
USP2 / Neon UNC45A -0.821409447 1.84782E-05
USP2 / Neon CTDP1 -0.822260745 3.6236E-05
USP2 / Neon FAM54B -0.822700915 0.001059829
USP2 / Neon NME7 -0.827017486 0.000702685
USP2 / Neon PUF60 -0.82865418 6.43933E-05
USP2 / Neon APPL2 -0.831276309 0.000326568
USP2 / Neon STXBP3 -0.842617336 0.015568836
USP2 / Neon FNBP4 -0.844387163 8.75709E-06
USP2 / Neon MAP2K6 -0.84679106 2.65576E-05
USP2 / Neon RCOR1 -0.848651214 0.000124987
USP2 / Neon DPCD -0.849027535 6.68987E-07
USP2 / Neon FIP1L1 -0.853780701 0.000438546
USP2 / Neon CC2D1B -0.855607503 0.001994668
USP2 / Neon BICD2 -0.856665507 0.003293375
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USP2 / Neon IPO11 -0.857153324 4.08215E-05
USP2 / Neon MGC10911 -0.857916313 0.000143866
USP2 / Neon NBEAL2 -0.858357556 0.005199542
USP2 / Neon CDAN1 -0.859357237 1.89995E-05
USP2 / Neon MRE11A -0.860614672 0.00111083
USP2 / Neon NAPG -0.861356377 0.000254873
USP2 / Neon EIPR1 -0.865758668 1.14243E-06
USP2 / Neon ENTPD5 -0.866372345 0.000174913
USP2 / Neon TTC27 -0.867659589 1.42802E-05
USP2 / Neon NRBP1 -0.870733803 0.043142527
USP2 / Neon ATG3 -0.875179412 0.001305226
USP2 / Neon ARMC6 -0.876936857 6.54802E-05
USP2 / Neon CHMP5 -0.87815725 6.22172E-07
USP2 / Neon CHMP3 -0.878830884 0.002209886
USP2 / Neon PYCRL -0.882060927 9.14158E-06
USP2 / Neon BORCS7-ASMT -0.882639594 2.55578E-05
USP2 / Neon ABCF2 -0.883675051 6.05543E-05
USP2 / Neon RBM12B -0.885560282 0.000210328
USP2 / Neon RAB3A -0.888968798 0.000800523
USP2 / Neon NUP188 -0.889960969 5.45968E-06
USP2 / Neon KPNA4 -0.891216016 8.2063E-06
USP2 / Neon TRAFD1 -0.892422805 2.21764E-06
USP2 / Neon SLC3A2 -0.899146597 0.00016916
USP2 / Neon N4BP1 -0.901676085 3.36706E-06
USP2 / Neon SLC25A3 -0.902068936 0.000186946
USP2 / Neon IPO8 -0.903942052 2.6921E-06
USP2 / Neon SAR1B -0.904628635 0.011867597
USP2 / Neon UBE2G1 -0.908038684 7.6604E-05
USP2 / Neon ZC3H18 -0.909412248 5.18181E-07
USP2 / Neon KPNA1 -0.912664269 7.27948E-06
USP2 / Neon TFRC -0.913050553 0.000123718
USP2 / Neon SRRT -0.919654737 1.14141E-05
USP2 / Neon COG5 -0.929305696 0.000316867
USP2 / Neon MAP2K1 -0.935368894 5.18181E-07
USP2 / Neon ALDH1A3 -0.93640222 0.000329062
USP2 / Neon EIF2AK4 -0.937504299 2.58256E-05
USP2 / Neon C20rf76 -0.939952662 1.14141E-05
USP2 / Neon ARFIP2 -0.941175713 6.17872E-06
USP2 / Neon SMCHD1 -0.942207177 0.002457506
USP2 / Neon IMPDH1 -0.943997143 0.005092719
USP2 / Neon UBE2H -0.956379377 4.50519E-06
USP2 / Neon HGH1 -0.95715454 7.36264E-05
USP2 / Neon ATP5PO -0.961190668 0.000789755
USP2 / Neon EIF2B1 -0.964139918 6.17872E-06
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USP2 / Neon MRPL20 -0.965134431 0.013135036
USP2 / Neon USP9Y -0.973490738 2.91777E-05
USP2 / Neon RELCH -0.974398997 1.26824E-06
USP2 / Neon TSEN54 -0.975835275 8.49383E-05
USP2 / Neon KIFC1 -0.97842852 0.000526257
USP2 / Neon KIAA1217 -0.98274462 0.000600985
USP2 / Neon CLSPN -0.983670289 4.9646E-05
USP2 / Neon UTP6 -0.985649865 0.009385209
USP2 / Neon CCDC88C -0.986336956 0.002585679
USP2 / Neon ANXA5 -0.986847749 0.019501008
USP2 / Neon PTPN2 -0.990494313 0.022995984
USP2 / Neon CHTF18 -0.996918937 0.00045992
USP2 / Neon GAGE1 -1.000677772 0.000121721
USP2 / Neon FTH1 -1.007541796 4.12307E-05
USP2 / Neon DEF6 -1.013857111 0.02105822
USP2 / Neon QRSL1 -1.018268617 0.000278783
USP2 / Neon STRBP -1.021363094 0.000200454
USP2 / Neon FLI12886 -1.023974117 0.000120076
USP2 / Neon SESN2 -1.031140424 1.14141E-05
USP2 / Neon SCYL1 -1.031653358 2.42683E-05
USP2 / Neon NAA25 -1.033253621 0.006028378
USP2 / Neon EXOSC1 -1.036885856 0.000252102
USP2 / Neon CCNK -1.037170238 1.14141E-05
USP2 / Neon GSTCD -1.041114996 2.71809E-05
USP2 / Neon HOOK?2 -1.043713185 0.000207543
USP2 / Neon NLRP2 -1.044540458 3.55238E-05
USP2 / Neon C120rf29 -1.050639562 0.000260328
USP2 / Neon PCBP2 -1.053305721 0.001620259
USP2 / Neon ARHGEF1 -1.060436621 1.14243E-06
USP2 / Neon SBDS -1.065239517 5.18181E-07
USP2 / Neon MAP2K2 -1.069631471 1.58788E-06
USP2 / Neon NELFB -1.078859877 0.000123098
USP2 / Neon MCM3AP -1.078906495 0.000708136
USP2 / Neon RFK -1.080838868 0.003145202
USP2 / Neon KTN1 -1.094571915 7.62524E-05
USP2 / Neon AASDHPPT -1.09564568 2.1832E-05
USP2 / Neon KNTC1 -1.101959116 9.13048E-06
USP2 / Neon NUDCD1 -1.10287177 0.003462917
USP2 / Neon POLR2K -1.113696306 0.000105464
USP2 / Neon GLMN -1.115823449 5.34908E-06
USP2 / Neon ISG15 -1.12015563 5.18181E-07
USP2 / Neon TRIM5 -1.123145529 5.28472E-05
USP2 / Neon SMAD2 -1.123239598 5.96888E-05
USP2 / Neon TBC1D1 -1.131698106 9.94629E-06
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USP2 / Neon PRKCD -1.132534229 7.67506E-06
USP2 / Neon PITPNB -1.135493273 5.35699E-05
USP2 / Neon SNX1 -1.141054523 2.2492E-06
USP2 / Neon GK -1.143646657 0.01992956
USP2 / Neon RAB3GAP2 -1.144591454 8.12907E-06
USP2 / Neon RECQL -1.14975968 0.001264002
USP2 / Neon BCAT2 -1.152479724 0.02502073
USP2 / Neon BAX -1.155683073 1.46102E-05
USP2 / Neon TBC1D13 -1.166287442 0.000147841
USP2 / Neon DKFZp43411715 -1.175791677 1.59832E-06
USP2 / Neon U2SURP -1.191124277 0.003090911
USP2 / Neon CoG7 -1.197992912 7.49668E-06
USP2 / Neon GSTT1 -1.201980281 0.000452747
USP2 / Neon ESRP2 -1.206800712 7.32916E-06
USP2 / Neon BTAF1 -1.21360545 2.58993E-05
USP2 / Neon NUDT21 -1.220327489 7.25509E-07
USP2 / Neon PLK1 -1.223241626 0.000407735
USP2 / Neon VTAl -1.223879208 1.88937E-07
USP2 / Neon DBT -1.233294325 1.89177E-05
USP2 / Neon DCUN1D5 -1.244558365 1.14243E-06
USP2 / Neon PPP1CA -1.259085244 2.09733E-05
USP2 / Neon KIF1A -1.261242221 0.000115591
USP2 / Neon ASH2L -1.268783529 7.27615E-05
USP2 / Neon OATL1 -1.279919958 0.001188359
USP2 / Neon ARFGEF2 -1.289550151 0.000118285
USP2 / Neon KRT9 -1.290740703 0.011781593
USP2 / Neon TPP1 -1.291012284 1.45574E-05
USP2 / Neon ANKRD52 -1.296201151 0.011533095
USP2 / Neon UBE3C -1.301599877 0.003075719
USP2 / Neon ANLN -1.306231583 0.005412015
USP2 / Neon SAAL1 -1.323791567 0.000777488
USP2 / Neon RNGTT -1.332501388 0.000121628
USP2 / Neon ACYP1 -1.333497982 3.69192E-05
USP2 / Neon PPP2R5A -1.336484899 2.44707E-07
USP2 / Neon UBE2S -1.346589114 0.00016739
USP2 / Neon TIMM10 -1.346907333 7.47137E-05
USP2 / Neon VPS16 -1.352805132 6.74098E-07
USP2 / Neon SEC24A -1.357709072 0.025516024
USP2 / Neon GAMT -1.366071697 1.89274E-05
USP2 / Neon COPS3 -1.372619299 0.014644981
USP2 / Neon CAPN1 -1.373295955 2.13573E-06
USP2 / Neon TRG14 -1.379717115 1.98993E-05
USP2 / Neon ILKAP -1.382742701 0.000142799
USP2 / Neon NUDT16L1 -1.38413285 0.000791021
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USP2 / Neon SON -1.387167635 9.67061E-05
USP2 / Neon CNP -1.38738247 1.09019E-09
USP2 / Neon DHX38 -1.391665742 5.4149E-06
USP2 / Neon TPM3 -1.403740776 1.46308E-05
USP2 / Neon TBC1D4 -1.413558063 9.08695E-05
USP2 / Neon ULK3 -1.426809714 0.003190515
USP2 / Neon SBNO1 -1.432729771 0.001097513
USP2 / Neon NCBP2 -1.433143906 2.31952E-05
USP2 / Neon WASF2 -1.435624562 0.021570505
USP2 / Neon SEC22B -1.441521395 2.02723E-06
USP2 / Neon CYP11B2 -1.452934153 1.2023E-06
USP2 / Neon MIF4GD -1.455935314 1.71603E-05
USP2 / Neon PSME2 -1.471552053 2.82276E-05
USP2 / Neon PANK4 -1.479489594 2.69548E-05
USP2 / Neon HAUS3 -1.487035642 4.77724E-05
USP2 / Neon WDR?7 -1.497102603 0.002566426
USP2 / Neon INTS13 -1.499349121 3.42624E-05
USP2 / Neon CSDA -1.499388555 0.001508017
USP2 / Neon PCBP2 -1.517458705 0.000838312
USP2 / Neon HSPBAP1 -1.521429153 0.001300144
USP2 / Neon MTFR1 -1.521883683 1.36182E-05
USP2 / Neon SPC24 -1.524447597 5.22735E-05
USP2 / Neon XPOT -1.551735293 2.59995E-05
USP2 / Neon CTTNBP2NL -1.611574583 4.88889E-05
USP2 / Neon HINT3 -1.618033109 0.000208977
USP2 / Neon ARF4 -1.653019261 3.31419E-05
USP2 / Neon METAP1 -1.673662861 2.67058E-05
USP2 / Neon DTX3L -1.693408291 1.59457E-06
USP2 / Neon TRIM24 -1.716015677 2.97894E-06
USP2 / Neon MRPS9 -1.745413427 1.16195E-05
USP2 / Neon BOLA1 -1.748019437 1.54558E-05
USP2 / Neon TRADD -1.752500547 1.27446E-07
USP2 / Neon UBE4B -1.758752675 4.90504E-06
USP2 / Neon PRNPIP -1.769021 4.88889E-05
USP2 / Neon SNX27 -1.769840006 8.59949E-05
USP2 / Neon MNAT1 -1.780341662 0.000245201
USP2 / Neon RPS6KB1 -1.864959868 6.05147E-05
USP2 / Neon HGS -1.902799494 4.00294E-06
USP2 / Neon MICAL1 -1.933912657 0.000297663
USP2 / Neon TSC22D4 -1.935127545 0.00456496
USP2 / Neon FKBP8 -1.937858162 4.1762E-05
USP2 / Neon FAM136A -1.977299796 0.000174244
USP2 / Neon ABR -2.000290974 1.25344E-05
USP2 / Neon AHSG -2.003940103 0.004784791
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USP2 / Neon WDR4 -2.00741123 7.26322E-05
USP2 / Neon PSMB6 -2.080814327 6.74098E-07
USP2 / Neon RPL15 -2.099303587 2.45715E-05
USP2 / Neon TARS2 -2.125364824 0.000343189
USP2 / Neon AP1G1 -2.139634991 1.94443E-05
USP2 / Neon TPD52L1 -2.165184821 1.54558E-05
USP2 / Neon CYFIP1 -2.195826774 5.04678E-06
USP2 / Neon RWDD1 -2.29904054 8.83914E-05
USP2 / Neon HSPA8 -2.328464029 1.45555E-05
USP2 / Neon CEP170B -2.33991674 0.001295861
USP2 / Neon NCOA2 -2.667138962 0.00042431
USP2 / Neon RPL26 -3.118640041 4.27584E-05
USP2 / Neon AP2M1 -3.488867937 0.016005231
USP2 / Neon HEL-176 -3.678747688 3.31419E-05
USP2 / Neon RPL29 -3.862697441 5.07001E-05
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7.3 Transcriptomics data from LNCaP cells overexpressing

USP2

Supplementary Table 7.5. Transcripts that were significantly increased or decreased in the

LNCaP cells overexpressing USP2 versus the control cells (average log2 fold-change > 1).

Comparison

(group1/group2) Gene log2FoldChange pvalue
USP2 / Neon LXN -2.001683262 3.84E-07
USP2 / Neon COX7B2 -1.478143646 3.74E-05
USP2 / Neon UCHL1 -1.44569606 4.52278E-08
USP2 / Neon SPG20 -1.427631651 1.75E-08
USP2 / Neon RLN2 -1.397055481 3.91E-08
USP2 / Neon SERPIND1 -1.3863634 1.59962E-06
USP2 / Neon KRT6C -1.383459639 1.10564E-07
USP2 / Neon REEP2 -1.336114048 1.50E-08
USP2 / Neon S100A10 -1.27199362 2.65182E-07
USP2 / Neon RFX6 -1.218784683 0.004090937
USP2 / Neon MID1 -1.215766108 6.36E-06
USP2 / Neon C9orf64 -1.215133364 1.99E-13
USP2 / Neon ABHD1 -1.18677331 3.81E-06
USP2 / Neon RARRES3 -1.161331474 0.014312396
USP2 / Neon RLN1 -1.154079304 2.37713E-11
USP2 / Neon CDKN2B -1.147996967 0.001209638
USP2 / Neon GSTA2 -1.13887579 1.59E-04
USP2 / Neon ACOX2 -1.12356052 2.38696E-09
USP2 / Neon CYP2s1 -1.107515464 3.94E-05
USP2 / Neon GAGE1 -1.102135651 1.32E-05
USP2 / Neon SGK2 -1.098775595 5.27599E-06
USP2 / Neon CYP3A5 -1.061640776 0.001584384
USP2 / Neon NPPC -1.055556299 0.000656832
USP2 / Neon OAS1 -1.055167836 0.022864245
USP2 / Neon GSTA1 -1.051622261 2.3737E-05
USP2 / Neon PTGES -1.039394856 0.001085485
USP2 / Neon LIN7A -1.024124679 3.29363E-08
USP2 / Neon TTR -1.011661671 0.000118084
USP2 / Neon ANK1 -1.002691263 0.000236786
USP2 / Neon EPDR1 -0.990772959 1.02141E-11
USP2 / Neon ZNF608 -0.97921002 0.001792465
USP2 / Neon FRAS1 -0.970696897 0.000485873
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USP2 / Neon PHLDA1 -0.956958029 0.001488896
USP2 / Neon BCAS1 -0.956660862 2.23E-04
USP2 / Neon ALPK2 -0.936072805 1.81E-03
USP2 / Neon SPAG16 -0.934727003 3.02E-08
USP2 / Neon NMNAT2 -0.925275158 3.56545E-10
USP2 / Neon LAMB3 -0.923080392 0.03098579
USP2 / Neon C170rf49 -0.918972406 6.67E-04
USP2 / Neon GNAI1 -0.908506117 0.00010859
USP2 / Neon NPC1 -0.877886507 1.77848E-05
USP2 / Neon HTATIP2 -0.874207855 2.51147E-06
USP2 / Neon CTB-119C2.1 -0.870460816 1.21E-03
USP2 / Neon FAM110B -0.869551601 5.33287E-05
USP2 / Neon FBXL7 -0.850050142 0.003647835
USP2 / Neon ABCC8 -0.84445488 0.014881216
USP2 / Neon RP11-479H16.1 -0.829572835 1.24543E-06
USP2 / Neon COL3A1 -0.829099141 4.91E-03
USP2 / Neon CRYAB -0.816938327 4.26E-03
USP2 / Neon BRDT -0.815786855 0.000220523
USP2 / Neon RP11-11N9.4 -0.810444639 0.001369592
USP2 / Neon ACE2 -0.808146433 0.000257629
USP2 / Neon GAGE2A -0.80268754 0.000211531
USP2 / Neon LAMA1 -0.789784122 8.14298E-05
USP2 / Neon HS3ST1 -0.786797314 8.60E-05
USP2 / Neon MAF -0.786539522 0.004280818
USP2 / Neon SNCG -0.786519594 0.013147113
USP2 / Neon PLA1A -0.780991767 1.72594E-05
USP2 / Neon OPRK1 -0.771159414 0.005603795
USP2 / Neon IFIT1 -0.763511562 0.03580724
USP2 / Neon ADAM23 -0.763437925 1.19126E-05
USP2 / Neon ACTA2 -0.756758359 0.004678313
USP2 / Neon CCDC74A -0.755369865 0.000867408
USP2 / Neon SLC1A3 -0.753330519 0.000233243
USP2 / Neon OLFM1 -0.749704049 0.013103564
USP2 / Neon NAP1L3 -0.742333738 0.002485312
USP2 / Neon IFITM2 -0.734706134 5.06279E-05
USP2 / Neon GBP2 -0.734193245 0.007077536
USP2 / Neon IFIT3 -0.725605253 0.024124059
USP2 / Neon GUCY1B3 -0.723130112 0.002880714
USP2 / Neon HDX -0.717708085 0.009102613
USP2 / Neon NAALAD?2 -0.714237286 0.000602825
USP2 / Neon PCDHB11 -0.714005845 0.005414871
USP2 / Neon PARVA -0.713838388 8.77187E-06
USP2 / Neon OASL -0.71357562 0.0029725
USP2 / Neon CFAP69 -0.706236102 1.23442E-06
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USP2 / Neon IGF1 -0.703620218 0.006015768
USP2 / Neon IFI6 -0.694490331 0.046041408
USP2 / Neon AC018865.8 -0.675879111 0.002759451
USP2 / Neon VTAl -0.665144391 0.000147994
USP2 / Neon RANBP3L -0.663926916 0.004276947
USP2 / Neon RP11-318A15.2 -0.657267777 0.012310982
USP2 / Neon CNTNAP4 -0.654278288 0.009962499
USP2 / Neon NFASC -0.65404933 0.000731473
USP2 / Neon MCMDC2 -0.653497646 0.006996828
USP2 / Neon CTD-2314B22.1 -0.65288701 0.004235619
USP2 / Neon SQRDL -0.651893765 0.004927203
USP2 / Neon CTB-131B5.4 -0.650986043 1.53106E-05
USP2 / Neon LA16c-83F12.6 -0.650325909 0.01252239
USP2 / Neon ID1 -0.64763659 0.043379922
USP2 / Neon AC073869.1 -0.643895305 0.019794317
USP2 / Neon DOCK3 -0.64301815 3.9753E-06

USP2 / Neon DAPK1 -0.642285469 0.014198521
USP2 / Neon TLL2 -0.640290232 0.011155098
USP2 / Neon CHST11 -0.636028966 0.045763351
USP2 / Neon APOL3 -0.635534176 0.012046812
USP2 / Neon EFHC2 -0.634191702 0.0087701

USP2 / Neon IRF1 -0.624590993 0.042553105
USP2 / Neon DNAH2 -0.623255067 0.003359918
USP2 / Neon RP11-39H3.2 -0.621401739 0.015666939
USP2 / Neon GPC3 -0.616828978 0.011608806
USP2 / Neon RP1-34B20.4 -0.616163481 0.013483874
USP2 / Neon RP5-1096D14.2 -0.615064536 0.005021244
USP2 / Neon AC018804.3 -0.614880645 0.004058883
USP2 / Neon RP1-239B22.5 -0.612096273 0.029473781
USP2 / Neon B3GALT4 -0.608976028 0.031823685
USP2 / Neon EVA1B -0.60771229 0.003555898
USP2 / Neon ADAMTS15 -0.598862569 0.020856268
USP2 / Neon PIFO -0.598744156 0.019855457
USP2 / Neon DMGDH -0.597223756 0.011174232
USP2 / Neon PLCB1 -0.591118906 0.005705738
USP2 / Neon BAG2 -0.589768466 6.82803E-05
USP2 / Neon PARP10 -0.582250608 0.006600628
USP2 / Neon ANKRD22 -0.577553943 0.009203068
USP2 / Neon KLB -0.575951333 0.035267151
USP2 / Neon BIRC3 -0.574935029 0.000607519
USP2 / Neon AGAP2 -0.5746784 0.021505365
USP2 / Neon ZDHHC14 -0.572664655 6.48433E-05
USP2 / Neon ZNF629 -0.570693406 0.000378801
USP2 / Neon CD177 -0.570028765 0.048175224
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USP2 / Neon SERPINB8 -0.56453495 0.047451266
USP2 / Neon TRGC2 -0.563727878 0.027850769
USP2 / Neon ECHDC1 -0.562359566 2.28647E-05
USP2 / Neon PRSS23 -0.559133074 0.006858991
USP2 / Neon CD4 -0.558111062 0.048266905
USP2 / Neon GPR19 -0.555905705 0.035436734
USP2 / Neon A2ML1 -0.550702892 0.016501485
USP2 / Neon RP11-500G10.1 -0.547185695 0.001686089
USP2 / Neon HBEGF -0.543837889 0.013152942
USP2 / Neon PLXNA2 -0.542400162 0.028118392
USP2 / Neon FMO4 -0.539736521 0.020595238
USP2 / Neon CTC-498J12.1 -0.537232981 0.01839717
USP2 / Neon RALYL -0.535118138 2.07221E-05
USP2 / Neon LIF -0.532614026 0.009647086
USP2 / Neon NUDT7 -0.524976131 0.03769351
USP2 / Neon ANKRD6 -0.524383275 0.006360673
USP2 / Neon MYH15 -0.523970332 0.006216994
USP2 / Neon IFIT2 -0.523530493 0.011936651
USP2 / Neon MYL9 -0.523422796 0.041931218
USP2 / Neon SDK1 -0.522539725 0.041741281
USP2 / Neon ZNF812P -0.518140363 0.001540088
USP2 / Neon APOL6 -0.516639626 0.035473904
USP2 / Neon SAT1 -0.516136134 0.002290037
USP2 / Neon LGALS3BP -0.512897033 0.035844761
USP2 / Neon NNMT -0.508638349 0.015221996
USP2 / Neon PSMD5 -0.505150345 0.007539463
USP2 / Neon IFI44 -0.505125443 0.018722266
USP2 / Neon RP11-88E10.5 -0.504205809 0.02243737
USP2 / Neon RAB27A -0.498376049 2.76172E-05
USP2 / Neon IGSF5 -0.48902687 0.015255093
USP2 / Neon HIST1H2AG -0.48384346 0.003030548
USP2 / Neon RP11-392E22.9 -0.483103718 0.036985573
USP2 / Neon RP11-2711.2 -0.478584333 0.021037738
USP2 / Neon CTC-504A5.1 -0.475870277 0.040063709
USP2 / Neon TOX3 -0.473695153 0.023925928
USP2 / Neon SLC36A1 -0.467794559 0.039314405
USP2 / Neon HSD3B7 -0.463936452 0.035849543
USP2 / Neon EPHA6 -0.463927374 0.014554331
USP2 / Neon MAP3K14 -0.463734446 0.001500808
USP2 / Neon SEPSECS-AS1 -0.46294138 0.017658963
USP2 / Neon RASL11A -0.4624443 0.016714658
USP2 / Neon FAS -0.458453286 0.048628989
USP2 / Neon UBA7 -0.456288596 0.048594317
USP2 / Neon GTSE1-AS1 -0.447939643 0.032116714
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USP2 / Neon MYEF2 -0.4457862 0.048485637
USP2 / Neon STK33 -0.445327674 5.74528E-05
USP2 / Neon ALDH4A1 -0.444588221 0.011116581
USP2 / Neon DIO1 -0.443588768 0.047816825
USP2 / Neon TSPEAR-AS2 -0.441766776 0.015030765
USP2 / Neon RP11-120K24.3 -0.437742401 0.009327515
USP2 / Neon LPXN -0.436125009 0.001274075
USP2 / Neon RPL3L -0.43569757 0.039594342
USP2 / Neon MSRA -0.432734743 0.008749098
USP2 / Neon NXN -0.429808596 0.000536135
USP2 / Neon COL5A2 -0.424624958 0.012538001
USP2 / Neon MKRN20S -0.422062573 0.026194909
USP2 / Neon CFAP99 -0.414117125 0.042231627
USP2 / Neon TNFSF15 -0.411783626 0.003322144
USP2 / Neon SP100 -0.411317036 0.004122542
USP2 / Neon RP11-440D17.3 -0.409396875 0.040467077
USP2 / Neon PTPRM -0.407817513 0.009529541
USP2 / Neon PTGR1 -0.407441504 0.002258823
USP2 / Neon STAT5A -0.406467284 0.015556853
USP2 / Neon APOBEC3F -0.406002722 0.002051726
USP2 / Neon RP11-225L12.2 -0.404093328 0.01391944
USP2 / Neon FBXO36 -0.403665994 0.010130992
USP2 / Neon CD27-AS1 -0.403340719 0.025496896
USP2 / Neon PLXDC2 -0.403192809 0.022163898
USP2 / Neon CYSTM1 -0.400141061 0.0483339

USP2 / Neon CYP2J2 -0.39917513 0.007812636
USP2 / Neon VGF -0.398390076 0.048309196
USP2 / Neon RP11-1020A11.2 -0.396514055 0.046703915
USP2 / Neon GPX8 -0.39615696 0.006156005
USP2 / Neon SPSB1 -0.395048393 0.001137065
USP2 / Neon ASRGL1 -0.393317563 0.003685224
USP2 / Neon TRGC1 -0.392722946 0.005017878
USP2 / Neon CCT6B -0.392489844 0.030137764
USP2 / Neon GPR158 -0.391319987 0.036773325
USP2 / Neon RP11-167P11.3 -0.390852434 0.040469777
USP2 / Neon RTN1 -0.387372868 0.019772449
USP2 / Neon FOXD4 -0.385598846 0.012710161
USP2 / Neon HIBCH -0.384142197 0.007561951
USP2 / Neon CCDC69 -0.383353834 0.023883631
USP2 / Neon NEK11 -0.380824734 0.032866693
USP2 / Neon CA5BP -0.380329612 0.014735683
USP2 / Neon ELFN1 -0.378701208 0.01402909
USP2 / Neon HIST1H3H -0.377319886 0.026333207
USP2 / Neon SDC2 -0.374667068 0.006369383
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USP2 / Neon KB-1732A1.1 -0.374623856 0.020497348
USP2 / Neon HACL1 -0.374497875 0.023515522
USP2 / Neon TXNL4B -0.373057915 0.018995337
USP2 / Neon SFXN5 -0.372629141 0.005964136
USP2 / Neon SAMD12 -0.371501697 0.009994252
USP2 / Neon RP11-305E17.6 -0.371334708 0.024395631
USP2 / Neon TDRD7 -0.36978011 0.016227708
USP2 / Neon SFTPA2 -0.369125273 0.010232047
USP2 / Neon DDO -0.369025311 0.018553936
USP2 / Neon EAF2 -0.368813637 0.034947234
USP2 / Neon LAMA3 -0.367507117 0.048717674
USP2 / Neon COL4A2 -0.366895961 0.032586273
USP2 / Neon RP11-96020.1 -0.366493593 0.000924146
USP2 / Neon HIST1H2AC -0.361594757 0.007996071
USP2 / Neon TMEM254-AS1 -0.36062079 0.006482754
USP2 / Neon SLC25A16 -0.359422903 0.014719511
USP2 / Neon Clorf21 -0.355866258 0.000549917
USP2 / Neon GPER1 -0.355170519 0.016134324
USP2 / Neon RP11-391M1.3 -0.354827362 0.040255567
USP2 / Neon MT-ND3 -0.353180985 0.032313773
USP2 / Neon TBXAS1 -0.352994976 0.013575874
USP2 / Neon RABIF -0.352437662 0.018197832
USP2 / Neon RP3-404F18.2 -0.35154441 0.013768819
USP2 / Neon CC2D2A -0.350894406 0.00072396
ABC13-
USP2 / Neon 47488600E17.1 -0.350211973 0.021763506
USP2 / Neon ATP1B1 -0.349027674 0.029302752
USP2 / Neon MFSD6 -0.346228776 0.024380085
USP2 / Neon STS -0.344994244 0.039659885
USP2 / Neon CCDC64 -0.343046166 0.005055086
USP2 / Neon ITGA3 -0.342973534 0.046791933
USP2 / Neon CLN5 -0.341833127 0.012949469
USP2 / Neon RP11-817013.8 -0.341371295 0.042643567
USP2 / Neon DNASE2B -0.341217317 0.040781734
USP2 / Neon RP3-467N11.1 -0.339772837 0.042459476
USP2 / Neon STAMBPL1 -0.339461988 0.048678831
USP2 / Neon SLC43A2 -0.338116408 0.00902051
USP2 / Neon NKIRAS1 -0.33429181 0.007672816
USP2 / Neon AP001372.2 -0.332153197 0.018983166
USP2 / Neon SLC38A7 -0.330052192 0.003303148
USP2 / Neon FLVCR1-AS1 -0.327651315 0.043403045
USP2 / Neon GOT2 -0.325307677 0.000234317
USP2 / Neon TPP1 -0.325021127 0.00520724
USP2 / Neon CDH26 -0.324010802 0.018231762
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USP2 / Neon RP11-134G8.7 -0.322219384 0.038907481
USP2 / Neon PYROXD1 -0.321778822 0.016573213
USP2 / Neon GNG5 -0.321231472 0.031047271
USP2 / Neon TIGAR -0.317313839 0.010897813
USP2 / Neon MPHOSPH6 -0.316895877 0.001266233
USP2 / Neon RP11-120K24.2 -0.31506277 0.0375498

USP2 / Neon SNAPC5 -0.313851236 0.009272606
USP2 / Neon TMEM79 -0.313799388 0.03145717
USP2 / Neon MLYCD -0.313194945 0.002866167
USP2 / Neon GGCT -0.310814585 0.011403138
USP2 / Neon DEPTOR -0.309994366 0.020089189
USP2 / Neon SPATS2L -0.309871822 0.001794496
USP2 / Neon RP11-73M18.8 -0.309339571 0.022040882
USP2 / Neon EMBP1 -0.30735075 0.032737993
USP2 / Neon ADGRG1 -0.307111046 0.007041352
USP2 / Neon SMCO4 -0.306678513 0.038152079
USP2 / Neon RP11-259N19.1 -0.304895421 0.026959329
USP2 / Neon RP11-332M2.1 -0.303909312 0.002787189
USP2 / Neon COG8 -0.303046975 0.013710487
USP2 / Neon CAPN13 -0.302757737 0.045227579
USP2 / Neon GINS2 -0.301515848 0.008715084
USP2 / Neon C0Q2 -0.299081916 0.046554993
USP2 / Neon LMAN2L -0.295251554 0.013981942
USP2 / Neon SNX7 -0.292482154 0.005465795
USP2 / Neon ALG8 -0.29100633 0.003364418
USP2 / Neon HSD17B11 -0.290664571 0.049656622
USP2 / Neon AC003665.1 -0.285662512 0.033347795
USP2 / Neon AKTIP -0.285309363 0.02501478
USP2 / Neon SBDS -0.285073229 0.005699531
USP2 / Neon PSMG1 -0.282666836 0.010022133
USP2 / Neon CCNH -0.280709357 0.025632826
USP2 / Neon ORC6 -0.280266617 0.021714809
USP2 / Neon RP5-991G20.1 -0.278423643 0.049172553
USP2 / Neon MANEAL -0.27841665 0.037800646
USP2 / Neon WWP2 -0.27836531 0.001611405
USP2 / Neon MAP1LC3B -0.277853329 0.005235494
USP2 / Neon DHRS7 -0.277852914 0.030774714
USP2 / Neon NAAA -0.277729172 0.001444935
USP2 / Neon CAPRIN2 -0.277634385 0.032612782
USP2 / Neon TAP1 -0.276815377 0.024165126
USP2 / Neon APOBEC3B -0.271540386 0.01608847
USP2 / Neon SPRYD4 -0.271392246 0.027688469
USP2 / Neon ITPRIP -0.270664653 0.038992287
USP2 / Neon GLMP -0.264700879 0.03838151
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USP2 / Neon COQ9 -0.263321784 0.015289992
USP2 / Neon HNF1B -0.263110092 0.005681692
USP2 / Neon B2M -0.262927751 0.03171944
USP2 / Neon AFG3L1P -0.261493455 0.012752998
USP2 / Neon IDI1 -0.261117073 0.010227972
USP2 / Neon MARVELD3 -0.260982335 0.011832234
USP2 / Neon HOMER2 -0.258878336 0.011843844
USP2 / Neon CCZ1 -0.253181802 0.038671282
USP2 / Neon EPN3 -0.251678676 0.041490565
USP2 / Neon EIF2B2 -0.248743149 0.045037659
USP2 / Neon PIGH -0.248492688 0.015842572
USP2 / Neon TPRGIL -0.244947695 0.020513607
USP2 / Neon PHF7 -0.244829083 0.038560336
USP2 / Neon F8 -0.243879623 0.019065789
USP2 / Neon HK1 -0.243661667 0.006967962
USP2 / Neon RDH11 -0.243123903 0.036038677
USP2 / Neon RDH14 -0.242984942 0.016695534
USP2 / Neon HABP4 -0.242038357 0.029781121
USP2 / Neon CNDP2 -0.240978919 0.011100863
USP2 / Neon KCNN2 -0.239814917 0.010822317
USP2 / Neon GINS3 -0.239779376 0.035252281
USP2 / Neon C20rf76 -0.239317641 0.037033032
USP2 / Neon VPS33A -0.238805685 0.031281721
USP2 / Neon RP4-591C20.9 -0.238633386 0.014375233
USP2 / Neon ALPK1 -0.238087461 0.044836767
USP2 / Neon HAUS4 -0.237601258 0.046635932
USP2 / Neon WDRS81 -0.234266819 0.033063955
USP2 / Neon TANGO?2 -0.231152873 0.035005019
USP2 / Neon TMEM254 -0.230900445 0.029969605
USP2 / Neon TMEM231 -0.229878514 0.045115745
USP2 / Neon HSBP1 -0.228998052 0.040710634
USP2 / Neon STXBP1 -0.224137295 0.03179422
USP2 / Neon INTS12 -0.223982249 0.018828221
USP2 / Neon CRLS1 -0.220126822 0.038694618
USP2 / Neon LACTB2 -0.220045369 0.048104327
USP2 / Neon SLC7A8 -0.219821052 0.032605059
USP2 / Neon uGP2 -0.218480718 0.026309178
USP2 / Neon PCYOX1L -0.215639987 0.011829894
USP2 / Neon PNO1 -0.215581358 0.037720449
USP2 / Neon EEPD1 -0.215054646 0.018265043
USP2 / Neon CIAPIN1 -0.213743734 0.036592333
USP2 / Neon CPPED1 -0.212175594 0.032884391
USP2 / Neon FAIM -0.209369051 0.027228596
USP2 / Neon PCNA -0.208557518 0.031248826
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USP2 / Neon COG1 -0.20692663 0.041177751
USP2 / Neon ARSD -0.20594359 0.037234319
USP2 / Neon SIAE -0.205018717 0.015507534
USP2 / Neon SETD6 -0.204843945 0.033996478
USP2 / Neon ATG3 -0.204573468 0.030169342
USP2 / Neon ZPR1 -0.20432473 0.043929723
USP2 / Neon NDUFAF6 -0.203198939 0.035098766
USP2 / Neon GUCD1 -0.202719692 0.025287668
USP2 / Neon CHKA -0.20186989 0.037614718
USP2 / Neon TERF2IP -0.196781409 0.022619931
USP2 / Neon TOM1L2 -0.196582282 0.037981956
USP2 / Neon AUH -0.196282466 0.035573391
USP2 / Neon HIGD1A -0.196064534 0.048117044
USP2 / Neon VAMP3 -0.195854383 0.023933829
USP2 / Neon PLPP6 -0.192557133 0.036348367
USP2 / Neon TLDC1 -0.190427899 0.04237356
USP2 / Neon HSDL2 -0.182698626 0.04418382
USP2 / Neon RTCA -0.17610742 0.041152316
USP2 / Neon SLC44A2 -0.166189736 0.046628843
USP2 / Neon PBX2 0.165170627 0.048803139
USP2 / Neon CANT1 0.17292983 0.039673817
USP2 / Neon JAG2 0.184262779 0.035750755
USP2 / Neon THRA 0.192918842 0.028156674
USP2 / Neon PLXNB1 0.19805946 0.04021376
USP2 / Neon RAB11FIP4 0.209004019 0.029201604
USP2 / Neon DIRAS1 0.225443252 0.033436858
USP2 / Neon PTK7 0.225542517 0.021919509
USP2 / Neon SEPT3 0.226294435 0.032362547
USP2 / Neon CEP290 0.22899983 0.026957809
USP2 / Neon TTYH3 0.232406879 0.047947957
USP2 / Neon C1RL 0.232420733 0.019454819
USP2 / Neon FAM53B 0.232610338 0.01325269
USP2 / Neon TARSL2 0.232933056 0.038145645
USP2 / Neon CASKIN1 0.236867686 0.030174037
USP2 / Neon TTC6 0.238143923 0.028727463
USP2 / Neon ANKRD10 0.239426371 0.035374483
USP2 / Neon RP11-569G13.1 0.241268255 0.045083643
USP2 / Neon DNAIJC22 0.242512291 0.0452932

USP2 / Neon PTPRU 0.24465631 0.018487432
USP2 / Neon SOX8 0.250720237 0.013133154
USP2 / Neon GATA2 0.250963729 0.023644475
USP2 / Neon DCUN1D2 0.254718242 0.035112494
USP2 / Neon CBX2 0.255036251 0.020440523
USP2 / Neon PDIA4 0.25762726 0.008442993
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USP2 / Neon KIAA0922 0.257710674 0.031345636
USP2 / Neon TP73-AS1 0.259863583 0.007959205
USP2 / Neon CAMKK?2 0.261807736 0.010092626
USP2 / Neon NECTIN4 0.262255544 0.011578505
USP2 / Neon PNISR 0.263988055 0.007785927
USP2 / Neon ULBP1 0.267349808 0.033142796
USP2 / Neon NSMF 0.269917323 0.030812369
USP2 / Neon FADS2 0.272291707 0.015021992
USP2 / Neon AC126544.4 0.273442184 0.007515462
USP2 / Neon TMEFF2 0.273970877 0.014114933
USP2 / Neon H3F3A 0.274592726 0.003822032
USP2 / Neon ARNT?2 0.274901907 0.018167479
USP2 / Neon DNAJC15 0.275767432 0.038000526
USP2 / Neon MIA3 0.276238379 0.019888431
USP2 / Neon PHF21A 0.276906414 0.022614257
USP2 / Neon FAMG63A 0.279671088 0.034103425
USP2 / Neon BPNT1 0.282719055 0.024455085
USP2 / Neon MNX1 0.283382366 0.023372882
USP2 / Neon EVL 0.283689629 0.032690454
USP2 / Neon SLC6A8 0.286177797 0.039823768
USP2 / Neon MFSD7 0.286285742 0.022960287
USP2 / Neon SEC14L2 0.286494023 0.044223462
USP2 / Neon BTN3A1l 0.286937563 0.00704014
USP2 / Neon CCNB1IP1 0.287701072 0.043708408
USP2 / Neon ZSCAN18 0.288258164 0.028051239
USP2 / Neon GGH 0.292273116 0.004870901
USP2 / Neon DCLRE1C 0.292774235 0.045819995
USP2 / Neon FAM189B 0.293194926 0.035033768
USP2 / Neon BTN3A3 0.293463995 0.005389864
USP2 / Neon ZNF783 0.295648833 0.00182702
USP2 / Neon TPCN2 0.298075005 0.036759802
USP2 / Neon MAPT 0.298145491 0.024944687
USP2 / Neon GPRIN2 0.298469638 0.038037533
USP2 / Neon PLEKHG2 0.299445544 0.040085783
USP2 / Neon PTRF 0.302730989 0.03450653
USP2 / Neon ZNF415 0.303475891 0.042857078
USP2 / Neon RAB36 0.304080976 0.008579064
USP2 / Neon FAM234B 0.304520757 0.004686958
USP2 / Neon CEBPD 0.308320536 0.021811099
USP2 / Neon ERO1A 0.308839133 0.033009584
USP2 / Neon IGSF9 0.31029605 0.004111941
USP2 / Neon SHC1 0.310575176 0.005808298
USP2 / Neon KIF3C 0.313440801 0.010582247
USP2 / Neon SEMA4G 0.314617193 0.025158096
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USP2 / Neon BTN2A2 0.314793196 0.01444932
USP2 / Neon NCAM2 0.316387014 0.011763541
USP2 / Neon FAM174A 0.316937007 0.000625263
USP2 / Neon SAMD13 0.320959319 0.006764788
USP2 / Neon TEAD2 0.321102655 0.039907761
USP2 / Neon AADAT 0.322449286 0.033785249
USP2 / Neon PKP1 0.322921677 0.039346479
USP2 / Neon CLSTN3 0.323349173 0.006212933
USP2 / Neon RP11-823P9.1 0.325041722 0.029463709
USP2 / Neon PADI2 0.326273114 0.033922263
USP2 / Neon RP11-382A20.3 0.329886986 0.018740173
USP2 / Neon GAREM2 0.331204692 0.046372855
USP2 / Neon RIMS3 0.331856688 0.046907831
USP2 / Neon SEMA4C 0.333966479 0.015033192
USP2 / Neon IRF2BP2 0.334483093 0.005279632
USP2 / Neon CAMK2N1 0.336240265 0.041138591
USP2 / Neon PRAME 0.336296132 0.001145991
USP2 / Neon AC004066.1 0.336873304 0.043521352
USP2 / Neon SLC9B2 0.337071712 0.024258346
USP2 / Neon HMGA1 0.338272391 0.019331008
USP2 / Neon MKNK2 0.339699828 0.025291897
USP2 / Neon TAOK3 0.340473446 0.025582416
USP2 / Neon INTS6L 0.341777854 0.042354394
USP2 / Neon CISH 0.342223444 0.0461606

USP2 / Neon KAZALD1 0.346637828 0.039807305
USP2 / Neon PAK1 0.347490374 0.004985602
USP2 / Neon TARBP1 0.351130427 0.004402931
USP2 / Neon AMACR 0.351887552 0.009503283
USP2 / Neon SPTBN5 0.352311143 0.049364723
USP2 / Neon SORBS1 0.352353829 0.047486254
USP2 / Neon CEP68 0.352783232 0.014753934
USP2 / Neon CTD-3060P21.1 0.353928959 0.011084513
USP2 / Neon GS1-358P8.4 0.354347687 0.000753677
USP2 / Neon OTUB2 0.355618514 0.021789217
USP2 / Neon RP11-814P23.1 0.360740728 0.045561331
USP2 / Neon LAPTMA4B 0.361088309 0.002230753
USP2 / Neon ZNF703 0.36142615 0.031346469
USP2 / Neon TIMP2 0.36230937 0.006579448
USP2 / Neon RCOR2 0.362659188 0.047069301
USP2 / Neon COL1A1 0.363003725 0.023454431
USP2 / Neon RP11-57A19.2 0.365013373 0.023005345
USP2 / Neon SDHAF4 0.368127605 0.001951522
USP2 / Neon RAB6B 0.371740904 0.000484581
USP2 / Neon L3HYPDH 0.372459913 0.031133085
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USP2 / Neon BTN3A2 0.375334675 0.015608715
USP2 / Neon APLN 0.376447911 4.46879E-05
USP2 / Neon RP11-2114.1 0.377990554 0.01681389
USP2 / Neon ANKRD29 0.380808947 0.004798356
USP2 / Neon UBE2E1 0.38249666 0.003433699
USP2 / Neon ZNF350 0.383443621 0.000242008
USP2 / Neon KDM5B 0.383746369 0.017022494
USP2 / Neon EXD3 0.388379305 0.039337114
USP2 / Neon ESYT3 0.389913557 0.027669178
USP2 / Neon SHANK3 0.390017091 0.000542131
USP2 / Neon ASS1 0.390024997 0.010314642
USP2 / Neon NRARP 0.390069431 0.006389673
USP2 / Neon CTD-2574D22.5 0.392900299 0.047090311
USP2 / Neon RTN4RL1 0.394293477 0.001395568
USP2 / Neon STXBP6 0.397345332 0.02054875
USP2 / Neon TEX22 0.398070752 0.038935719
USP2 / Neon MAGEA10 0.399311805 0.023428896
USP2 / Neon SMO 0.399508164 0.001764482
USP2 / Neon TMSB15A 0.400131699 0.028560708
USP2 / Neon RP11-14N7.2 0.401371032 0.044580907
USP2 / Neon MYNN 0.401589534 0.010124411
USP2 / Neon APOLD1 0.401797894 0.018562837
USP2 / Neon RP11-412D9.4 0.402791807 0.016467665
USP2 / Neon TRPMA4 0.402842784 0.03986633
USP2 / Neon SLC39A8 0.403885087 0.002028879
USP2 / Neon SFXN3 0.405397627 0.010493406
USP2 / Neon ZNF185 0.406592228 0.022927732
USP2 / Neon ZNF827 0.409633722 0.031642485
USP2 / Neon NLGN3 0.41194387 0.027667441
USP2 / Neon RP11-115D19.1 0.412105921 0.033459626
USP2 / Neon ZNF432 0.413159415 0.015322626
USP2 / Neon EPHB4 0.414620658 9.30586E-06
USP2 / Neon PXDN 0.415021485 0.01905759
USP2 / Neon RP11-263K19.9 0.415096192 0.0112019

USP2 / Neon FSCN1 0.415382239 0.031029701
USP2 / Neon RP11-575F12.3 0.416683154 0.014892746
USP2 / Neon NBPF26 0.416942702 0.046786441
USP2 / Neon VWF 0.419253035 0.009800759
USP2 / Neon PLA2G7 0.420023502 0.023515714
USP2 / Neon LRRC26 0.420608509 0.025000704
USP2 / Neon INSIG2 0.420904455 0.043530987
USP2 / Neon DUSP4 0.42156824 0.006192943
USP2 / Neon SLC34A3 0.422212883 0.020464351
USP2 / Neon FBXW?7 0.422314645 0.020099743
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USP2 / Neon MEGF6 0.422618053 0.025630906
USP2 / Neon PLPP2 0.425022059 0.010001908
USP2 / Neon XXbac-BPG24018.1 0.425160562 0.026419767
USP2 / Neon ACTRT3 0.425859587 0.016712449
USP2 / Neon KCNQ4 0.426074006 0.001272131
USP2 / Neon DPYSL3 0.426347797 0.007879259
USP2 / Neon ADORA1 0.426490981 0.049053064
USP2 / Neon RP11-395P17.3 0.427005058 0.008945043
USP2 / Neon ELFN2 0.427037574 0.024173713
USP2 / Neon PALMD 0.42794684 0.036110325
USP2 / Neon WASH5P 0.428879077 0.041828785
USP2 / Neon ZNF395 0.429626605 0.022694315
USP2 / Neon LUZP2 0.430014074 0.019135774
USP2 / Neon ZNF665 0.431624022 0.004423344
USP2 / Neon GDPD1 0.431681754 0.00298103
USP2 / Neon DLX2 0.432426872 0.005599781
USP2 / Neon ANKRD36 0.433842844 0.020566241
USP2 / Neon NR4AA1 0.435663746 0.000242025
USP2 / Neon ERO1B 0.437720674 0.002113932
USP2 / Neon MYRF 0.437830854 0.015563171
USP2 / Neon ZNF321P 0.438101428 0.049422573
USP2 / Neon RP11-1280N14.3 0.439573204 0.039807989
USP2 / Neon ZC3HAVIL 0.43968563 0.027391273
USP2 / Neon ADAMTS1 0.43988462 0.02419554
USP2 / Neon ITGAS 0.440760813 0.006271201
USP2 / Neon ARHGEF26 0.44172407 0.002715472
USP2 / Neon TOR4A 0.443874985 0.010547821
USP2 / Neon OLMALINC 0.445474658 0.018823137
USP2 / Neon TRIM46 0.44836678 0.0391512

USP2 / Neon S1PR3 0.448891606 0.003553919
USP2 / Neon TERT 0.449669278 0.000123298
USP2 / Neon CADM1 0.449856522 0.001030004
USP2 / Neon FBXL16 0.451940677 0.003306951
USP2 / Neon CACNA1D 0.454069553 0.009392279
USP2 / Neon GAL 0.454468311 0.001405797
USP2 / Neon HRNR 0.455677581 0.014634536
USP2 / Neon MARK1 0.456780651 0.005498675
USP2 / Neon KLF3 0.456822952 0.018460854
USP2 / Neon CBARP 0.457180102 0.01865738
USP2 / Neon TRIM7 0.458142168 0.0247175

USP2 / Neon KLF4 0.459018278 0.005632915
USP2 / Neon HSPG2 0.459938962 0.03150909
USP2 / Neon GPR160 0.461454591 0.002086326
USP2 / Neon NAT8L 0.461725012 6.81098E-05
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USP2 / Neon RP11-21L23.2 0.463120023 0.032612756
USP2 / Neon ASIC1 0.466106315 0.002075861
USP2 / Neon RP11-54D18.1 0.468751108 0.02670611
USP2 / Neon PDK1 0.469034422 0.040351627
USP2 / Neon PGK1 0.46972282 0.008432266
USP2 / Neon SBK1 0.470259681 0.000563425
USP2 / Neon LRP1 0.472993118 0.001707137
USP2 / Neon FASN 0.474577031 0.004294789
USP2 / Neon RP11-284F21.10 0.475902494 0.000731844
USP2 / Neon TGIF2 0.476777194 0.000324343
USP2 / Neon RP11-174G6.5 0.479475001 0.027766229
USP2 / Neon PRR36 0.48082513 0.014116105
USP2 / Neon HOXAS 0.482039039 0.011798442
USP2 / Neon TLK1 0.483514007 0.037751219
USP2 / Neon DTNA 0.484074169 0.001794021
USP2 / Neon PTGER4 0.484858087 0.029934419
USP2 / Neon GPR161 0.486462442 0.000235913
USP2 / Neon GPC2 0.488946625 0.010946728
USP2 / Neon RP11-396C23.2 0.489096815 0.013657666
USP2 / Neon WDR66 0.490384202 0.013776242
USP2 / Neon LRRC75A 0.491339661 0.044627983
USP2 / Neon ADGRD1 0.495930756 0.021152892
USP2 / Neon ITPR3 0.496835741 0.008331953
USP2 / Neon ZBTB12 0.497454954 4.14607E-05
USP2 / Neon NETO1 0.499499211 0.006528335
USP2 / Neon GFPT2 0.502129747 0.047169885
USP2 / Neon RP11-613D13.2 0.502553908 0.043784454
USP2 / Neon FBLN2 0.503461238 0.005439688
USP2 / Neon RP11-713C5.1 0.504052988 0.000656332
USP2 / Neon PRAC1 0.50658497 0.012260814
USP2 / Neon ZNF677 0.506688905 0.030859213
USP2 / Neon RHBG 0.507589731 0.029909832
USP2 / Neon MAP1LC3A 0.508209564 0.049487689
USP2 / Neon AUTS2 0.50854023 0.017809744
USP2 / Neon PITPNM3 0.509370554 0.001467132
USP2 / Neon NOTCH3 0.509572714 0.00074729
USP2 / Neon VANGL2 0.511030274 0.031181709
USP2 / Neon HLA-H 0.511143369 0.049577826
USP2 / Neon MAPK13 0.511702212 2.12939E-06
USP2 / Neon NUP93 0.514809544 3.86736E-06
USP2 / Neon ZNF460 0.516292912 0.02926444
USP2 / Neon C2orf72 0.517431038 0.014828506
USP2 / Neon OBSCN 0.52040661 0.000245486
USP2 / Neon TNFAIP8L1 0.521710698 0.00654043
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USP2 / Neon RP5-862P8.2 0.521766455 0.03792562
USP2 / Neon WNK2 0.523122086 9.99714E-05
USP2 / Neon RP11-111F16.1 0.527044529 0.045460363
USP2 / Neon ATAD3C 0.52924017 0.005115367
USP2 / Neon FZD2 0.529276051 0.040425717
USP2 / Neon SLC7A2 0.530678757 0.047672339
USP2 / Neon OLFM2 0.530981058 0.017897557
USP2 / Neon RP11-284F21.9 0.532963627 0.023306949
USP2 / Neon RP11-316P21.1 0.533155875 0.047727477
USP2 / Neon ENHO 0.533679522 0.026628579
USP2 / Neon SCARF1 0.534469618 0.019848628
USP2 / Neon AC083843.1 0.535451521 0.034720608
USP2 / Neon METRNL 0.535965024 0.020258867
USP2 / Neon RP11-266A24.1 0.537296104 0.003474439
USP2 / Neon C8orf48 0.537468818 0.020289777
USP2 / Neon POUSF1B 0.538205673 0.035653181
USP2 / Neon ANKRD65 0.538895471 0.03588254
USP2 / Neon RBP5 0.539203924 0.015920012
USP2 / Neon CD164L2 0.539395158 0.032884747
USP2 / Neon PPM1J 0.540036344 0.014136158
USP2 / Neon NUAK1 0.540755378 0.028568885
USP2 / Neon UGT2B17 0.54130817 0.005203403
USP2 / Neon KCNIP3 0.545205032 0.008466567
USP2 / Neon CCNG2 0.54868272 0.012623686
USP2 / Neon PAQR6 0.548698336 0.037513762
USP2 / Neon PDZD7 0.549283541 0.031595948
USP2 / Neon L3MBTL3 0.549476489 0.047229781
USP2 / Neon PRKAA2 0.551415089 0.039801427
USP2 / Neon NBPF15 0.554900651 0.000809402
USP2 / Neon BMP8B 0.560286925 0.005341974
USP2 / Neon ABC12-49244600F4.3 0.561280241 0.024201976
USP2 / Neon DCHS1 0.564363978 0.000817292
USP2 / Neon GLYATL1P2 0.568871809 0.002589433
USP2 / Neon FUOM 0.569847049 0.01211778
USP2 / Neon LONRF2 0.573660078 0.02479659
USP2 / Neon RAB31 0.575197889 0.019981551
USP2 / Neon TMEM210 0.575562706 0.001202589
USP2 / Neon MAT1A 0.576447134 0.016547828
USP2 / Neon P2RX5 0.577199644 0.012773392
USP2 / Neon SLC22A3 0.577782387 0.002061068
USP2 / Neon RNF39 0.580483468 0.026426285
USP2 / Neon GPR27 0.58557166 0.00054667
USP2 / Neon SIDT1 0.586278684 0.005261767
USP2 / Neon CMTM8 0.587054623 0.003911065
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USP2 / Neon MLXIPL 0.593187316 0.010245284
USP2 / Neon PLEKHO1 0.593217059 0.002503698
USP2 / Neon AC144530.1 0.594961454 0.036593861
USP2 / Neon TNFAIP2 0.595526439 0.012462952
USP2 / Neon BHLHA15 0.595756365 7.67042E-05
USP2 / Neon KBTBD11 0.598322188 0.003595114
USP2 / Neon RP11-5407.16 0.600147258 0.012012913
USP2 / Neon RP11-69L16.5 0.600405111 0.032430697
USP2 / Neon ITGB1P1 0.601087912 0.040031588
USP2 / Neon RNF217 0.603256549 0.023904247
USP2 / Neon HLA-L 0.603350766 0.025182754
USP2 / Neon ZNF697 0.606979814 0.014810028
USP2 / Neon BNIP3P 0.612652299 0.020826118
USP2 / Neon LINGO3 0.614894861 0.029101136
USP2 / Neon SULT2B1 0.621434472 0.00222689
USP2 / Neon SRCIN1 0.623559131 0.000138625
USP2 / Neon FRMDA4A 0.62392016 0.010617942
USP2 / Neon Cl40rf132 0.624189862 1.52807E-05
USP2 / Neon GLYATL2 0.62599607 1.76082E-06
USP2 / Neon Clorf95 0.628540623 2.46767E-06
USP2 / Neon TFF3 0.630052213 0.035810685
USP2 / Neon ARHGEF25 0.631705676 0.002450362
USP2 / Neon RP11-5407.1 0.634110965 0.001916672
USP2 / Neon BOC 0.635124263 0.009585339
USP2 / Neon RP11-520H14.6 0.636101989 0.031478071
USP2 / Neon B4AGALNT3 0.6368591 0.003890987
USP2 / Neon PFKP 0.63703074 0.000104311
USP2 / Neon ZNF749 0.639688878 0.044916895
USP2 / Neon RP11-299G20.5 0.640314968 0.014780458
USP2 / Neon KCNK5 0.642550434 0.003071353
USP2 / Neon PTPRK 0.642838224 0.002326531
USP2 / Neon DUSP9 0.644233015 0.004765366
USP2 / Neon RP11-315E17.1 0.647752992 6.48515E-05
USP2 / Neon HCN3 0.648662002 0.003466326
USP2 / Neon ASPH 0.648866463 0.010431668
USP2 / Neon RP11-7209.4 0.649553388 0.00013721
USP2 / Neon H2AF) 0.653837238 0.00292017
USP2 / Neon SSPO 0.659220556 5.55235E-05
USP2 / Neon TET1 0.661507461 0.045107223
USP2 / Neon GABBR1 0.6625651 0.000247967
USP2 / Neon UNCS5A 0.662715359 0.005214255
USP2 / Neon VPS37D 0.664466344 0.040078001
USP2 / Neon SLC4A4 0.666845162 0.001342365
USP2 / Neon PABPC5 0.671685415 0.019235217
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USP2 / Neon ZNF702P 0.671690567 0.013917894
USP2 / Neon RP11-288H12.3 0.673290792 0.039510705
USP2 / Neon CBLN2 0.682135836 6.59624E-05
USP2 / Neon EPHA7 0.683324906 0.041783148
USP2 / Neon RP11-598D12.3 0.687303193 0.002950272
USP2 / Neon TUSC1 0.69267106 1.78336E-05
USP2 / Neon ATP8B3 0.697244549 0.029140283
USP2 / Neon ARHGEF17 0.699308995 2.79136E-09
USP2 / Neon WAS 0.699926629 0.007112916
USP2 / Neon KLK3 0.700594166 0.001455818
USP2 / Neon TUBB6 0.701744417 0.000102967
USP2 / Neon ADRB2 0.702285045 3.8334E-07

USP2 / Neon TWIST1 0.708518287 1.045E-05

USP2 / Neon CNNM1 0.709426007 0.00013616
USP2 / Neon LIMD2 0.709670956 0.012690329
USP2 / Neon TMEMA45A 0.710060866 0.003891476
USP2 / Neon ITGB2 0.711871407 0.000418238
USP2 / Neon RGS2 0.71522769 0.001475766
USP2 / Neon GDF15 0.715406702 0.012006458
USP2 / Neon GLIS2 0.718403715 0.000142734
USP2 / Neon MAB21L3 0.724634953 0.045852613
USP2 / Neon PFKFB4 0.727221956 0.007946998
USP2 / Neon CTD-3065B20.1 0.727458848 0.009084623
USP2 / Neon RNF165 0.729499484 0.038451453
USP2 / Neon CHST15 0.734087112 2.9631E-07

USP2 / Neon FCHSD1 0.73704605 0.003964488
USP2 / Neon ANKS1B 0.748981875 0.014459362
USP2 / Neon MEX3A 0.750040426 8.72805E-07
USP2 / Neon TMA4SF1 0.751552498 3.83364E-05
USP2 / Neon SMIM10L2A 0.754588502 6.16769E-06
USP2 / Neon GPR153 0.756643422 0.000710956
USP2 / Neon SCNN1G 0.760981863 0.027336962
USP2 / Neon ciQL4 0.766123735 0.005811147
USP2 / Neon EGFR 0.767594392 0.007292245
USP2 / Neon RASSF2 0.773890639 0.000788184
USP2 / Neon TMSB4X 0.775717884 0.001326897
USP2 / Neon MAGEA4 0.779144926 0.000276511
USP2 / Neon TLR5 0.780975109 0.000518118
USP2 / Neon EFS 0.787397165 1.97669E-14
USP2 / Neon CCDC1448B 0.787854943 0.022711241
USP2 / Neon LFNG 0.79049579 2.32067E-06
USP2 / Neon AQP3 0.791241767 3.41696E-07
USP2 / Neon CAl14 0.79526983 0.002101787
USP2 / Neon FOXN4 0.798339386 0.00029197
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USP2 / Neon ADAM7 0.79876956 5.33942E-06
USP2 / Neon STAB1 0.808228479 0.014257332
USP2 / Neon CADPS2 0.815646764 0.000211469
USP2 / Neon RP11-342D14.1 0.824359784 0.020490528
USP2 / Neon KIAA1324 0.836529959 1.14675E-05
USP2 / Neon ETV1 0.856354527 8.76778E-05
USP2 / Neon SLC7AS5 0.85693863 1.62914E-06
USP2 / Neon SLC16A7 0.857653303 0.023938623
USP2 / Neon ANGPT2 0.858854759 0.0003988

USP2 / Neon TRPM8 0.871203472 4.65778E-06
USP2 / Neon FCHO1 0.873961886 0.018716186
USP2 / Neon RASD2 0.876994811 0.003467366
USP2 / Neon CDC42EP1 0.881665885 5.55112E-05
USP2 / Neon NLGN4X 0.882725438 0.000101234
USP2 / Neon NOVA1 0.891539707 3.38932E-06
USP2 / Neon KCNQ2 0.898497009 0.000668747
USP2 / Neon PLEKHA2 0.910551644 0.008079582
USP2 / Neon RP11-216F19.1 0.91696843 0.002879612
USP2 / Neon RIPOR2 0.918530489 2.49968E-07
USP2 / Neon TNIK 0.939526145 0.005538423
USP2 / Neon ESPN 0.950098018 0.00020259
USP2 / Neon RP11-382M14.1 0.95263304 3.21177E-11
USP2 / Neon SLCO2A1 0.961414539 0.000370126
USP2 / Neon SYT4 0.971213452 7.46692E-10
USP2 / Neon PPFIA4 0.988176343 0.013616671
USP2 / Neon OR51E1 1.00178958 0.002509278
USP2 / Neon DSC2 1.007390072 0.002073379
USP2 / Neon DDX53 1.012611465 0.000484452
USP2 / Neon PRPH 1.019076463 0.000836653
USP2 / Neon LPCAT2 1.024125085 0.001058728
USP2 / Neon KLHL1 1.033743891 3.03736E-23
USP2 / Neon CACNA1H 1.043239736 2.24486E-15
USP2 / Neon SH2D3A 1.050421772 8.86466E-06
USP2 / Neon RP11-560119.4 1.05455631 2.02897E-05
USP2 / Neon ADRA2A 1.064893127 5.29822E-13
USP2 / Neon NAP1L5 1.07852687 1.40985E-06
USP2 / Neon RP11-945A11.1 1.090907473 0.048104426
USP2 / Neon CDH3 1.09456759 0.002244885
USP2 / Neon PLOD2 1.119333392 0.008876707
USP2 / Neon DSC1 1.153818454 0.017672587
USP2 / Neon TNNT1 1.168915832 0.000224756
USP2 / Neon PRDM16 1.173554442 0.000109168
USP2 / Neon AC093726.4 1.209063454 0.027519519
USP2 / Neon PLA2G4D 1.214017692 0.005041828
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USP2 / Neon UGTS 1.267606181 2.82223E-11
USP2 / Neon BRINP3 1.299256613 1.88426E-05
USP2 / Neon MAGEAS8 1.314289542 6.27114E-05
USP2 / Neon TENM1 1.362690292 0.000164723
USP2 / Neon NDUFA4L2 1.386494052 0.016911463
USP2 / Neon SLC22A2 1.438618751 1.47864E-05
USP2 / Neon RP1-276N6.2 1.483430598 3.46433E-25
USP2 / Neon TNNT2 1.502647821 2.01188E-06
USP2 / Neon PEG3 1.506393558 9.83916E-06
USP2 / Neon ADAM2 1.774396961 3.01011E-26
USP2 / Neon MYOD1 1.920641359 7.99292E-05
USP2 / Neon RP11-398J5.1 2.076758787 4.19801E-07

294




ot
\&J

THE UNIVERSITY
o ADELAIDE

7.4 Conference Presentations (2019 to 2022)

1. Presented at the 2022 Florey Conference (University of Adelaide, Australia)

2. Presented at the 2022 ASMR South Australian Scientific Meeting (Australia)

3. Presented at the 2022 conference held at McClaren Vale Centre (Australia)

4. Presented at the 2021 Florey Conference (University of Adelaide, Australia)

5. Presented at the 2021 Australian Society for Medical Research (ASMR) South
Australian Scientific Meeting

6. Presented at the 3-Minute-Thesis in the University of Adelaide, Australia (2021)

7. Presented at the 59t ASMR National Scientific Meeting (Australia) (2020)

8. Presented at the 2020 Florey Conference (University of Adelaide, Australia) and

was awarded the “Innovative and Commercial Partner” Prize.
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