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Abstract

Many cancers have a different incidence, behavior and response to treatment in men and
women. Traditionally these sex-specific variations have been attributed to differences in habits,
occupational exposures and hormones. More recently it has been recognized that some of the
dissimilarities can be attributed to genetics. We were particularly struck by the significant increase
in the incidence and mortality of melanoma in men. The objective of this project was to
characterize how the X chromosome contributes to this effect. Global analysis of genomic
alterations revealed that a somatic loss of one X chromosome in females was significantly
associated with a worse prognosis in melanoma. We further showed that it was the inactive X that
was lost in all cases. This led to the hypothesis that an activating mutation of an oncogene, or
inactivating mutation of a tumor suppressor gene, on the remaining X chromosome in these
patients was contributing to tumor aggressiveness. PR70 and FOXP3 were identified as warranting
further investigation as candidate X-linked tumor suppressors in melanoma based on their
behaviour in other tumor types.

The PPP2R3B gene (Xp22.33) encodes for PR70, the regulatory subunit of a protein
phosphatase that plays a critical role in cell cycle progression. In melanoma a strong correlation is
demonstrated between low levels of PR70 mRNA expression and poor distant metastasis-free
survival by multivariate analyses. In line with this, no or low PR70 protein expression is associated
with poor overall survival in three independent sample sets of melanoma. Endogenous and
exogenous PR70 expression levels are shown to have an inverse correlation with the rate of
melanoma cell proliferation. Exogenous PR70 overexpression decreases tumor take and growth in

nude mice compared to shRNA-mediated downregulation that increases fit.



The FOXP3 gene (Xp23.11) encodes a transcription factor that is important for T-
regulatory cell development. Interestingly, FOXP3 was also found to be expressed in the majority
of our melanoma cell lines at both the mRNA and protein level. All five of the known isoforms
of FOXP3 were shown to localize to the nucleus in melanoma cell lines and demonstrated isoform-
and cell line-specific effects on gene transcription. Both PR70 and FOXP3 are associated with a
dose-dependent decrease in melanoma cell proliferation with an accumulation of cells in the G1
phase of the cell cycle. These findings are significant because proliferative rate is one of the

strongest independent prognostic factors in melanoma.

De nombreux cancers ont une incidence, un comportement et une réponse au traitement
différents chez les hommes et chez les femmes. Traditionnellement, ces variations spécifiques liées
au sexe ont été attribuées a des différences entre les sexes dans les habitudes, I’exposition
professionnelle et le statut hormonal. Plus récemment, il a été reconnu que certaines de ces
différences peuvent Etre attribuées a la génétique. Nous avons €té particulierement frappés par
I’augmentation significative de 1’incidence et de la mortalit¢ du mélanome chez 1’homme.
L'objectif de ce projet était de caractériser la contribution du chromosome X a cet effet. L'analyse
globale des altérations génomiques a révélée qu'une perte somatique d'un chromosome X chez les
femmes est associ¢e de maniere significative a un pronostic plus défavorable du mélanome. Nous
avons en outre montré que c'est le X inactif qui est perdu dans tous les cas. Cela a conduit a
I'hypothese qu'une mutation activatrice d'un oncogéne, ou une mutation inactivatrice d'un gene
suppresseur de tumeur sur le chromosome X restant chez ces patients contribuent a I'agressivité de
la tumeur. PPP2R3B et FOXP3 ont ¢été identifiés comme des genes justifiant une investigation

plus poussée en tant que genes suppresseurs de tumeurs li€s au chromosome X dans le mélanome



en raison de leur comportement dans d’autres types de tumeurs. Nous avons démontré que ces
génes sont exprimés dans la majorit¢ de nos lignées cellulaires au niveau de I'ARNm et des
protéines. L'expression de PR70 endogéne et exogene est significativement corrélée a une
diminution de la prolifération. Dans le mélanome humain, il existe une forte corrélation entre les
faibles taux d'expression de 'ARNm du PR70 et la faible survie sans métastase a distance par les
analyses multivariées. Dans cette optique, une expression nulle ou faible de la protéine PR70 est
associée a une faible survie globale dans trois cohortes indépendantes de mélanome. La
surexpression de PR70 exogeéne diminue la prise de tumeur et la croissance chez les souris nues,
contrairement a la baisse de 1’expression de PR70 induite par shRNA qui 'augmente. PR70 et le
FOXP3 sont tous deux associés a une diminution dose-dépendante de la prolifération cellulaire du
mélanome avec une accumulation de cellules dans la phase G1 du cycle cellulaire. Ces résultats
sont d’importance in vivo car la prolifération est 1'un des facteurs pronostiques indépendants les

plus forts dans le mélanome.
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Contribution to original knowledge

Despite the fact that only a small fraction of all coding and non-coding genes are located
on the sex chromosomes, there is growing evidence that the gonosomes are responsible for some
of the major differences between the manifestation of disease in men and women. We have shown
that two functional X chromosomes are associated with longer distant metastasis-free survival
compared to women who have lost an X chromosome or males who only have one. In particular
two X-linked genes have been identified that behave as tumor suppressors in melanoma.
Exogenous FOXP3 expression results in a dose-dependent decrease in proliferation in melanoma
cells with an accumulation of cells in the G1 phase of the cell cycle. In addition to being an
important transcription factor in T-regulatory cell development, we have demonstrated that all of
the FOXP3 isoforms localize to the nucleus and show isoform-specific effects of target gene
transcription levels in melanoma cells. Furthermore, PPP2R3B encodes for PR70 that localizes to
the nucleus and cytoplasm and is associated with a decrease in the rate of melanoma cell
proliferation in vitro, in vivo and ex vivo. Through dephosphorylation of CDC6, PR70 delays entry
into the S-phase of the cell cycle. Furthermore, PR70 is shown to decrease tumor take in vivo in
mice and to be a strong prognostic factor for distant metastasis-free and overall survival in human

melanoma patients.



Chapter 1- Introduction

The X and Y chromosomes are most widely known for their role in determining the sex of
an individual. However it is important to realize that the sex chromosomes are found in every cell
in our bodies and have an impact on the biology of all of our organs. Besides conditions that are
unique to one sex, such as cervical and prostate cancer, many non-sex restricted diseases have a
different incidence, symptomatology, progression and response to treatment in men and women.
The sex effect in disease is a reflection of a combination of the impact of sex chromosomes and
sex steroids on cellular function. In 1993, the National Institutes of Health (NIH) recognized the
important role that sex plays in normal physiology and disease by implementing the Revitalization
Act requiring scientists to include female participants in human studies. Prior to that change, a lot
of the information that was obtained regarding diseases and responses to treatments pertained
specifically to males and led to a lack of translation from research to the clinical setting. The
repercussion of this investigational bias was that the majority of the drugs that were introduced to
the market were later withdrawn due to adverse events in women (Miller, 2014). In an age where
personalized medicine is quickly becoming the norm, understanding and recognizing differences
between the sexes in terms of the prevalence and behaviour of disease, as well as the responses
and risk of side effects to therapy, is critical to tailoring health care to individual patients with

optimal results.

Some of the genes that are found in both sexes are controlled by hormone-responsive
elements that lead to differences in the direction and/or magnitude of expression of the gene
products in males and females. These genes also show differential regulation throughout the
lifespan of an individual as the hormonal milieu changes throughout development from a

prepubescent to adolescent to adult of reproductive age to post-menopausal/andropausal stage of



life. Other genes, located specifically on the sex chromosomes, can show differential expression
in males and females due to differences in the absolute copy number of the gene. Expression levels
of genes on the X chromosome can also vary due to the effects of X chromosome inactivation and
genetic imprinting related to the inheritance of maternal vs paternal X chromosomes (Wizemann
& Pardue, 2001). The pseudoautosomal regions of the sex chromosomes are located at the distal
tips of the short and long arms of the X and Y chromosomes. These pseudoautosomal genes are
essentially identical as they undergo recombination during meiosis. In contrast, homologous
regions on the X and Y chromosomes have genes that are similar, but not identical, as they do not

undergo recombination and show genetic divergence from common ancestor sequences.

Early in female development, somatic cells undergo a process of X chromosome
inactivation. Whether the maternal or paternal X chromosome is silenced in an individual cell is
thought to be due to random selection that leads to mosaic expression of X chromosome alleles
throughout the female body. Depending on whether or not the gene is subject to inactivation,
females can be homozygous or heterozygous for X-linked genes. In contrast, males are inherently
hemizygous for the X-linked genes that do not have paralogues on the Y chromosome. This
difference in zygosity, combined with the fact that females are epigenetic/functional mosaics of
X-linked genes, gives rise to differences in the incidence and severity of the phenotype of X-linked
diseases. Dominant mutant alleles can be fatal to males in utero and thus the disease only manifests
in women. For example, mutations in the /KBKG gene are lethal in males and result in a relatively
benign condition in females called incontinentia pigmenti. Female carriers of a dominant mutation
in an X-allele tend to display a milder disease phenotype because this trait is only expressed in
cells in which the dominant allele is on the active X. The manifestations of the disease can be

further diminished or abrogated in females by selective pressures favoring cells with inactivation
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of the mutant allele. In some of the diseases with an increased prevalence in females a non-random,
or skewed, pattern of X chromosome inactivation has been observed that is believed to contribute

to the pathogenesis of certain diseases such as scleroderma (Ozbalkan et al., 2005).

In the context of cancer, dominant oncogenic mutations are dominant acting in male tumors
but only dominant acting in female cells when they are located on the active X. Skewing of X
chromosome inactivation can occur because cells with oncogenic mutations on the active X will
have a survival advantage over cells with oncogenic mutations that are silenced on the inactive X.
Alternatively, negative selection of cells with wild type tumor suppressor genes located on the
active X chromosome will occur in females with heterozygous loss of function mutations in
recessive X-linked tumor suppressor genes. This results in skewing of X chromosome inactivation
because compared to cells with the wild type allele being silenced on the inactive X, these cells
will have intact mechanisms that suppress proliferation and/or induce apoptosis. Since men only
have one X chromosome, recessive X-linked tumor suppressor genes behave in a dominant fashion

for them because a single mutation is sufficient for loss of function of a tumor suppressor protein.

With time the relative expression of the maternal and paternal genes can be skewed if there
are selective pressures or growth advantages that are distinct between the two alleles. In the harsh
conditions created by tumors skewing of X chromosome inactivation can be exacerbated by the
positive selection of clones that have traits that help the cells survive longer or proliferate faster in
oxygen or nutrient deprived environments. In Wilms tumor for example, mutations of the X-linked
gene WTX have been found in sporadic tumors in males and females with heterozygous mutations
in females selectively targeting the active X-chromosome in all cases (Rivera et al., 2007).

Similarly in breast cancer, mutations in an X-linked tumor suppressor gene, FOXP3, have been
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shown to occur exclusively in the active X with skewed inactivation of the wildtype allele (Zuo et

al., 2007).

Some X-linked tumor suppressor genes can provide a protective advantage to females by
increasing their baseline expression by escaping inactivation. Approximately 15% of genes on the
X-chromosome escape inactivation under normal conditions. Depending on the gene, the tissue
involved, and the individual, this can lead to expression of genes from the inactive X that range
from low amounts to levels comparable to the active X. Which genes escape, and to what degree,
has been shown to differ between females and cell types. In addition to the genes that regularly
escape inactivation, spontaneous reactivation of single X-linked genes is estimated to occur with
a frequency of <10 in somatic cells. In breast cancer cells the rate of reactivation has been
observed to be significantly higher due to a decreased density of Xist RNA on the inactive X that
is associated with decreased histone methylation, decreased promotor methylation, increased
histone acetylation and an increased presence of RNA polymerase II. This results in transcription
of genes from the inactive X that normally do not escape inactivation (Chaligne et al., 2015).
Interestingly, this epigenetic instability of tumor cells also results in silencing of some genes that
normally escape X chromosome inactivation. Even low level differences in the expression of
certain genes, such as those encoding transcription factors, can have profound effects on
downstream targets that lead to significant, physiologically relevant changes in cellular function.
X-linked genes can affect a variety of cell functions through their involvement in cell metabolism,
development, growth, protein synthesis, coagulation, innate immunity, adiposity, blood pressure

and apoptosis.

These mechanisms of X chromosome imprinting, inactivation and skewing undoubtedly

contribute to some of the differences in the behaviour of diseases in men and women, but to what
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degree is not yet known. Lupus, pulmonary hypertension, migraines and Raynaud’s disease are
just a few examples of conditions with a strikingly increased prevalence in females. Examples of
disease with an increased prevalence in males include autism, schizophrenia, myocarditis and heart
failure with reduced ejection fraction. One category of disease where males are at a particular
disadvantage is cancer. Men are at an increased risk of developing cancer in general and have a
particularly high relative risk of acquiring head and neck carcinoma, Kaposi sarcoma, bladder and
esophageal cancers. Data from 60 countries was compiled and men were found to have an
increased incidence of cancer in 32 out of the 35 anatomic sites that were analyzed (Edgren, Liang,
Adami, & Chang, 2012). While differences in smoking and alcohol consumption habits and
occupational exposures to benzenes, ionizing radiation and toxic metals have been shown to
explain some of the sex-related differences in cancer incidence, there is also evidence that genomic
factors play a significant role. Exome sequencing data in tumor types that are more common in
males revealed six genes that are more prone to loss of function mutations or DNA copy number
loss in male cancers (Dunford et al., 2017). Interestingly all of these genes are located in the non-
pseudoautosomal region of the X chromosome and many were previously shown to behave as
tumor suppressor genes. Tumors can circumvent the protective effect of an autosomal or
gonosomal tumor suppressor gene through chromosome loss, coding mutations causing
inactivated or truncated proteins, non-coding mutations affecting transcriptional or translational
regulation and epigenetic changes. Additionally X-linked tumor suppressor genes can become
inactivated through mechanisms such as skewing of X-inactivation or aberrant inactivation of

individual genes.

In females the X chromosome is one of the most frequently aneuploid chromosomes in

cancer, suggesting that aberrant expression of X-linked genes is important for tumor survival
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(Dunford et al., 2017). The first objective of this project is to investigate if there are gains or losses
of the X chromosome in melanoma and whether these changes affect the active or inactive X. X-
linked tumor suppressor genes have the potential to provide relative protection from tumor
initiation and progression in females with two X-chromosomes, which may also explain why men
are at an increased risk of both developing melanoma and dying from it. So in addition to analyzing
genomic alterations and X-inactivation status, the aim of this research is to identify specific X-
linked tumor suppressor genes. PPP2R3B is a gene located at Xp22.33 that caught our attention
because its protein product is PR70, a regulatory subunit of a protein phosphatase that is a negative
regulator of DNA replication, cell cycle progression and mRNA translation. It has the potential to
be a powerful tumor suppressor through a dual mechanisms of inhibition of the initiation of
transcription through dephosphorylation of CDC6 and blocking of cell cycle progression through
dephosphorylation of Rb. Genes associated with replication, including replication of origins firing
and separation of sister chromatids, have been reproducibly shown to predict metastasis and death
(Spatz, Stock, Batist, & van Kempen, 2010). We decided to study how PR70 behaves in melanoma

because it has the potential of being a strong, prognostic factor that can shape future therapies.

FOXP3 is another promising candidate gene on the X chromosome that is worth
investigating in melanoma because it has been shown to behave as a tumor suppressor in several
different types of cancer. FOXP3 is a transcription factor that downregulates the expression of
important oncogenes in breast and prostate cancer. Some of these oncogenes, such as c-Myc, are
commonly activated in melanoma so FOXP3 has the potential to act as a tumor suppressor in
melanoma as well. In other cancers FOXP3 has been shown to have tumor promoting properties
through its interaction with the immune environment. This is not surprising given that FOXP3 is

an important transcription factor in lymphocyte differentiation. FOXP3 expression in T-
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lymphocytes generates a T-regulatory phenotype with the upregulation of cell surface markers that
signal other inflammatory cells to calm down. These signals are essential for preventing
autoimmune disease and are normally turned on at the end of an inflammatory response when
effector cells are no longer required. It is worth investigating if FOXP3 expression in melanoma
cells can lead to expression of chemokines, cytokines or cell surface markers that can help the
tumor cells escape immunosurveillance. This could be achieved by directly suppressing the local
inflammatory cells, by preventing recruitment of effector cells or by summoning T-regulatory cells
for protection. If FOXP3 has the potential to modulate the tumor infiltrating cells in melanoma
this could have a major impact on tumor survival and response to treatment. Many of the newer
melanoma therapies involve stimulating the immune system so FOXP3 has the potential to be an

important predictive biomarker of response to treatment.

The main objective of this project is to better understand how the X chromosome
contributes to the strong sex effect that is observed in cutaneous melanoma. This will be achieved
by taking an in depth look at the biology of melanoma with a global analysis of genomic
alterations, X-inactivation status and the characterization of two potential X-linked tumor

suppressor genes in detail, FOXP3 and PPP2R3B.
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Chapter 2- Review of relevant literature

Compared to woman, males are at an increased risk of developing most types of cancer.
Likewise, females with Turner syndrome, who like men have only one normal copy of the X
chromosome, are also at a significantly increased risk of developing malignancies in general and
melanoma in particular (Ji, Zoller, Sundquist, & Sundquist, 2016). In contrast, males with
Klinefelter syndrome, who have an increased number of X chromosomes, are found to be relatively
protected from the development of solid tumors. Because women with Turner syndrome often
develop premature dysfunction of their ovaries and men with Klinefelter syndrome often have
small testes, these naturally occurring models of altered numbers of X chromosomes are imperfect
paradigms for teasing out the relative contributions of sex hormones and sex chromosomes in

cancer biology.

A model was recently developed to investigate the impact of sex chromosomes and sex
hormones on the development and progression of cancer by uncoupling the sex chromosome
complement in a mouse from the development of gonads and production of sex-specific hormones
(Kaneko & Li, 2018). By moving the SRY gene from the Y chromosome to an autosome, they were
able to generate four different scenarios: a genetic XY mouse with testes, an XX mouse with testes,
an XX mouse with ovaries and an XY mouse with ovaries. When these mice were exposed to a
bladder cancer inducing chemical they showed that an XY genotype and the presence of testes
were both independently associated with an increased risk of developing bladder cancer and dying
from it. They further identified KDM6A as an X-linked tumor suppressor that has a protective
effect in their mouse model and is associated with a better prognosis in humans using clinical data
extracted from The Cancer Genome Atlas. KDM6A has also been shown to act as a tumor

suppressor in lymphoma and mutations are associated with multiple myeloma, esophageal
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squamous cell carcinoma, renal clear cell carcinoma, myeloid leukemia, glioblastoma, breast,
colorectal and pancreatic cancer (Li et al., 2018; Van Haaften et al., 2009; Bailey et al., 2016).
Many other groups have been interested in finding tumor suppressor genes that contribute to the
increased incidence and worse prognosis of cancer in men. Exome sequencing data of tumors that
have a higher incidence in men were screened for mutations that occur more frequently in men
and six X-linked genes were identified ATRX, CNKSR2, DDX3X, KDM5C, KDM6A and MAGEC3
(Dunford et al., 2017). Mutations in many of these genes have been found in a variety of cancers,

some of which showed tumor suppressive effects.

As previously discussed, we chose to focus our attention on PPP2R3B as a potential tumor
suppressor in melanoma. This gene is located on the pseudoautosomal region of the sex
chromosomes (Xp22.3, Yp11.3) and encodes for a protein called PR70 that is a member of Protein
Phosphatase 2A (PP2A) family. PP2A is an important family of phosphatases in human cells and
its dysregulation has been associated with the development of cancer, autoimmune disease,
neurodegenerative disorders and cardiovascular disease (Meeusen & Janssens, 2018; Sharabi,
Kasper, & Tsokos, 2018; O'Connor, Perl, Leonard, Sangodkar, & Narla, 2018). Mechanisms of
PP2A inhibition in disease include genetic mutations, promotor methylation, post-translational
modifications, endogenous inhibitor proteins and exogenous viral inhibitory proteins (Kauko &
Westermarck, 2018). PP2A has an effect on several important pathways including cell growth,

metabolism, cell cycle progression, migration, proliferation and survival.

The PP2A family is comprised of a group of heterotrimeric proteins that are formed by
different combinations of the 3 subunits. The core dimer of the holoenzyme functions as a
serine/threonine phosphatase and consists of a structural scaffolding subunit A and a catalytic

subunit C. The regulatory subunit B provides substrate specificity to the holoenzyme and affects
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subcellular localization. It is encoded by a diverse set of genes that have been grouped into four
non-homologous families: B, B’, B’> and B’”’. Post translation modifications of the core dimer
affect its affinity for particular B subunits and allows for tissue specific control of the phosphatase
(Perrotti & Neviani, 2013). PR70 is an X-linked member of the B’” family that has been shown to
direct phosphatase activity towards targets that are involved in DNA replication (CDC6) and cell
cycle progression (pRB) (Davis, Yan, Martinez, & Mumby 2008; Magenta et al., 2008). Some of
the regulatory B subunits are quickly degraded when they are not associated with the A and C
subunits, whereas others are more stable in the free form. PR70 has been shown to stable in its
unbound state and to maintain its ability to bind to CDC6 even when it is not associated with the
A/C dimer (Davis et al., 2008). This highlights the opposing roles that PR70 overexpression can
have on its protein targets; when associated to the A/C dimer it can lead to dephosphorylation but
as a free protein it can exert a dominant negative effect by binding to its target and preventing
recruitment of the PP2A heterotrimer. It is not known how PR70 behaves in cancers, including

melanoma.

FOXP3 is another X-linked protein whose action in melanoma is unknown. Female mice
that have germline heterozygous mutations of FOXP3 are at increased risk of developing multiple
spontaneous malignancies with a 90% incidence of cancer by two years of age. Analysis of the
mammary carcinomas that developed in these mice showed skewed X chromosome inactivation
such that the X containing the wild-type FOXP3 allele was inactivated in all cases (Zuo et al.,
2007). In human males a single mutation in FOXP3 has been shown to be equally debilitating with
prostate cancers often harboring somatic FOXP3 deletions or missense mutations that lead to

reduced expression levels compared to benign prostatic epithelial cells in the same patient (Wang
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et al., 2009). To better understand the potential role of FOXP3 in melanoma an in depth look at

the structure and regulation of FOXP3 is required.
The dual role of the X-linked FoxP3 gene in human cancers.

Publication: Redpath, M., Xu, B., van Kempen, L. C., & Spatz, A. (2011). Molecular

Oncology, 5(2), 156-163.

Contributions of authors: Margaret Redpath, Bin Xu, Leon van Kempen and Alan Spatz

contributed to the writing of this manuscript.

“After decades of continuous failures, ipilumimab - which blocks cytotoxic T-
lymphocyte-associated antigen 4 (CTLA-4) was recently demonstrated to improve overall survival
in patients with previously treated metastatic cutaneous melanoma. Ipilimumab, with or without a
gp100 vaccine, was associated with improved survival as compared with gp100 alone (Hodi et al.,
2010). This is the first ever reported positive phase 3 trial in advanced melanoma. Ipilumimab
blocks CTLA-4 and this blockade may improve survival by modifying the intratumoral
effector/regulatory cell ratio, thus highlighting the importance of regulatory T-lymphocytes (Treg)
for melanoma progression in vivo. CD4" Treg express the transcription factor forkhead box P3
(Foxp3), which is essential for their normal development and function (Fontenot and Rudensky,
2005). Antigenic stimulation of conventional CD4+ T cells in the presence of transforming growth
factor-B (TGF-B) induces FoxP3 expression and the acquisition of suppressor function (Amarnath
et al., 2007; Chen and Konkel, 2010; Fantini et al., 2004; Floess et al., 2007; Fu et al., 2004;
Horwitz et al., 2008; Huber et al., 2009; Huter et al., 2008; Kawamoto et al., 2010; Marie et al.,
2005; Samanta et al., 2008; Schramm et al., 2004; Zheng et al., 2006; Zhou et al., 2008a, 2010). It

has been clearly established that stable FoxP3 expression is required to maintain suppressive
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properties of Treg cells (Blache et al., 2009). Although it is necessary for the continued suppressive
action of functional Treg cells, FoxP3 expression alone is not sufficient to accurately identify
functional Treg cells because post-translational changes in discrete residues of the protein can lead
to loss of function (Li and Greene, 2008). The regulation of FoxP3 expression is essential to
modulating immune surveillance through the regulatory T-cell lineage. The FoxP3 gene has a dual
role as it is also an X-linked tumor suppressor gene (TSG) in several solid tumors. Whether it is a
TSG in melanoma has yet to be determined. Understanding the regulation and function of the

FoxP3 gene is therefore crucial to better understanding the biology of melanoma.

1. Structure of the FoxP3 gene and regulation by transcription factors

The FoxP3 gene is located on the X chromosome (chr) at Xp11.23 and is submitted to X chr
inactivation (Bennett et al., 2001; Wang et al., 2009). The gene contains 11 coding exons (exons
1-11) and 3 non coding exons (Bennett et al., 2001). The two 5’ non coding exons (-2a and -2b)
are spliced into a common non coding exon (-1) (Floess et al., 2007; Kaur et al., 2010; Smith et
al., 2006). The -2b and -1 exons encompass regulatory cis-elements. (Lal and Bromberg, 2009;
Lopes et al., 2007). It should be noticed that several reports refer to exon -1 as exon 1 and name
the exons differently from 1 to 12. An AA insertion in exon 8 leads to the scurfy phenotype in
mice. (Bennett et al., 2001). About 60% of patients with an /PEX syndrome-immune dysfunction,
polyendocrinopathy, enteropathy, X-linked syndrome have missense mutations in exons 9, 10, and
11 which encode the forkhead domain (Bennett et al., 2001; Harbuz et al., 2010; Owen et al., 2003;

Rubio-Cabezas et al., 2009; Torgerson et al., 2007).

The FoxP3 protein is highly conserved (Lal et al., 2009; Sadlon et al., 2010; Zheng et al.,
2010). It is critical to the understanding of FoxP3 function to realize that human cells express three

FoxP3 isoforms (Aarts-Riemens et al., 2008; Allan et al., 2005; Kaur et al., 2010; Smith et al.,
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2006; Ziegler, 2006). The longest form resembles the murine FoxP3, whereas the other two are
unique to humans. FoxP3AE2 lacks exon 2, which is part of the repressor domain in the FoxP3
protein. Compared to full length FoxP3, expression of FoxP3AE2 in human CD4"CD25FoxP3" T
cells leads to more IL-2 secretion and proliferation in response to T-cell receptor (TCR)
stimulation (Allan et al., 2005). It has been proposed that FoxP3AE2 acts as a dominant negative
isoform (Li et al., 2007; Xu et al., 2010). Human Tregs can also express a third isoform that lacks
both exon 2 and exon 7 (Kaur et al., 2010). The absence of exon 7, which encodes a leucine zipper
motif, in the FoxP3AE2A7 isoform abrogates the suppressive function of Tregs (Kaur et al., 2010).
This emphasizes the importance of distinguishing the FoxP3, FoxP3AE2, and FoxP3AE2A7

isoforms to accurately sub-type Tregs.

Conservative noncoding sequences (CNS) are located within 500 base pairs 5 to the
transcription start site and serve as a proximal promoter region (Zhang et al., 2008). It contains
TATA, GC, and CAAT boxes that, when mutated, lead to decreased FoxP3 activity (Mantel et al.,
2006). This region also contains binding sites for important transcription factors, such as nuclear
factor of activated T cells (NFAT), activator protein-1 (AP-1), and Sp-1 that play a role in anti-
CD3/CD28-driven FoxP3 expression (Kim, 2009; Zheng et al., 2010). The 5’ intron 2, located
between exon -2a and exon -1, contains a CNS and is referred to as the intronic enhancer, whereas
the CNS situated 5 kb upstream of the transcriptional start site is referred to as the upstream
enhancer (Lal et al., 2009). The proximal promoter is able to bind with STATS and is dependent
on IL-2Rf signalling (Burchill et al., 2007). It has been recently suggested that STATS is required
for FoxP3 expression (Burchill et al., 2007). The second enhancer region (3> CNS enhancer)
locates to +4301 to +4500 as identified by luciferase reporter assays in Jurkat cells (Wu et al.,

2006). This enhancer region contains a CREB/ATF (activating transcription factor) motif that is
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capable of binding CREB and maintaining FoxP3 expression and thus a stable Treg population
(Kim and Leonard, 2007). Binding sites for STATS and STAT3 that mediate signalling of
inflammatory cytokines, including IL-2, 1L-6, IL-21, and IL-27, are also located within this
enhancer region (Zorn et al., 2006). It seems that both STATS and STAT3 bind to the same target
site, while STAT3 binds with a much lower affinity. Recently, using mice with specific deletions
of the conservative regions, Zheng et al. have identified another pioneer CNS (Zheng et al., 2009).
It locates to intron 4, which is between exons 1 and 2, binds c-Rel, and acts to potently increase

the number of Tregs in the thymus and periphery.

In Thl, the IFN-y-induced protein interferon regulatory factor 1 binds to the FoxP3
proximal promoter and inhibits FoxP3 expression (Ouaked et al., 2009). In Th2, IL-4 inhibits
FoxP3 expression in peripheral naive CD4"CD25™ T cells by stimulating phosphorylation of
STAT®6, which binds between exons -2b and -1 and inhibits TGF-B-induced FoxP3 expression
(Takaki et al., 2008). TGF-p and IL-4 cosignalling induces IL-9 secretion, leading to the newly

identified IL-9"TL-10"FoxP37(Th9) subset (Vang et al., 2008).

Polymorphisms of the FoxP3 gene, including single nucleotide polymorphisms (SNP) and
microsatellite polymorphisms have been reported in multiple case-control and cohort studies,
mostly in patients with autoimmune diseases or cancers and their controls (Lin et al., 2011).
Reported polymorphisms include SNPs in the promoter region, SNPs in the intron regions, SNPs
downstream of the coding regions, and microsatellite polymorphism (GT)n in the promoter region,
and TC(n) in the intron region (Lan et al., 2010). While most of the polymorphisms seem to be
clinically irrelevant, a few alleles do show weak clinical correlation with autoimmune diseases,

including SNPs in primary biliary cirrhosis and psoriasis, and (TC)n microsatellite polymorphisms
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in autoimmune thyroid disease (Inoue et al., 2010; Wang et al., 2010a). Overall, there is a lack of

convincing evidence to suggest that any FoxP3 polymorphism is clinically significant.
2. Epigenetic regulation of FoxP3 expression

It is well-established that methylation of CpG sequences inhibits acetylation of histones and
binding of transcription factors to DNA, thus resulting in quiescent genes. Demethylation of CpG
sequences and acetylation of histones, on the other hand, are features of active genes. Such
epigenetic modifications are also observed in the FoxP3 gene. The methylation status of the CpG
residues in the proximal promoter region plays an essential role in FoxP3 expression (Janson et
al., 2008). Demethylation induced by treatment with 5-aza-2’-deoxycytidine (Aza) leads to FoxP3
expression in human NK cells (Lal et al., 2009; Moon et al., 2009). Ten to forty-five percent of
the CpG sites in the FoxP3 proximal promoter are methylated in naive CD4°'CD25 T cells,
whereas all are demethylated in natural Tregs (Lal and Bromberg, 2009; Polansky et al., 2008).
TGF-B induces demethylation of CpG at this site in CD4"CD25 T cells (Lal et al., 2009). Multiple
CpG sequences have been identified in the FoxP3 gene, from 5’ to 3’ as follows: 1) within an
upstream CNS, 5-6000 bp 5’ to the transcription starting site; ii) within the intronic enhancer, and
ii1) within intron 10, between exons 7 and 8 (Floess et al., 2007; Hansmann et al., 2010; Lal et al.,
2009; Polansky et al., 2010; Zheng et al., 2010). The intronic enhancer contains a Runx1 binding
sequence. When the enhancer is demethylated (i.e. activated), it can be occupied by a FoxP3,

Runx1, and core-binding factor-f3 complex (Zhang et al., 2008).

TGF-B induces FoxP3 expression in peripheral naive CD4"CD25" T cells. In addition to
TGF-p receptor-induced SMAD?3 signaling for Treg generation, TGF-f} signaling may also act via
TIEG1 and the E3 ubiquitin ligase itch in a ubiquitin-dependent pathway (Venuprasad et al., 2008).

TGF-p also inhibits the phosphorylation of ERK leading to inhibition of DNA methyltransferase
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(DNMT) expression; and inhibition of DNMT with siRNA or DNMT inhibitors leads to FoxP3
expression in CD4" T cells, suggesting that inhibition of DNMT activity plays an important role

in FoxP3 expression (Luo et al., 2008).

The inflammatory cytokine IL-6 suppresses the development and function of Tregs. (Lal et
al., 2009). Actually, IL-6 both induces DNMT1 expression and enhances its activity. IL-6 induces
STAT3-dependent methylation of the upstream FoxP3 enhancer by DNMT]1 in Tregs, leading to
repression of FoxP3 (Wang et al., 2007). Preactivated CD4"CD25" T cells or CD4"CD25°CD44"
memory T cells express very little FoxP3 after TGF-p stimulation. This is probably the result of
high levels of DNMTT activity in these cells because inhibition of DNMT with Aza or deficiency
of DNMTT1 in T cells leads to FoxP3 expression, suggesting that regulation of FoxP3 is tightly

controlled by epigenetic modifications in activated CD4" T cells (Lal et al., 2009).

Natural Tregs possess demethylated CpGs at the FoxP3 locus and show stable FoxP3
expression, whereas TGF-f induced Tregs show methylated CpGs and do not maintain constitutive
FoxP3 expression after restimulation in the absence of TGF-f (Baron et al., 2007; Floess et al.,
2007; Lal and Bromberg, 2009; Polansky et al., 2008). It has been reported that a fraction of the
FoxP3"CD4" natural Tregs adoptively transferred into lymphopenic mice are converted into FoxP3-
T cells (Bruinsma et al., 2010). Under inflammatory conditions, FOxP3" Tregs lose FoxP3
expression and thus suppressive function in an IL-6-dependent manner (Lal et al., 2011). IL-6 and
TCR signalling induce down-regulation of FoxP3 expression and lead to development of Th17
cells (Maitra et al., 2009). One mode of action of IL-6 is to induce remethylation of CpG DNA at
the upstream enhancer and thus down-regulates FoxP3 expression in natural Tregs (Lal et al., 2009).

Epigenetic inheritance during the cell cycle is crucial in maintaining chromatin structure in cell
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lineages. But the extrinsic and intrinsic signals that regulate CpG DNA methylation and perpetuate

the H3 methylation level at the FoxP3 locus from one cell cycle to another are not yet understood.

3. Mechanisms of impaired regulation by CD4*CD25"FoxP3" regulatory T cells in human

autoimmune diseases

Treg cells, defined by the expression of CD4, CD25 and FoxP3, have a central role in protecting
an individual from autoimmunity. This role was first identified in mice in which the absence or
depletion of Tregs resulted in the development of autoimmune gastritis, thyroiditis, diabetes and
inflammatory bowel disease (IBD) (Ochs et al., 2007). Subsequently, numerous studies in animal
models of autoimmunity showed that defects in CD4"CD25 FoxP3" Tregs contribute to the
development of autoimmunity and that the disease could be reversed by the adoptive transfer of
Tregs (Buckner, 2010). The importance of T cell regulation in human disease is highlighted by the
severe inflammation and autoimmunity that occurs in individuals who suffer from IPEX. These
individuals develop a broad range of autoantibodies causing insulin-dependent diabetes,
thyroiditis, eczema, hemolytic anemia and IBD. In the absence of a bone marrow transplant, IPEX

patients die at an early age (Wildin and Freitas, 2005).

In mouse models, the concept that inadequate numbers of Tregs may contribute to
autoimmunity is supported by the occurrence of aggressive autoimmunity in scurfy mice and is
indirectly implied by the successful treatment of autoimmunity in mice through the adoptive
transfer of wild-type Tregs (Komatsu and Hori, 2007). In addition, there is evidence from mouse
models that, under the appropriate conditions, Tregs can be induced in the periphery, and that these
Tregs may prevent the development of autoimmunity. Multiple factors influence the homeostasis
and induction of Tregs in the periphery, including CD28, IL-2, TGF-B and dendritic cells (DCs)

(Buckner, 2010; Buckner and Ziegler, 2008).
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Evidence that an inadequate number of Tregs leads to autoimmunity in humans is most
clearly shown in patients with IPEX, who completely lack Tregs as a result of a mutation in FoxP3
(Lal and Bromberg, 2009). However, most patients with autoimmune disease probably have a
more modest reduction in Tregs. In these common diseases, the challenge is to determine whether
the number of Tregs is inadequate at the site of inflammation and whether this is due to systemic
factors or factors in the local tissue milieu (Buckner, 2010). In human disease, the task of
enumerating Tregs has been complicated by the presence of multiple Treg subsets and the lack of a
cell marker that is unique to Tregs. Type 1 regulatory T (Tr1) cells are induced in the periphery
and suppress T cell proliferation through the production of interleukin-10 (IL-10) and TGF-B. TR1
cells do not have a unique cell marker but are identified by their production of IL-10 and absence
of pro-inflammatory cytokines (Roncarolo and Gregori, 2008; Veldman et al., 2009). T helper 3
(Tu3) cells are a regulatory T cell population that originates in the periphery and mediates
suppression through the secretion of TGF-; similar to Tr1 cells, they do not have a unique cell
surface marker (Carrier et al., 2007). CD4"CD25"FoxP3" Tregs can be divided into two groups:
thymus-derived natural Treg cells and periphery-induced adaptive Treg cells. Both populations
express FoxP3 and suppress immune responses through contact-dependent mechanisms and the
production of soluble factors, including the cytokines TGF-f, IL-10 and IL-35 (Buckner, 2010).
Thymus derived CD4"CD25"FoxP3" Treg cells are stable with respect to retaining regulatory
function and FoxP3 expression in the periphery. They are unique in that their FoxP3 locus is
demethylated and they express the transcription factor Helios (Fujimoto et al., 2011; Thornton et
al., 2010). Adaptive Treg cells can be induced in the periphery from a CD4'FoxP3™ T cell
population following T cell receptor stimulation in the presence of TGF-f (Mabhic et al., 2008). It

has now become clear that the FoxP3™ T cell population is composed of several populations that



26

are defined by the expression of CD25, CD45RA and FoxP3. Miyara et al. defined these
populations as a naive Treg cell population that is CD25MCD45RA FoxP3M, an effector Treg cell
population that is CD25MCD45RAFoxP3™ and a non-regulatory FoxP3" population that is
CD25"CD45RA FoxP3!°" (Miyara and Sakaguchi, 2011; Miyara et al., 2009). Another difficulty
is the extent to which the peripheral blood reflects the global number of Tregs in the body and,

more specifically, their number in inflamed tissues.

Tregs Were first defined on the basis of their expression of CD25, which forms part of the
high-affinity IL-2 receptor. Unfortunately, the definition of Tregs based on the level of CD25
expression has not been consistently reported in the literature, making comparisons between
studies difficult. Furthermore, CD25 is also expressed by recently activated T cells, resulting in
the inclusion of CD4"CD25" effector T cells in the Treg population (Buckner, 2010). With the
discovery that expression of FoxP3 plays a central role in the differentiation and maintenance of
TRregs, the use of flow cytometry-based analysis of FoxP3 expression in T cells became the gold
standard for defining Tregs. However, it then became evident that FoxP3 can also be expressed by
effector T cells following activation, thus any assessment of Tregs number or function is likely
tainted by inclusion of recently activated effector T cells in the Tregs population. Furthermore, as
FoxP3 is a nuclear protein, assessment of its expression in T cells requires fixation and
permeabilization of the cells, resulting in an inability to obtain viable cells for further functional
analysis. In the past few years, additional markers, such as CD127 have been identified that assist
in the distinction of effector T cells from Tregs and facilitate the experimental purification of Tregs

(Simonetta et al., 2010).

In the context of anti-CTLA-4 melanoma therapy, a major challenge is to measure

resistance of effector T cells to suppression. The resistance of effector T cells to Tregs has been
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observed in several animal models of autoimmunity (Chen et al., 2010; Schneider et al., 2008). In
these models, inflammation and tissue destruction progress despite the presence of functional Tregs
at the site of inflammation. Such findings suggest that a resistance of effector T cells to Tregs may
contribute to autoimmunity. Whether this might be of interest to predict response to anti-CTLA-4

therapy needs further investigation.

4. FoxP3 as an X-linked tumor suppressor gene

Foxp3 is expressed in epithelial cells from various organs such as breast, thymus, prostate and
lung. Importantly, mice that are heterozygous for FoxP3 mutations spontaneously develop
mammary carcinomas at a high frequency (Chen et al., 2008). Genetic analyses in both mice and
humans revealed that Foxp3 is an important X-linked tumor suppressor in breast and in prostate
cancer (Gupta et al., 2007; Karanikas et al., 2008; Katoh et al., 2010; Kiniwa et al., 2007; Ladoire
et al., 2011; Li et al., 2011; Liu and Zheng, 2007; Mahmoud et al., 2010; Merlo et al., 2009;
Valdman et al., 2010; Wang et al., 2009, 2010b; Yokokawa et al., 2008; Zuo et al., 2007a, 2007b).
Mice with germline FoxP3 mutations are substantially more prone to developing both spontaneous
and carcinogen-induced mammary carcinomas (Zuo et al., 2007b). The role of the FoxP3 gene in
mammary carcinogenesis has been supported by several lines of evidence. The FoxP3 gene is
expressed in normal breast epithelia but is down-regulated in mammary cancer. Ectopic expression
of FoxP3 in a variety of breast cancer cell lines resulted in cell cycle arrest and cessation of cell
growth (Zuo et al., 2007a). Moreover, FoxP3 directly regulates transcription of ErbB2, Skp2 and
CDKNIA4 (p21) (Katoh et al., 2010). Frequent chromosomal deletions and somatic mutations of
the FoxP3 gene were detected in human cancer samples including cutaneous melanomas (Fujii et
al., 2010; Karanikas et al., 2008). There is a down-regulation of FoxP3 protein in cancer cells

compared to normal breast epithelia. The FoxP3 gene also plays an important role in prostate
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epithelia. Among human prostate cancers, frequent chromosomal deletions, somatic mutations and
epigenetic silencing of the FoxP3 gene were found (Li et al., 2011; Wang et al., 2009, 2010b).
Since the FoxP3 gene is located on the X chromosome, a genetic/epigenetic single-hit results in
inactivation of this gene in males, escaping the Knudson model (Spatz et al., 2004).
Immunohistochemistry revealed that FoxP3 expression is significantly down-regulated in cancer
cells when compared to normal prostate glands (Valdman et al., 2010). Moreover, mice with
prostate-specific ablations of FoxP3, FoxP3™"¥; PB-Cre", developed prostatic hyperplasia and
prostatic intraepithelial neoplasm (PIN) that are putative pre-cancerous lesions of the prostate
(Ebelt et al., 2009; Wang et al., 2009). In human samples, FoxP3 expression in PINs are down-
regulated compared to adjacent normal prostate glands, which suggests that the inactivation of the
FoxP3 gene plays an important role in the initial stage of prostatic carcinogenesis (Ebelt et al.,

2009).

Another interesting aspect of FoxP3 abnormalities is that some types of cancers
predominantly express splice variants of the FoxP3 protein in addition to those occurring in non-
transformed cells (FoxP3, FoxP3AE2, and FoxP3AE2A7). In cutaneous melanomas, and in some
breast and ovarian cancers, and malignant T cells of Sezary syndrome, specific splice variants of
the FoxP3, such as AE3, AE3-4, AE3/8 and AES, were reported to be preferably expressed (Kaur
et al., 2010; Smith et al., 2006) The A3-4 splice variant results in a truncated FoxP3 with a
premature stop codon, and therefore might contribute to the malignant progression of cells (Wang
et al., 2009). Whereas FoxP3 has been shown to up-regulate CTLA-4 expression, it is not known
whether different variants in the primary melanoma are associated with different responses to

ipilimumab at a later stage.
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Expression of the oncogene c-MYC has been demonstrated to be directly repressed by
FoxP3 in prostate epithelia (Wang et al., 2009). Overexpression of c-MYC contributes to more
aggressive and poorly differentiated cancer phenotypes and has been involved in the biology of
melanoma. ¢c-MYC is a sequence-specific transcription factor and an important player in various
cellular processes including cell cycle and apoptosis; processes which are also dysregulated in
cancer cells with high ¢c-MYC expression levels. C-MYC directly activates CDK4 and CCND2
expression, while indirectly repressing CDK inhibitors such as CDKNIA (p21) and CDKN2B (p15)
expression (Wang et al., 2011). Moreover, c-MYC directly upregulates e/F4E and elF2a; both of

which are the rate-limiting effectors of cell cycle.

HER?2 is a member of the transmembrane receptor tyrosine kinases and is involved in the
regulations of various cellular functions such as cell growth and survival. The cytoplasmic portion
of HER2 is phosphorylated at conserved tyrosine residues and these phosphorylated tyrosines can
serve as binding sites for adapters which link HER?2 to its downstream pathways or targets such as
PI3K-Akt and MAPK-Erk. Both HER2 gene amplification and loss of nuclear FoxP3 contribute
to HER2 overexpression in breast cancer samples (Mahmoud et al., 2010; Zhou et al., 2008b).
FoxP3 can repress transcription of HER2 in human breast cancers by binding directly to the ERBB?2
gene promoter (Zhou et al., 2008b). Since in vitro HER2 overexpression nullifies the ability of
FoxP3 to inhibit cell growth, repression of HER2 may be critical for the tumor suppressor function
of FoxP3 in the breast epithelial cells (Zuo et al., 2007a). Maybe this can partially explain why
circulating CD4"CD25 FoxP3" Tregs decrease in breast cancer patients after vaccination with a
modified MHC class Il HER2/neu peptide (Gates et al., 2010). Recently it has been demonstrated

that the influence of FoxP3 was dependent on the molecular sub-type of breast cancer. Indeed,
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FoxP3 expression in cancer cells may be a marker of good prognosis in HER2-overexpressing

tumors and of poor prognosis in other molecular sub-types of breast cancer (Ladoire et al., 2011).

High levels of expression of SKP2 have been reported in a wide variety of cancers
including melanoma (Katagiri et al., 2006; Rose et al., 2011). SKP2 is an important player in the
ubiquitin-dependent degradation of p27X®!, a CDK inhibitor especially of Cyclin-E/CDK2 and
Cyclin-A/CDK2 (Katagiri et al., 2006; Rose et al., 2011). SKP2 is robustly expressed during S and
G2 phases of the cell cycle and regulates p27 degradation, thus facilitating progression of the cell
cycle. It has been demonstrated that FoxP3 directly represses SKP2 expression in human and
mouse mammary epithelial cells (Zuo et al., 2007a). FoxP3 occupies the Skp2 promoter and
represses promoter activity of the locus (Zuo et al., 2007a). FoxP3 directly regulates key molecules
of cell cycle regulation, which further supports the notion that FoxP3 is an important tumor

SuUppressor.

Previous reports have revealed that FoxP3 forms complexes with Rel family transcription
factors NFAT and NF«B, and FoxP3 blocks their ability to activate //-2 and INFy transcription
(Ruan et al., 2009; Soligo et al., 2011). By making a repressive FoxP3:NFAT complex, FoxP3
inhibits NFAT:AP-1 complex at the //-2 promoter (Kim, 2009). FoxP3 could also weaken the DNA
binding activity of AP-1 (Lee et al., 2008). AMLI1/RUNXI1, which activates endogenous //-2 and
IFNy expression in CD4" T cells, is reported to make a complex with FoxP3. (Hancock and
Ozkaynak, 2009; Ono et al., 2007). AMLI/RUNXI1 could bind to the //-2 enhancer with FoxP3

and exert optimal repression of 7/-2 in Tregs (Ono et al., 2007).
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5. Conclusion

The FoxP3 gene has important functions as a tumor suppressor gene in human carcinomas and
recent data suggests it plays a role in melanoma as well. At the same time, this gene directly
commands the natural regulatory T cells that have been demonstrated to be an effective target for
melanoma therapy. Thus an interesting issue is whether FoxP3 gene is a friend or a foe for
melanoma therapy. Perhaps gaining better insight about the roles of aberrantly spliced variants
will be the first step in answering this question. Although molecular mechanisms have not yet been
clarified, some agents have been reported to increase FoxP3 in cancer cells. Anisomycin could
induce the transcription of FoxP3 in various breast cancer cell lines, resulting in significantly
repressed cell growth in vitro and in xenografts in vivo (Liu et al., 2009). In breast and colon cancer
cell lines, FoxP3 expression is directly regulated by p53. Doxorubicin, which activates p53,
dramatically activates FoxP3 transcription in vitro (Jung et al., 2010). Maybe the restoration of
FoxP3 functions in melanoma cells with low FoxP3 expression or AE3/AE3AE4 variants combined
with anti-CTLA-4 therapy could have potential as a novel therapeutic strategy. Identification of
these variants could also be of help in discovering the first predictive biomarker for anti-CTLA-4
therapy. It will also likely enable improved development of effective combinations of

immunotherapy and targeted therapy.
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“Male gender is independently and significantly associated with poor prognosis in melanoma of
all clinical stages. The biological underpinnings of this sex difference remain largely unknown,
but we hypothesized that gene expression from gonosomes (sex chromosomes) might play an
important role. We demonstrate that loss of the inactivated X chromosome in melanomas arising
in females is strongly associated with poor distant metastasis—free survival, suggesting a dosage
benefit from two X chromosomes. The gonosomal protein phosphatase 2 regulatory subunit B,
beta (PPP2R3B) gene is located on the pseudoautosomal region (PAR) of the X chromosome in
females and the Y chromosome in males. We observed that, despite its location on the PAR that
predicts equal dosage across genders, PPP2R3B expression was lower in males than in females
and was independently correlated with poor clinical outcome. PPP2R3B codes for the PR70
protein, a regulatory substrate-recognizing subunit of protein phosphatase 2A. PR70 decreased
melanoma growth by negatively interfering with DNA replication and cell cycle progression
through its role in stabilizing the cell division cycle 6 (CDC6)—chromatin licensing and DNA
replication factor 1 (CDT1) interaction, which delays the firing of origins of DNA replication.

Hence, PR70 functionally behaves as an X-linked tumor suppressor gene.

INTRODUCTION

In recent years, major advances in the understanding of melanoma have been directly translated
into new active targeted therapies and have improved clinical management of this disease.
Immunological checkpoint inhibitors and targeted agents such as selective inhibitors of the B-Raf
proto-oncogene, serine/threonine kinase (BRAF), and mitogen-activated protein kinase kinase
have demonstrated their impact on prolonged survival in metastatic melanomas (1, 2). However,
in both instances, only a subset of patients experienced a long-term benefit. This bottleneck

underlines the importance of identifying key molecular events associated with melanoma
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progression and of better understanding the biological substrates of phenotypic variables that affect

disease outcome (3).

A striking finding in cutaneous melanoma is the importance of gender as a strong and
independent prognostic indicator for survival at all stages of the disease. A recent meta-analysis
of 2734 melanoma patients demonstrated an adjusted hazard ratio (HR) of male gender for 5-year
disease-specific survival (DSS) of 0.85 (0.77 to 0.95) that persists even after metastasis to distant
sites [adjusted HR for 2-year DSS in stage IV patients, 0.81 (0.72 to 0.92)] (4, 5). This implicates
sex-related characteristics that influence melanoma progression and survival. We hypothesized
that differences in the dosage of gonosomal gene products contribute to the sex effect in melanoma.
X chromosome inactivation is a process that entails chromosome-wide transcriptional silencing
and involves large-scale remodeling of its three-dimensional (3D) structure under the control of
the X-inactive specific transcript (Xist) long noncoding RNA. Inactivation of one X chromosome
in female cells nearly equalizes gene expression between mammalian males and females.
However, this process is incomplete, leaving at least 15% of the ~1100 X-linked genes expressed
at higher levels in females than in males (6). Expression of the escaping alleles on the inactive X
(Xi) chromosome is frequently lower than that of the corresponding alleles on the active X (Xa)
chromosome (7, 8). In addition, impaired X inactivation can lead to either the uncovering of
activated oncogenes or gene-dosage effects on tumor suppressor genes (TSGs) in a non-
Knudsonian manner, such as loss of one TSG allele being sufficient to initiate tumorigenesis (9).
Therefore, one can postulate that X-linked TSGs that escape inactivation might play an important
role in cell biology and that impairment of these genes or alteration in their regulation could be

critical events in tumor progression.
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Here, we explore whether molecular events associated with the X chromosome inactivation
interact with melanoma progression. We also specifically study the role of PPP2R3B as a new X-

linked melanoma TSG.

RESULTS

Loss of the Xi chromosome is associated with poor prognosis in females

We performed an analysis of global genomic aberrations in a series of 49 primary melanomas (33
female and 16 male patients). Unsupervised hierarchical clustering using Ward’s method and
Euclidean distances resulted in three clusters (fig. S1 and table S1). Overall, loss of one X
chromosome in females (P = 0.009, log-rank; Fig. 1A) and the presence of the Y chromosome in

males (P = 0.014, log-rank) correlated with poor DMFS (<3 years).

To first test the frequency of X loss, we subjected tissue microarrays (TMAs) containing
multiple cores of 177 melanoma metastases from female patients to centromeric X DNA
fluorescence in situ hybridization (FISH). Loss of centromeric X was observed in 44 of 177 cases
(~25%). We next asked whether this loss preferentially affected the Xi. Consecutive sections of
the TMAs were hybridized with probes detecting Xist RNA as a means of marking the
epigenetically silenced X chromosome (Fig. 1B). Xist RNA FISH demonstrated the absence of X1
in 41 of 44 cases (93.1%), which indicated a significant skewing toward the loss of Xi (P <0.001,
Fisher’s exact test). In the group of 133 melanoma cases with no X loss, two active copies of X
were observed in 42 cases. Therefore, loss of the Xi chromosome was observed in 83 cases
(46.8%), either by X chromosome loss (23.1%), Xa duplication, or loss of X inactivation (23.7%),

as observed in breast and ovarian cancer (10). In 33 of 177 cases with known follow-up, when one
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Fig. 1. Loss of Xi chromosome is strongly associated with decreased distant metastasis—free survival (DMFS).
(A) Array-based comparative genomic hybridization revealed a significant correlation between loss of X and poor 3-
year distant metastasis—free survival. The loss of one X chromosome in females (P = 0.009, log-rank) and the presence
of the Y chromosome in males (P = 0.014, log-rank) correlated with poor DMFS (<3 years). The arrow indicates X
chromosome. (B) In cases where the tumor showed evidence of X loss (for example, tumor 2; left panel), the loss
always involved the Xi, as visualized by the loss of the Xist cloud by RNA FISH (tumor 2; right panel). The white
arrow indicates one of multiple nuclei with a cloud of Xist RNA located at the nuclear envelope and is indicative for
Xi (P <0.001, Fisher’s exact test). DAPI, 4’,6-diamidino-2-phenylindole.
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of the two X chromosomes was lost, it was always Xi (n = 11), correlating with poor DMFS (P =
0.01, log-rank).Thus, loss of Xi in melanoma was frequently observed and correlated with poor

DMEFS for women.

PPP2R3B expression and PR70 protein dosage correlate with melanoma survival and

gonosomal status

Loss of the Xi chromosome reduces the protein expression levels of genes that escape inactivation.
In the case of TSGs, this reduced expression might determine the adverse effect of X chromosome
loss on clinical outcomes. Males with Y chromosome loss also have an adverse prognosis, and
postzygotic, mosaic loss of Y is associated with increased cancer risk and shorter survival (11).
Most genes within the pseudoautosomal region (PAR) and inactivation-escaping region on X have
a functional copy on the Y chromosome (12); this suggests that genes that have an impact on
cancer prognosis are located on both the X and Y chromosomes and are expressed on the Xi, most
likely within the PAR. Previous genome-wide expression studies demonstrate the importance of
dysregulation in the firing of DNA replication in melanoma prognosis (13). Therefore, we focused
our attention on genes that are shared by the X and Y chromosomes, those that escaped X
chromosome inactivation (6, 14), and those that encode proteins that might be involved replication
origin firing (ROF). PPP2R3B (Xp22.3, Ypl11.3, PAR1) was the only gene that met all three

criteria.

PPP2R3B encodes 1 of the ~15 possible regulatory subunits of the heterotrimeric protein
phosphatase 2A (PP2A) holoenzyme (15). The PP2A complex is a key serine/threonine
phosphatase that regulates multiple signals in mammalian cells. For example, PP2A is a negative
regulator of several signaling pathways that promote cell growth, proliferation, and survival,

including the phosphoinositide-3-kinase and the mitogen-activated protein/extracellular signal—
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regulated kinase family of kinases. Quantitative polymerase chain reaction (QPCR) analysis of
PPP2R3B mRNA expression in a series of 49 primary melanomas revealed a strong correlation
between low levels of expression and poor DMFS (P = 0.001, log-rank, univariate analysis; fig.
S2A). When expression was analyzed as a continuous variable in a Cox regression analysis, a
stronger significance was obtained (P = 0.0007), suggesting a dose-dependent correlation between

reduced PPP2R3B expression and short DMFS.

Immunohistochemical study of PR70 expression in an independent series of 339 (143
female and 196 male patients) tissue samples from primary melanomas revealed that increased
PR70 protein expression was associated with improved survival (Fig. 2, A and B, and fig. S2B).
Mean overall survival for patients with high (2+ and 3+) PR70-expressing tumors was 2.4-fold
higher compared to those with PR70-negative (0) or weakly positive (1+) tumors: 10.2 years [95%
confidence interval (CI), 8.8 to 11.9] and 4.3 years (95% CI, 3.1 to 5.6), respectively (Fig. 2B).
Five-year overall survival for PR70 high tumors was 65% versus 32% for PR70 low tumors (P <
0.001, log-rank; Fig. 2B). We also found an association of PR70 expression with sex (P=0.03,
Mann-Whitney U test), with lower expression levels being detected in tumors from male patients.
This was surprising because one would expect similar expression of PAR genes in both males and

females because PARs are homologous in X and Y chromosomes.

Next, we assessed whether decreased PPP2R3B expression correlated with specific loss of
the Xi allele. Xist RNA FISH was performed in parallel with nascent PPP2R3B mRNA FISH.
Parallel analysis of Xi and nascent PPP2R3B mRNA expression suggested that loss of Xist
correlated with the loss of biallelic nascent PPP2R3B RNA expression (Fig. 2C). Samples with
biallelic expression displayed a higher signal intensity of the spot away from the nuclear membrane

and therefore likely originated from the Xa. This is consistent with the known reduction in
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Fig. 2. Loss of PR70 and PPP2R3B expression correlates with poor overall survival. (A) Representative images
for the semiquantitative scoring of PR70 expression. The description of the scoring system is described in Materials
and Methods. (B) Loss of PR70 expression (combined absent and weak expression) significantly correlated with poor
overall survival. Consecutive sections of the TMAs were hybridized with probes detecting Xist RNA to mark the
epigenetically silenced X chromosomes. Xist RNA FISH was used to detect the absence or presence of Xi. Cum,
cumulative. (C) Loss of Xi resulted in the loss of one actively transcribed PPP2R3B allele, as visualized by X
chromosome centromere DNA FISH (CepX), Xist FISH (Xist), and nascent PPP2R3B RNA FISH (PPP2R3B) on
formalin-fixed, paraffin-embedded melanomas.
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transcriptional activity of the inactivation-escaping allele on Xi compared to the allele on Xa (14).
Collectively, these data demonstrate a close correlation between the level of PR70 in melanoma
cells and the severity of the disease and suggest that the PR70 expression level is determined, in
part, by the copy number of the PPP2R3B gene in females and lower PPP2R3B gene expression

in males.

PPP2R3B is not frequently mutated in melanoma

In the classic model of TSG inactivation, both alleles are inactivated by two independent events
that can be of different natures, including inactivating mutations, deletions, or epigenetic silencing.
To test whether any of these events targeted the PPP2R3B gene, we analyzed existing genomic
data for melanoma tissue and melanoma cell lines. DNA sequences of 122 paired samples of tumor
and germline DNA from melanoma patients were extracted from the Melanoma Genome
Sequencing Project (data set phs000452.vl.pl) in the National Center for Biotechnology
Information (NCBI) Genotypes and Phenotypes Database. A total of 331 intronic and exonic
single-nucleotide variants (SN'Vs) were identified. No somatic mutations (SNVs or indels) were
found in the coding region of PPP2R3B, at the intron-exon boundaries, or within the 1000-base
pair promoter region upstream of the canonical ATG that codes for the first methionine amino
acid. Furthermore, single-nucleotide polymorphism (SNP) frequencies were compared to those in
the 1000 Genomes database (www.internationalgenome.org/), and melanoma patients did not
reveal an enrichment of specific SNPs compared to healthy individuals, making it unlikely that
germline PPP2R3B variants confer melanoma susceptibility. We also sequenced the PPP2R3B
coding region in the following materials: 10 pairs of lymph node metastases (>80% of tumor cells)
and reactive lymph nodes (all females), 10 early passage melanoma cell lines and the tumors from

which they were derived (all females), and an additional 20 primary melanomas from males and
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females. No mutations other than those listed in the Supplementary Materials and fig. S3 were
identified in the PPP2R3B gene. A recently published whole-exome sequencing study on six cell
lines derived from melanoma metastases likewise did not identify nonsynonymous SNVs,
potentially altering the protein sequence (16). From these data, it can be concluded that the
frequency of an inactivating mutation of PPP2R3B is less than 0.6% (1 of the total 167 melanoma
samples for which PPP2R3B sequence data were available) and that germline SNVs within

PPP2R3B are unlikely to explain the loss of expression of PPP2R3B in melanoma.

PR70 attenuates melanoma growth in vitro

qPCR analyses of PPP2R3B expression in a panel of nine low passage melanoma cell lines derived
from lymph node metastases revealed a correlation between high PPP2R3B expression and
increased cell doubling time as measured using MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide] assay (P < 0.001, Pearson correlation, » = 0.940; Fig. 3A). Because
mutations in the BRAF, NRAS, or TP53 gene are often present in melanomas, we studied whether
there was a correlation between PPP2R3B expression and mutations in these genes. No association
was observed between PPP2R3B expression and BRAF, NRAS, or TP53 mutation status. The
MM73, MM102, and MM117 cell lines derived from human metastatic melanomas expressed low
levels of endogenous PPP2R3B, and so we transfected them each with a PPP2R3B expression
construct to analyze the gene’s effect on cancer cell line growth in 2D and 3D cultures and in vivo
in mice. Stable cell lines could be derived only from the MM117 cell line. Notably, the range of
PPP2R3B overexpression in the derived cell lines was within physiologically relevant levels

7PPP2R3B CCHS

similar to those in MM98, a cell line with high endogenous PR70 expression. MM11
expressing high levels of PR70 (Fig. 3B) displayed a more rounded phenotype in 2D cultures (fig.

S4A), a decrease in the fraction of cells in the G2-M phase cells in flow cytometry analyses, and
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a 40% increase in cell doubling time as measured by MTT assay (fig. S4B). We also examined
whether the observed correlation between high PR70 and reduced proliferation in vitro extended
to tissue samples. To this end, we analyzed 172 primary melanomas for PR70 expression and
assessed mitotic rate with the mitosis marker phosphohistone H3 (PH3) on consecutive tissue
sections. We found an increased fraction of M phase melanoma cells in tissues with low PR70

expression (P = 0.002; Wilcoxon signed-rank test).

MM117 melanoma cells with forced PR70 expression were not able to form solid spheres on a
layer of agar 72 hours after seeding (Fig. 3C). In long-term soft agar assays, forced expression of
PR70 impaired the capacity to form colonies (Fig. 3D) but without impairing the distribution of
the diameter of the spheroids that did develop (fig. S4C). The correlation between PR70 expression
levels, the ability of MM117 cells to form solid spheres, and their clonogenic capacity (Fig. 3, B
to D) suggested a dose-dependent phenotypic effect of PR70 expression. We next assessed the
effect of knocking down PR70 expression using short hairpin RNA (shRNA) targeting PPP2R3B
in three independently isolated nevus cell lines, which repeatedly resulted in cell death (fig. S5A).
However, using the same shRNA targeting PPP2R3B, we succeeded to generate stable MMS57
melanoma cells with reduced PR70 expression (MMS575"PPP2R3B) (Fig 3E). These PPP2R3B
knockdown cells displayed an increased cytoplasmic volume compared to control cells and
occasional multinucleated cells, which were not observed in the control cell population (fig. S5B).
The MMS57hPPP2R3B ¢ellg were able to form solid spheroids on soft agar (fig. S5B) and displayed
increased clonogenic capacity on soft agar (Fig. 3F). These observations, together with the ex vivo
data (Fig. 2B and fig. S2), demonstrate that PR70 loss promotes tumor progression in melanoma

but is not tumorigenic in nevus cells.
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Fig. 3. PPP2R3B expression decreased colony-forming capacity of early passage melanoma cells. (A) High
PPP2R3B expression in melanoma cells as measured by qPCR correlated with an increased doubling time of
melanoma cells (P < 0.001, Pearson correlation, » = 0.940). Expression was determined by quantitative real-time
PCR for PPP2R3B, which was normalized to the ribosomal protein lateral stalk subunit PO (RPLP0). Cell doubling
time was determined by MTT assay. Mutation status of BRAF [wild-type (WT), N581S, or V600OE], NRAS (WT or
Q61L), and TP53 [WT, R280K, or not determined (nd)] for the cell lines is as indicated. (B) Ectopic expression of
PR70 inMM117 generated three independent stable clones labeled control (Ctrl; low expression), PPP2R3B-1
(intermediate expression), and PPP2R3B-2 (high expression). Western blot analysis confirmed that ectopic
expression of PR70 in MM117 cells is comparable to endogenous levels observed in MM98, a PR70 high cell line.
Tubulin was used as a loading control. (C) A spheroid formation assay revealed that intercellular adhesion of
MM117 cells is reduced with increasing PR70 expression. (D) High PR70 expression reduced the clonogenic
capacity of MM117 in soft agar. (E) Western blot analysis confirmed reduced PR70 expression after stable
expression of two independent hairpins targeting PPP2R3B (sh-F and sh-D) in MM57 cells. Two independent
scramble sequences (Scr.1 and Scr.2) were used as controls. (F) Reduced PR70 expression increased the clonogenic
capacity of MM57 cells in soft agar.

PR70 expression reduces melanoma tumorigenicity

The poor prognostic value associated with the loss of PR70 expression in melanoma and the
growth inhibitory effect of its expression in in vitro models suggests that PR70 has a tumor
suppressor function. This hypothesis was supported by a reduction in the formation of tumors
(“tumor take”) after subcutaneous injection of control and altered MM117 cells in mice. Control
MM117°" cells displayed 87% tumor take compared to 30% for MM 117°PP2R3B-1 cells (P = 0.02,
Mann-Whitney U test) and 20% for MM 117°PP2R3B-2 ce]ls (P = 0.005, Mann-Whitney U test) (Fig.
7PPP2R3B

4A). The said hypothesis was also supported by the decreased growth rate of MMI11

tumors that did develop, relative to control MM 117" tumors (fig. S6).

Immunohistochemical quantification of melanoma cells in the M phase using PH3
immunohistochemistry (Fig. 4B) revealed that the density of mitotic cells was reduced to half in
MM117°PP2R3B tymors as compared to MMI117°"" tumors (2.2% versus 4.2%, respectively;
P=0.008, Mann-Whitney U test; Fig. 4C). Conversely, subcutaneously injected MMS570-! cells
(4 x 10°) resulted in xenograft growth in 2 of the 10 injected mice (20%), but knockdown of PR70
expression (MMS7M-PPP2R3B) increased tumor take to 40% (2 of 5 injected mice) and 60% (3 of 5

injected mice) with two different shiPPP2R3B constructs (Fig. 4D). However, the in vivo growth
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Fig. 4. PR70 expression decreased tumorigenicity in mice. (A) Ectopic PR70 expression in MM117 cells
(PPP2R3B-1 and PPP2R3B-2) reduced their tumorigenicity after subcutaneous injection. (B) MM 117 xenograft with
high PR70 expression demonstrated reduced proliferation as compared to control (left panel), as visualized by
immunohistochemical detection of the mitosis marker PH3 indicated by the brown staining. (C) Quantification of
PH3-positive melanoma cells confirmed the inverse correlation between PR70 expression and proliferation. (D)

MMS57 with silenced PR70 expression (shPPP2R3B-D and shPPP2R3B-F) demonstrated increased tumor take after
subcutaneous injection.
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profile of these cells was not strikingly different compared to that of MM570 cells (fig. S7).
The fact that knockdown of PR70 induced colony formation of MM57 cells and tumor take in vivo

and cell death in nevus cells suggests that PR70 effects are context-dependent.

Collectively, these data demonstrated that PR70 expression has a tumor growth suppressive
effect on melanoma cells and that loss of its expression is associated with a poor prognosis. The
fact that (i) the effect on survival is associated with levels of PPP2R3B mRNA and PR70 protein
expression and (ii) the PPP2R3B gene is not frequently mutated in cutaneous melanoma points to

a dose-dependent effect on tumor growth.

PR70 stabilizes the CDC6-CDT1 interaction and controls the firing of origins of DNA

replication

PP2A/PR70 has been reported to increase expression of the cell division cycle 6 (CDC6) protein,
which is essential for DNA replication, possibly as a result of the increased stability of CDC6
mediated by PR70 dephosphorylation of its NH» terminus (17). The phosphorylation of chromatin-
bound CDC6 by the cyclin-dependent kinase 2 (CDK2) and CDC6’s subsequent release and
dissociation of its interaction with chromatin licensing and DNA replication factor 1 (CDT1) is a
critically important step in the initiation of the firing of replication origins (summarized in fig. S8)
(18). Reduced PR70 expression could, therefore, impair CDC6 dephosphorylation and disrupt the
CDT1-CDC6 interaction and its inhibitory effect on the ROF and cell cycle progression.
Furthermore, PR70 has been implicated in the regulation of cell cycle progression through
dephosphorylation of the tumor suppressor retinoblastoma protein (pRb) (19); this can potentially
reduce the G1-S cell cycle transition as a result of increased sequestration of the transcription factor
E2F to nonphosphorylated pRb. Therefore, we investigated whether PR70 could regulate the firing

of replication origins through a modification of the CDC6-CDT]1 interaction.
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In MM117 melanoma cells, PR70 overexpression indeed delayed the Gi-S transition.
Whereas PR70 overexpression did not affect the exit of cells from the G2-M phase into G after
the release from a nocodazole induced M phase arrest, PR70 overexpression did result in an
accumulation of cells in G and a delayed entry into the S phase (Fig. S5A and fig. S9). We also
observed a correlation between pRb phosphorylation status and PR70 expression and between pRb
dephosphorylation and PR70 overexpression, in line with the previously observed pRb-
dephosphorylating activity of PR70 (fig. S10) (19). Because PR70 has also been reported to
dephosphorylate CDC6 (17), and because CDC6 phosphorylation results in dissociation of the
CDC6-CDTI1 complex from DNA and subsequent firing of DNA replication (20-22), we next
addressed whether PR70 overexpression stabilizes the CDC6-CDT1 complex in MMI117.
Coimmunoprecipitation experiments in MM117 did not demonstrate a PR70-induced difference
in CDC6-CDT1 interactions in nonsynchronized cells, but a strong increase in the amount of
CDC6-CDT1 complex was observed in cells that expressed high levels of PR70 18 hours after the
release from a nocodazole arrest (Fig. 5B). This observation is consistent with the accumulation
of cells in G1 and delayed entry into the S phase and thus supports the hypothesis that PR70 delays
cell cycle progression by preventing the firing of origins of DNA replication. Further evidence that
PR70 can delay activation of DNA replication was provided by chromatin association assays.
Eighteen hours after the release of MM 117 cells in culture from a nocodazole arrest, we observed
higher amounts of CDT1, CDC6, and minichromosome maintenance 10 (MCM10) that remained
associated with chromatin in PR70-overexpressing cells compared to control cells (Fig. 5C).When
PR70 was knocked down in MM57 cells, we observed a decrease in total and chromatin-associated
CDTland CDC6 (Fig. 5D). These data suggest that PR70 can attenuate progression from G1 to S

by limiting the firing of origins of DNA replication. The delay in firing is further supported by our
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Fig. 5. PR70 attenuated the G1-S transition. (A) Bromodeoxyuridine (BrdU)/propidium iodide (PI) flow cytometry
analyses revealed an accumulation of cells in G1 and delayed entry in the S phase after release from a nocodazole
arrest. A representative graph of one of three experiments is shown. (B) Ectopic expression of PR70 inMM117
generated three independent stable clones labeled control (Ctrl; low expression), PPP2R3B-1 (intermediate
expression), and PPP2R3B-2 (high expression). Immunoprecipitation (IP) and Western blotting (WB) revealed that
PR70 stabilized the formation of the CDT1-CDC6 complex after release from a nocodazole arrest. (C) Chromatin
association assays confirmed that PR70 can bind to chromatin and that this correlates with increased binding of the
CDT1-CDC6-MCM10 complex. Immunoblotting for the chromatin-associated origin of replication complex 2
(ORC2) demonstrated correct fractionation. (D) Reduced PR70 expression via sh-F decreased the binding of PR70,
CDT1, and CDC6 to chromatin. (E) HaloTag pull-down of PR70 in HEK293T cells. Cells were transfected with
empty vector (HT-EV) or vector-encoding Halo-tagged PR70 (HT-PR70), and total cell lysates (TCL) and HaloTag
pull-down samples (HT-PD) were immunoblotted for the indicated proteins.
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observation that PR70 interacts with the phosphorylated MCM10 protein in human embryonic
kidney (HEK) 293T cells (Fig. 5E). MCMI10 is required for DNA synthesis during genome
duplication and is the essential factor that recruits CDC45 to the replication complex and initiates

origin melting and DNA replication (23).

DISCUSSION

Sex is a strong prognostic factor for melanoma survival at all stages of disease (4, 5), but the
molecular mechanisms underpinning these associations remain poorly understood. Here, we
demonstrated an important role for a new gonosomal melanoma tumor suppressor,
PPP2R3B/PR70, in the firing of origins of replication and melanoma progression. Moreover, we
show that the effect of PPP2R3B/PR70 is determined by its expression level and by X chromosome

status in females.

We previously hypothesized a non-Knudsonian model of X-linked TSG inactivation or
oncogene activation in tumors. This model takes into account the specific genetics of the X
chromosome inactivation in females, including whether the gene does or does not escape
inactivation (9). This model predicts that, in males, a mutation that affects a nonpseudoautosomal
X-linked TSG requires a single hit. By contrast, the genetics differs in females. In the case of a
gene that escapes inactivation, both copies must be affected for a complete loss of function. By
contrast, for genes subject to inactivation, a single hit on the active allele would result in a complete
loss of function in females. This model has since been confirmed in several in vivo situations in
humans [for example, mutation of the WTX gene that does not escape X inactivation in a subset of
Wilms tumors (24) and somatic inactivating mutations in the demethylase-encoding UTX gene,
which escapes X inactivation in a wide range of solid tumors (25)]. Our current study demonstrates

a dose-dependent tumor suppressive effect of a nonmutated X-linked gene that escapes X
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chromosome inactivation and therefore provides supportive evidence for the continuum model for
TSGs (26). This model states that the level of gene expression, rather than the gene’s mutation

status, determines the antitumor effect of a tumor suppressor protein.

Different levels of X-linked gene expression in males and females are determined not only
by transcriptional activity but also by the gender-dependent differential regulation of their
expression. Array-based gene expression analyses in peripheral blood cells revealed striking
differences in baseline expression levels of X-linked genes in males and females as well as
differences in the up-regulation and down-regulation of expression after acute stress, such as an
acute ischemic stroke (27). Differences in gender-biased gene expression are not restricted to
gonosomes, as demonstrated by network analyses of gene expression profiles and transcription
factor binding assays in chronic obstructive pulmonary disease patients (28). Our analyses
demonstrate that loss of the Xi chromosome significantly correlated with poor clinical outcome,
whereas other chromosomal aberrations do not. Therefore, loss of this chromosome appears to
more strongly drive the malignant phenotype than do other alterations at the genome level in

melanoma.

About 15% of all genes on the Xi chromosome escape inactivation and can potentially
contribute to melanoma-promoting gene-dosage effects. We have demonstrated that one of these
escaping genes, PPP2R3B, is a critical regulator of the firing of origins of replication in a dose-
dependent manner and regulates cell proliferation, one of the most significant prognostic factors
of melanoma (3). Last, we observed that PPP2R3B expression is lower in male patients with
melanoma and on the Xi allele in female patients, therefore opening a new avenue to better

understand gender differences in this disease.
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In a genome-wide expression study of thick primary melanomas, we previously
demonstrated a role for the dysregulation of genes involved in the firing of DNA replication origins
in melanoma progression (13). Gene expression signatures that are associated with cell
proliferation (13) and enhanced expression of proteins involved in the initiation of DNA
replication (such as CDK?2) (29) and DNA unwinding (such as MCM helicases 4 and 6) (13) have
a strong prognostic value for predicting disease progression and melanoma patient survival. The
firing of origins of DNA replication is tightly regulated to duplicate DNA only once during the S
phase, thus preventing aneuploidy, and the expression and phosphorylation of CDC6 plays an
important role in this process. The observed increase in CDC6 expression in melanoma cells with
forced PR70 expression is most likely a consequence of PR70-induced dephosphorylation of pRb
[fig. S10 and (19)]. Dephosphorylation of pRb at the start of the G1 phase results in dissociation
of the pRb-E2F complex, after which, free E2F directly drives the expression of CDC6 (30).
Previously published data (21) in addition to our own data (Fig. 5) demonstrate that PR70 also
directs the dephosphorylating activity of PP2A, which prevents the release of E2F and subsequent
induction of CDC6 expression in G1. In parallel, PP2A/PR70 prevents the release of the CDT1-
CDC6 complex from chromatin (Fig. 5, B to D), thereby delaying the initiation of DNA replication

induced by the cyclin A—-CDK2 protein complex during the early S phase.

It is important to note that the tumor suppressive function of PR70 is not the only activity
that is reduced when the Xi chromosome is lost. Therefore, the cumulative effect of silencing-

escaping X-linked genes on melanoma cell biology remains unknown.

MATERIALS AND METHODS

Study design
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The aim of the study was to study the impact of molecular events associated with the X
chromosome inactivation on melanoma progression and to explore the functions of the X-linked
PPP2R3B/PR70 TSG in human clinical samples, in xenografts, and in melanoma cell lines.
Primary tumors and metastases were evaluated by microscopic techniques. Tumor cell markers,
cell proliferation, and X chromosome status were monitored with routine histology,
immunohistochemistry, FISH, cell proliferation assay, flow cytometry, spheroid formation assay,
and soft agar colony formation assay. PPP2R3B functions and protein interactions were explored
ex vivo and in vitro in melanoma cell lines by immunohistochemistry, immunoblotting, HaloTag
pull-down, and chromatin-binding assays. For in vivo experiments, human melanoma cell lines
were grafted under the skin of 5- to 6-week-old mice; the mice were sacrificed when moribund

because of tumor burden. Gene expression was studied by qPCR.

Tumor specimens

Frozen primary tumor samples (snap-frozen and stored at —70°C) from melanoma patients (33
females and 16 males) with well-documented follow-up data were retrieved from the pathology
archive at the University Hospitals Leuven (Leuven, Belgium). These tissues are part of a larger
collection of samples that were previously used to identify a set of 254 genes whose expression
correlates with DMFS at 4 years. All tissues were reviewed by two expert melanoma pathologists
(J.v.d.O. and A.S.). The clinical and histopathological characteristics are summarized in table S1.
Pairs of lymph node metastasis and noninvolved lymph nodes and 20 additional primary

melanomas were retrieved from the Leuven pathology archive for PPP2R3B mutation analysis.

TMAs of primary melanoma were obtained from the Department of Dermatology,
University Hospital Essen (Essen, Germany); the Department of Tissue Pathology and Diagnostic

Oncology, the Royal Prince Alfred Hospital, the University of Sydney (Sydney, Australia); the
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Department of Immunology, Genetics, and Pathology, Uppsala University (Sweden); and the
Laboratory of Translational Cell and Tissue Research, University of Leuven (Leuven, Belgium).
The TMAs of melanoma metastasis from females were generated by the Laboratory of
Translational Cell and Tissue Research, University of Leuven. Informed consents and institutional

review board approval were obtained as per the protocols of the different institutes.

Array-based comparative genomic hybridization

The frozen tissue samples for array CGH (aCGH) were retrieved from the pathology archives at
the University Hospitals Leuven. At the time of sampling, representative parts from primary and
metastatic lesions were snap-frozen in liquid nitrogen—cooled isopentane and stored at —80°C until
used. Sampling, storage, and use of these samples were performed according to requirements of
the local ethical committee. DNA and RNA were prepared from the same frozen tissue samples.
First, RNA was extracted from 20 to 40 frozen tissue sections (10 mm) each containing >70% of
melanoma cells using the Qiagen RNEasy Mini Kit, followed by DNA extraction from the flow-
through phase of the RNA extraction procedure. The DNA was purified using the ChargeSwitch
Forensic DNA Purification Kit protocol (Invitrogen). Concentration and purity of DNA and RNA

were determined by using the NanoDrop 100ND-1000 Spectrometer (Thermo Fisher Scientific).

DNA was enzymatically digested by Alu I and Rsa I, quantified, and concentrated when
necessary. Fragmented DNA (500 ng) was labeled by random priming for 1 hour. Sample DNA
was labeled with Cy5-dUTP (deoxyuridine triphosphate), and commercial DNA (Promega) of the
same sex was labeled with Cy3-dUTP. After 40 hours of hybridization at 65°C, the Agilent 244K
high-density oligoarrays (G4411B) were washed with Agilent Wash Buffers 1 and 2 and dried
with a nitrogen pulse gun. Scan of arrays was performed on an Agilent G2565 BA scanner

(Agilent) with a resolution of 5Smm, using 100% of the photomultiplicator power for both signals.
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Acquisition of spot intensities, rank-mode normalization, and log2-based ratios
computation were performed using Feature Extraction v9.1.3.1 (Agilent Software). An in-house
filter discarding a defined list of probes with erratic values was applied (methods should be
published later). Calls for gains and losses of genomic parts were performed using the ADM-2
algorithm of CGH Analytics v3.4 (Agilent Software) with the following parameters: threshold, 6;
minimum probes, 2; and minimum base-2 logarithm (log2), 0.25. Log2 values of each defined

segment were then re-affected to each probe it handles.

The public data set of the melanoma bacterial artificial chromosome—based aCGH study
GSE2631 (31) was retrieved from Gene Expression Omnibus (www.ncbi.nlm.nih.gov/geo/). Calls
for gains and losses of genomic parts were performed on these data using the package DNA copy
(32), with the “undo” method active and the “undoSD” value set to 1.4. The frequency plots were

obtained using the aCGH package v1.10.0 under the R statistical language (www.r-project.org).

The hierarchical clustering of samples was performed under R, using Euclidean distances and
Ward’s collection method. The stability testing of the resulting dendrogram was performed using

the pvclust (v1.3.0) package for R (33).

The comparison of populations and their aberrations according to clinical annotations were

performed using ¢ test on each probe. Corresponding plots were generated using aCGH.

Because genomic probes are, by definition, linked by their position on the genome, false
discovery rate (FDR) computation methods for P value adjustment are not efficient on data
provided by high-density CGH oligoarrays. Thus, FDR adjustment of P values was performed on
these data using the Benjamini-Hochberg method, but raw P values were used for significance

filtering.
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Quantitative polymerase chain reaction

The reporting on the qPCR method adheres to the MIQE (Minimum information for publication
of quantitative real-time PCR experiments) guidelines (34). The absence of DNA contamination
and RNA integrity that was extracted from the frozen tissues was assessed on a Bioanalyzer
(Agilent Technologies). RNA integrity numbers higher than 7.5 and, in most cases, higher than 9
were obtained. Complementary DNA (cDNA) was synthesized from 1 mg of total RNA using
TaqMan Reverse Transcription Reagent (Life Technologies) using random hexamers according to
the manufacturer’s instructions in a final volume of 10 pul. cDNA was diluted 10 times with water,
and 5 pl of the diluted cDNA was used for subsequent qPCR performed using TagMan hydrolysis
probes according to the manufacturer’s instructions via manual mixing of the reagents. The
following hydrolysis probe was used for the quantification of PPP2R3B expression:
Hs00203045 ml1, RefSeq NM_013239.4, exon spanning primers, exon boundary 7-8, assay
location 1302, and amplicon length 61. As a reference gene, a hydrolysis probe (Hs99999902 ml,
exon junction primer, RefSeq NM 001002.3, exon boundary 3-3, assay location 268, and
amplicon length 105) toward RPLPO was used. qPCR was performed on an Applied Biosystems
7500 Fast Real-Time PCR System in a final volume of 20 pl in a 96-well format with the following
cycling parameters: 50°C for 2 min, 95°C for 10 min, followed by 40 cycles of 95°C for 15 s and
60°C for Imin. Preliminary standard curve experiments using cDNA created from tissue in which
PPP2R3B was expressed demonstrated that the slope, r*> of the calibration curves, and
amplification efficiency (E) of PPP2R3B and RPLPO were —3.410, 0.99, and 96.45%, and —3.375,
1.00, and 97.83%, respectively. Quantification cycle (Cq) values for “no input” control was >40

for both targets in all assays.
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The range of RPLP0 Cq values was 23.7 to 32.9 with an intraexperimental coefficient of
variation (CV) of 0.02 to 1.24%. The range of PPP2R3B Cq values was 28.9 to 33.9 with a CV of
0.01 to 0.9%. For each sample, normalized expression was determined and adjusted for the
different amplification efficiencies (E) according to (Erarger) ACq™eet (control-sample);

(Eref) AC qref(control-sample).
NCBI Genotypes and Phenotypes Database, data set phs000452.v1.p1

The Melanoma Research Project files were downloaded from the Sequence Read Archives at the
NCBI. SAMtools was used to extract aligned reads for chrX:294,668-348,790 spanning the
regulatory and transcription region of the PPP2R3B gene. The function mpileup from SAMtools
was used for SNP and INDEL calling, using the 1000 Genomes build GRCh37 as the reference

genome.

The frequency of SNVs at each position for all individuals was calculated independently
for the tumors and the matched blood samples. The following criteria were used for each call for
inclusion in the frequency calculation: read depth of at least 4, a quality control call above 20, and
the presence of the variant allele in greater than 12.5% of the reads. The frequency of each variant

was then compared in tumor, matched blood, and the reference genome.
PR70 immunohistochemistry

PR70 immunohistochemistry followed the REMARK (Reporting Recommendations for Tumor
Marker Prognostic Studies) guidelines (35). Tissue samples were cut at 4 um, placed on
SuperFrost/Plus slides (Thermo Fisher Scientific), and dried overnight at 37°C. The slides were
then loaded onto the Discovery XT Autostainer (Ventana Medical Systems). All solutions used for

automated immunohistochemistry were from Ventana Medical Systems. Slides were
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deparaffinized with xylene and subjected to heat-induced epitope retrieval [tris/borate/EDTA
buffer, pH 8.0 to 8.5 (Cell Conditioning 1, Ventana), 60 min at 37°C]. Following automated
preincubation steps, rabbit polyclonal anti-PPP2R3B (clone 70) (Aviva Systems Biology) at 0.5
mg/ml in antibody diluent (Ventana Medical Systems) was added for 32 min at 37°C, followed by
detection with Omnimap anti-rabbit horseradish peroxidase (HRP) and 3,3-diaminobenzidine. A
negative control was performed by the omission of the primary antibody. Slides were
counterstained with Gill’s hematoxylin no. 1 for 4 min, blued with Bluing Reagent (lithium
carbonate solution, Ventana Medical Systems) for 4 min, removed from the autostainer, washed
in warm soapy water, rinsed extensively with water, dehydrated through graded alcohols, cleared
in xylene, and mounted with Permount. Sections were analyzed by conventional light microscopy.
The results were analyzed in a semiquantitative manner (0, absence of nuclear staining; 1+, weak
nuclear staining observed at 20x magnification; 2+, moderate nuclear staining not obstructing
nuclear details observed at 4x magnification; and 3+, intense nuclear staining obstructing nuclear
details). These cutoffs were determined in a study set of 60 primary melanomas regrouped in TMA
and then analyzed in the study population composed of 234 annotated primary melanomas grouped

in TMA:s.

DNA and RNA FISH

DNA FISH for visualization of the X chromosome centromere and RNA FISH for XIST and
PPP2R3B RNA were performed on 4-um consecutive sections of formalin-fixed, paraffin-
embedded tissues. Following deparaffinization through toluene and graded alcohol baths, the X
chromosome centromere was hybridized with a fluorescent probe from Vysis (cepX
SpectrumOrange, Abbott Molecular) according to the manufacturer’s instructions. Stellaris RNA

FISH probes were purchased from Biosearch Technologies for the detection of XIST and
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PPP2R3B RNA according to the manufacturer’s instructions. All slides were mounted with
medium containing DAPI (Abbott Molecular), and images were captured with a Zeiss AX10
microscope equipped with a CV-M4+ monochrome megapixel camera (Jai Inc). The number of
nuclear signals was counted to determine the number of X chromosomes (cepX), number of
inactivated X chromosomes (XIST), and actively transcribed PPP2R3B alleles (PPP2R3B) in at

least 100 nuclei of tumor cells per sample.

Cell lines

Early passage melanoma cell lines derived from lymph node metastasis (MM) were provided by
G. Ghanem (Institut Jules Bordet, Brussels, Belgium) and cultured in Ham’s F10 medium (Wisent)
supplemented with 10% heat-inactivated fetal bovine serum (FBS) (Wisent) at 37°C and 5% CO?2.
All MM cell lines were derived from female melanoma patients. Bimonthly tests for mycoplasma
demonstrated the absence of contamination. MM117 cells stably expressing PPP2R3B were
generated by a Lipofectamine-mediated transfection of pPCMV6-PPP2R3B-Flag plasmid (OriGene

#R(C222908), followed by neomycin (0.5 mg/ml) selection of stably expressing clones.

A set of pLKO.1-shRNAplasmid encoding shRNA with a scrambled sequence or
sequences targeting human PPP2R3B (NM_013239) was purchased from Open Biosystems. After
first-round selection in MM57 melanoma cells, ShRNA clones sh-PPP2R3B TRCN0000006924
(5-ATGGCGACGAACTTGTGGACG-3") and sh-PPP2R3B TRCNO0000011056
(5'TAGAAGGTCGGAATGCTTTGG-3") designated as Sh-PR70-D and Sh-PR70-F,
respectively, were chosen for lentivirus production on the basis of knockdown efficiency following
the protocol described in the RNAi Consortium Protocols Section II (The RNA Consortium). Then,
these viruses were used to infect MMS57 melanoma cells. Stable shRNA-expressing cells were

finally selected with puromycin (1 mg/ml) and were used for further analysis.
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In vitro cell proliferation assay

MTT assay was used to determine the proliferation rate and calculate the doubling time for the cell
lines. Briefly, cells were seeded in 96-well plates (5 x 103 cells per well per 100 pl) in culture
medium containing 10% FBS for 24, 48, 72, and 96 hours. At the end of incubation, MTT [20 pl
per well of MTT (5 mg/ml) in phosphate-buffered saline (PBS)] was added to each well, and plates
were incubated in the dark for 3 hours at 37°C. After removal of the medium, the dye crystals were
dissolved with acidified isopropanol and then the absorbance was measured at 590-nm wavelength
with a FLUOstar Optima microplate reader (BMG LABTECH). Experiments were repeated three
times in quadruplicate wells to ensure the reproducibility of results. The doubling time was
calculated for each cell line using the equation N¢ = No2ir, where Ny is the number of cells at time
t, No is the initial number of cells, t is the time in days, and f is the frequency of cell cycles per

day.
Cell cycle analysis

Nonsynchronized and nocodazole (200 nM)—synchronized subconfluent cells were harvested and
washed twice with PBS. Pellets were resuspended in 1 ml of PBS, fixed in 70% ethanol, and
incubated overnight at —20°C. Cells were collected by centrifugation and washed once with PBS,
and the pellets were suspended in 0.5 ml of PI (50 pg/ml) containing RNase A (0.1 mg/ml; Sigma).
The cell suspension was incubated in the dark for 30 min at room temperature and subsequently
analyzed on a BD LSRFortessa flow cytometer for DNA content. The percentage of cells in

different phases of the cell cycle was determined using FlowJo version 10.6 software.

For the BrdU-labeling experiment, cells were nocodazole (200 nM)— synchronized for 24

hours. Subsequently, cells were maintained in complete medium for the indicated time periods and



76

then pulse-labeled with BrdU (10 mM) for 45 min. Thereafter, cells were fixed in 70% ethanol,
incubated with BrdU DNA-specific antibody, stained with PI as above, and subjected to flow

cytometric analysis.
Spheroid formation assay

For spheroid formation, 1 ml per well of cell suspensions (3 x 10° cells/ml) was dispensed onto
the bottom agar layer (1%) in six-well plates. Plates were then incubated for 3 days at 37°C, 5%

CO2, and 95% humidity. Images were captured using an AMG-EVOS FL microscope.
Soft agar colony formation assay

Anchorage-independent growth was assessed by colony formation on soft agar. Briefly, cells (5 x
10° cells per well) were suspended in 1.5 ml of 0.35% agar solution in Ham’s-F10/10% FBS
medium and overlaid onto the bottom agar layer (0.5%) in six-well plates. Top agar was then
covered with 1 ml of complete culture medium. Plates were incubated at 37°C and 5% CO2 in a
humidified incubator for 3 weeks, and medium was refreshed every 3 to 4 days. Colony formation
was observed by light phase-contrast microscope, and the number of colonies greater than 60 pm
in diameter was counted using the GelCount colony counting system (Oxford Optronix) according
to the manufacturer’s instructions. Means and SDs were calculated on the basis of the colony

counts from triplicate wells.
In vivo growth assay

Mice were injected subcutaneously with vector-transfected control MM 117 cells (2 x 10°) on the
left flank and cells stably expressing PPP2R3B (2 x 10°) on the right flank. Two independently
isolated clones overexpressing PPP2R3B were tested [MM117/PPP2R3B-1 (10 mice) and

MM117/PPP2R3B-2 (5 mice)]. MM57cells (2 x 10°) stably expressing sh-PPP2R3B were injected
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subcutaneously [MM57/sh-D (5 mice) and MMS57/sh-F (5 mice)] on the right flank with sh-
scramble control-transfected cells on the left flank. Tumor growth was monitored biweekly with a
caliper (L x W?/2). Mice were housed and handled according to the local ethical guidelines of the

McGill University (protocol approval no. 2011-7012).
Immunoblotting

For immunoblotting, cells were washed twice with ice-cold PBS and lysed in
radioimmunoprecipitation assay buffer (50 mM tris-HCI, 150 nM NaCl, ImM EDTA, 1mM DTT,
0.1% Tween 20, and protease and phosphatase inhibitors). After 20 min of incubation on ice,
samples were sonicated and the lysates were cleared by 10 min of centrifugation at 4°C. Protein
concentration was quantitated using a BCA (bicinchoninic acid) protein assay (Pierce). Equal
amounts of protein were separated on SDS—polyacrylamide gel electrophoresis (PAGE) and
transferred onto polyvinylidene difluoride (PVDF) membranes. Membranes were blocked
overnight in tris-buffered saline containing 0.1% Tween 20 and 5% BSA at 4°C. Blots were
extensively washed and probed with the primary antibodies followed by HRP-conjugated
secondary antibody. Blots were washed extensively and developed with chemiluminescent
substrate in the presence of hydrogen peroxide using Immun-Star WesternC Chemiluminescent
Kit (Bio-Rad), and imaging was performed with a ChemiDoc XRS System (Bio-Rad). The primary
antibodies used were as follows: a rabbit polyclonal anti-PPP2R3B antibody at 1:2000 (ab72027;
Abcam), a mouse monoclonal anti-Cdtl antibody at 1:2000 (SC-365305; Santa Cruz
Biotechnology), a rabbit polyclonal anti-Cdc6 antibody at 1:2000 (GTX108979; GeneTex), a
rabbit polyclonal anti—pCdc6-Ser54 antibody at 1:2000 (SC-12920R; Santa Cruz Biotechnology),
a rabbit polyclonal anti—-pCdc6-Ser74 antibody at 1:1000 (SC-12921; Santa Cruz Biotechnology),

a rabbit polyclonal anti-Geminin antibody at 1:2000 (#5165;Cell Signaling), a rabbit polyclonal
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anti-ORC2 antibody at 1:10000 (#559266; BD Pharmingen), a rabbit polyclonal anti-Rb antibody
at 1:2000 (ab6075; Abcam), and a rat monoclonal (LY1/2) anti-tubulin antibody at 1:7000

(ab6160; Abcam).
HaloTag pull-down

HEK293T cells were transfected with HaloTag empty vector or vector encoding Halo-tagged
PR70. HaloTag fusion proteins form highly specific and irreversible bonds with the HaloLink
Resin. Pull-downs were performed according to the manufacturer’s specifications (HaloTag

Mammalian Pull-Down Systems, Promega).
Chromatin-binding assay

Cells (2 x 107) were harvested and lysed in 1 ml of lysis buffer containing 100 mM Hepes/KOH
(pH7.4), 300 mM sucrose, 100 mM NaCl, 3 mM MgCI2, 0.5% NP-40, 1 mM CacCl2, protease
inhibitors [ mM phenylmethylsulfonyl fluoride, aprotinin (10 pg/ml), and leupeptin (10 ug/ml)],
and phosphatase inhibitors (1 mM Na3VO4 and 1 mM NaF). Lysates were incubated on ice for 15
min. Soluble fractions were obtained as supernatant after low-speed centrifugation (400g for 3 min
at 4°C). Pellets were washed twice with 1 ml of lysis buffer for 5 min on ice and centrifuged again
to obtain a chromatin-enriched fraction. Chromatin pellets were then resuspended in lysis buffer,
and the concentration of NaCl was adjusted to 420 mM plus 2% Triton X-100. After 20 min of
incubation on ice, samples were sonicated. Equal amounts of protein were separated by SDS-

PAGE (10%) and transferred to PVDF membranes and immunoblotted.
Statistical analyses

All values were presented as means = SEM. IBM SPSS Statistics software (version 23.0; o < 0.05)

was used for statistical analyses. x> and Fisher’s exact tests were used for immunohistochemical
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staining. Log-rank was used for survival analyses. Mann-Whitney U test was used for PR70
expression, gender, Xi status, tumor take, and cell lines. Pearson correlation was used to study

linear correlation between PR70 expression, tumor growth, and tumorigenicity in vivo.
Supplemental Tables and Figures

Table S1. Patient and sample characteristics.

Age 13 16 20
Median (m, range) 67 (1- 89) 67 (33-93) 63(43- 92)

Sex 13 16 20
Female 11 | 85% 10 | 63% 12 | 60%
Male 2| 15% 6 | 38% 8 | 40%

Breslow

Median (m,range) | 7(2.1-18.6) 1.45 (0.5 -17.1) 3.6(1.8-8.2)

Mitotic rate 13 16 20
Low (between 1 and 6 / mm?) 2| 15% 12 | 75% 10 | 50%
High (more than 6 / mm?2 ) 11 | 85% 4 | 25% 10 | 50%
BRAF mutation stafus 13 16 20
Positive 5| 38% 3|19% 14 | 70%
Negative 8 | 62% 13 | 81% 6 | 30%
NRAS mutation status 13 16 20
Positive 2 | 15% 1 6% 1 5%
Negative 11 | 85% 15 | 94% 19 | 95%
Distant metastasis-free survival 13 16 20
Positive 2| 15% 12 | 75% 15 | 75%
Negative 11 | 85% 4 | 25% 5| 25%
Death 13 15 19
Positive 10 | 77% 6 | 40% 9 | 47%
Negative 3| 23% 9 | 60% 10 | 53%
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Fig. S1. Clustering of aCGH profiles
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Fig. S2. PPP2R3B and PR70 expression in melanoma.
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Fig. S3. Schematic presentation of newly identified SNVs in PPP2R3B. Schematic presentation
of the PR70 protein and the PPP2R3B gene and coding region SNVs. Five known (open
triangles) and two new non-synonymous SNV (black triangles) were identified in 10 pairs of
lymph node metastates and normal lymp nodes. The number on brackets identifieds the number
of cases in which the SNV was detected. All variants that were indentified in the tumor, were
also present in DNA isolated form normal lymph nodes (no involvement of tumor) from the
same patient.
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Fig. S4. Effect of PR70 expression on MM117 melanoma cells.
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Fig. S5. Effect of PR70 down-regulation on cell morphology.

" dendrites * GCN008 Crosstabulation
] GCNOOS
B0 Scr shC Total
50 g dendrites 2 Count 50 110 160
o | % within GCNDO& 291% 73,3%
3 Count 74 3g 13
T ° % within GCNO0S 43,0% 26,0%
g o z ) Count KR 1 10
2™ - ] % within GCNOOS | 22,7% 0,7%
1o 5 Count 2 1] 2
o] % within GCNOOS 1,2% 0,0%
o ‘::; 6 Count 7 0 7
% within GCNDO& 41% 0,0%
] Total Count 172 150 322
ar] % within GCNOO8 | 100,0% | 100,0% | 100,0%
Tk 200 300 40 500 500 700

# dendrites per cell

sh-Scrambled

Hp
&

2D

3D on agar



85

Fig. S6. PR70 expression decreased tumorigenicity of MM 117 melanoma cells in mice.
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Fig. S7. Decreasing PR70 expression in MMS57 melanoma cells increased their in vivo growth

capacity.
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Fig. S8. Schematic presentation of the firing of origins of replications.
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Fig. S9. Flow cytometry cell proliferation data following the release after a nocodazole arrest of
MM117 cells with low (MM117™) or high (MM 117°PP2R3B) PR70 expression.
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Fig. S10. PR70 dephosphorylates pRb.
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Chapter 4- Characterization of FOXP3 isoforms in melanoma
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Introduction

FOXP3 is a member of the forkhead/winged-helix family of transcription regulators and is
an important transcription factor in T-cell differentiation. It is involved in the generation of natural
T-regulatory cells in the thymus and induced T-regulatory cells in the periphery. The human
FOXP3 gene contains an 188 bp 5’ untranslated region, a 1293 bp open reading frame and a 388
bp 3’ untranslated region (Brunkow et al., 2001). The gene, located on chromosome Xp11.23,
contains 11 coding exons and is translated into a 431 amino acid protein. Hemizygous or
homozygous germline mutations in FOXP3 lead to severe, fatal autoimmune disease in mice and
humans. Immune dysfunction, polyendocrinopathy, enteropathy and X-linked inheritance (IPEX)
is a syndrome associated with autoimmune enteropathy, polyendocrinopathy, atopic dermatitis,
and fatal infections. At least 8 different mutations in FOXP3 have been identified that result in
IPEX including premature truncating mutations, frameshift mutations, an amino acid substitution
in the forkhead domain and a mutation involving the polyadenylation signal (Bennett et al.,
2001a&b). The severe autoimmune responses that result from mutations in FOXP3 highlight the
critical role that this transcription factor plays in regulating cytotoxic T-cells that recognize self-
antigens. FOXP3 is also important in curbing lymphocyte activity at the end of a normal
physiologic inflammatory response. Interestingly some tumor cells have been shown to take

advantage of this immunosuppressive effect by expressing FOXP3 to avoid detection and/or

destruction by innate or adaptive anti-tumor immune cells.

It is not known if melanoma cells expressing FOXP3 can lead to modulation of the immune
microenvironment. This could have an important effect on patient outcome because the degree of
tumor infiltrating lymphocytes (TILs) in primary melanoma tumors has been shown to be a

significant prognostic factor. The survival rate at 8 years is 77% for patients with a brisk infiltrate,
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compared to 53% for tumors with a non-brisk infiltrate, and 37% for tumors that display no
significant infiltrate of TILs (Crowson, Magro, & Mihm, 2006). Nevi tend to have little, if any,
infiltrating lymphocytes. Dysplastic-type nevi and radial growth phase melanomas are typically
associated with more TILs than other nevi, vertical growth phase melanomas and melanoma
metastases (Mourmouras et al., 2007). This peak in TILs in pre-malignant and early malignant
melanocytic lesions suggests that immunotolerance is an early event in tumor genesis. Further
characterization of the composition of the infiltrate showed that in all lesions the majority of the
lymphocytes were CD4+ T-lymphocytes with little to no B-cells and CD8+ cytotoxic T-cells. The
mechanism of immunotolerance that develops in melanoma is not known. One way that melanoma
cells can evade detection is by downregulating antigen presentation. Cells with high antigenicity
will be attacked by the immune system resulting in clonal selection of cells with lower antigenicity.
Alternatively, the melanoma cells can release factors that alter the inflammatory infiltrate to
promote immune evasion. There are two possible mechanisms by which melanoma cells
expressing FOXP3 can modify the tumor microenvironment to evade the immune system. As a
transcription factor, FOXP3 can modulate the expression of chemokines/cytokines that have direct
suppressive effects on cytotoxic CD8+ T-cells or other innate anti-tumor cells such as natural killer
cells. FOXP3 can also prevent a robust anti-tumor response by recruiting and/or stimulating
suppressive T-cells, such as T-regulatory cells, to indirectly suppress the anti-melanoma
inflammatory cells. In pancreatic cancer, FOXP3 expression in tumor cells was shown to inhibit
T-cell proliferation in coculture experiments (Hinz et al., 2007). Given the prognostic importance
of TILs in melanoma, it would be useful to know if FOXP3 expression by tumor cells can affect

the T-cell infiltrate in the microenvironment of melanoma.

In addition to determining if FOXP3 regulates genes that attract and/or suppress infiltrating
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lymphocytes, it is also important to investigate FOXP3’s effect on the transcription of other genes
involved in the biology of melanoma. The role of FOXP3 as a transcription factor has been most
thoroughly characterized in T-regulatory cells with the identification of 5579 targets in the human
genome by chromatin immunoprecipitation array profiling (CHIP) (Sadlon 2010). In cancer
FOXP3 has been shown to directly repress several oncogenes such as Her2/ErbB2, SKP2, c-Myc
and SATBI1 (Zuo et al., 2007; Zuo et al., 2009; Wang et al., 2009). In addition to repressing
transcription of important oncogenes, FOXP3 also acts as a transcriptional activator of major
tumor suppressor genes such as BRCA1, p21, p18 and ARHGAPS (R. Liu et al., 2009; Li et al.,
2013). In breast cancer cell line MCF7, FOXP3 was shown to significantly upregulate 508 genes
and downregulate 216 genes (R. Liu et al., 2009). This list of upregulated genes in breast cancer
was cross referenced with the genes that were shown to have a CHIP-hit in the Sadlon (2010) paper
and that were found to be differentially expressed in primary melanomas (Winnepenninckx et al.,
2006 and Harbst et al, 2012) to identify a list of 16 potential FOXP3 gene targets that are relevant
to melanoma biology (supplemental figure 1). Additionally, genes involved in epithelial-
mesenchymal transition (CDH2, ZEB1), melanocyte differentiation (TYRP1, MITF) and immune
suppression/evasion (CTLA4, PDL1) were tested for differential regulation by FOXP3. Given that
FOXP3 has been shown to bind to the promoter of more than 5000 genes it is not surprising that
FOXP3 has been shown to play different roles in different cell types. Whether FOXP3 behaves as

a tumor suppressor or an oncogene in melanoma has yet to be elucidated.

After investigating the effect of full length FOXP3 on these gene targets, it is important to
examine if the known isoforms of FOXP3 are associated with a different magnitude or direction
or gene expression. In natural T-regulatory cells two isoforms of FOXP3 are typically expressed;

full length and a variant lacking exon 3 (FOXP3AE3). In addition to these isoforms, several other
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splice variants have been discovered in breast cancer cell lines including FOXP3AES,
FOXP3AE3AE4 and FOXP3AE3AES (Zuo et al., 2007). These isoforms have the potential to show
differential regulation of gene targets because these exons are found in different functional
domains of the protein and contain nuclear import and export signals that can affect subcellular

localization.

There are four distinct structural domains of FOXP3. Starting from the amino terminus
there is the repressor, zinc finger, leucine zipper and forkhead domains (figure 1). The N-terminal
proline-rich domain is important for repression of transcription (Lopes et al., 2006; Ziegler, 2006)
and is unique to FOXP3. The remaining 3 domains are common to other members of the FOXP
subfamily: FOXP1, FOXP2 and FOXP4 (Lopes et al., 2006). FOXP3 has shown to homo and
heterodimerize with other members of the family through the leucine zipper domain (Wang et al.,
2003). Coimmunoprecipitation experiments by Lopes et al. revealed that the leucine zipper domain
is both necessary and sufficient for homodimerization to occur. The CoH: zinc finger domain,
based on the role of zinc fingers in general, it is thought to be involved in protein-DNA
interactions. The forkhead domain is responsible for DNA binding and it contains a nuclear

localization signal (NLS) (Schubert et al., 2001). Based on the location of the removed exons, the

N — —I—  — - C

MPNPRPGKPSAPSLALGPSPGASPSWRAAPKASDLLGARGPGGTFQGRDLRGGAHASSSSLNPMPP
PPTTATGVFSLKARPGLPPGINVASLEWVSREPALLCTFPNPSAPRKDSTLSAVPQSSYPL
LANGVCKWPGCEKVFEEPEDFLKHCOADHLLDEKGRAQCLLQREMVQSLEQQLVLEKEKLSAMQAHLAGKMALTKASSVASSDKGSCCIVAAGS
QGPVVPAWSGPREAPDSLFAVRRHLWGSHGNSTFPEFLHNMDYFKFHNMRPPFTYATLIRWAILEAPEKQRTLNEIYHWFTRMFAFFRNHPATW
KNAIRHNLSLHKCFVRVESEKGAVWTVDELEFRKKRSQRPSRCSNPTPGP

Figure 1: Schematic diagram and sequence of human FOXP3 protein domains. Blue- proline-rich transcriptional
repressor domain (Light blue- general transcription repressor, Dark blue- NFAT transcription repressor); Green-
C,H> zinc-finger domain; Leucine zipper domain; Red- forkhead domain; Single underline- nuclear export signals,
double underline- nuclear localization signal.
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FOXP3AE3, FOXP3AE3AE4 and FOXP3AE3AES isoforms may show differential expression of
transcription targets because they contain changes in the protein sequence of the repressor domain
compared to FOXP3 full length. The FOXP3AES8 variant may show impaired dimerization or a
different affinity for bindings partners based on its interruption of the leucine zipper domain.
FOXP3AE3AE4 is a prematurely truncated protein that is hypothesized to lose its DNA-binding
capacity secondary to loss of the forkhead domain. Whether or not these isoforms are present in

melanoma is not known and their functional significance is unclear.

The isoforms also have the potential to impact the function of the FOXP3 protein by
affecting its subcellular localization. It has been shown that the many of the somatic mutations that
occur in FOXP3 in tumors have an effect on subcellular localization. Importantly, localization to
the cytoplasm has been demonstrated to abrogate FOXP3’s suppressive effect on proliferation
(Wang, Liu, Ribick, Zheng, & Liu, 2010). It makes sense that where the transcription factor is
situated affects its function. When it is located in the nucleus it is available for gene transcription
and when it is in the cytoplasm it can sequester binding partners and prevent them from entering
the nucleus. Originally FOXP3 was found to reside exclusively in the nucleus of several different
cell types. A nuclear localization signal was identified in exon 12 that was both necessary and
sufficient for FOXP3 translocation into the nucleus (Lopes et al., 2006). Another group identified
two nuclear export signals and showed that the localization of FOXP3 is cell-line specific (Magg,
Mannert, Ellwart, Schmid, & Albert, 2012). They demonstrated that a mutation of the export
signals slowed the kinetics of FOXP3 translocation to the cytoplasm and increased the suppressive
capacity of T-cells. A double mutant affecting both nuclear export signals remained in the nucleus
for as long as the protein was detectable. These findings are pertinent to an isoform-specific effect

because the nuclear export signals are located in exons 3 and 8 and thus they are disrupted in the
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FOXP3AE3, FOXP3AE3AE4 and FOXP3AE3AES8 variants (figure 2). Additionally the
FOXP3AE3AE4 isoform does not contain the NLS signal in exon 12 so this isoform may never
gain access to the nucleus. It is important to investigate which subcellular compartment the

isoforms localize to in melanoma because this impacts protein function.

Repressor

Nuclear import signal

empty vector

FOXP3-FL
FOXP3-A3
FOXP3-A8

FOXP3-A3/4

FOXP3-A3/8

Figure 2: Schematic diagram of Katushka-tagged FOXP3 isoforms with the location of nuclear export signals
(orange stars) and nuclear import signals (yellow).

Methods

FOXP3 endogenous mRNA and protein expression in melanoma cell lines:

Cell lines used include cutaneous melanoma cells lines (MM46, MMS50, MM57, MM71, MM73,
MM74, MM79, MM9%4, MM102, MM104, MM111, MM117, A375M, DAUV, 451Lu, MV1,
MV3, SKMel-28, BLM, M24MET and LMMel34) and uveal melanoma cells lines (OCM-1, UW-
1, 92.1, MKT-BR and SP6.5). Cells were cultured in media (DMEM, Ham’s F-10 or RPMI 1640

depending on the cell line) containing 10% fetal bovine serum. The cells lines were screened by



103

end point and qPCR for FOXP3 mRNA expression levels. RNA was extracted using a Qiagen
RNeasy Mini Kit and eluted in 30uLs of RNase-free water. The concentration and purity of RNA
was analyzed by using the Thermo Fisher Scientific NanoDrop 100ND-1000 Spectrometer. cDNA
was synthesized using a Bio-Rad iScript Select Kit. End point PCR reactions were performed
using Bio-Rad iTaq polymerase in a Bio-Rad thermocycler with a total reaction volume of 25uL.
qPCR was performed on an Applied Biosystems 7500 Fast Real-Time PCR System in a final
volume of 20 pl in a 96-well format. The expression of FOXP3 isoforms in melanoma cell lines
was further characterized by Sanger sequencing performed at Genome Quebec. Protein for
Western Blots was extracted using radioimmunoprecipitation assay buffer (150 mM NaCl, 50 mM
tris (pH 8.0), 1% triton X-100, ImM DTT, 0.5% Na deoxycholate, 0.1% SDS, aprotinin, leupeptin,
PMSF and phosphatase inhibitor mix). Protein concentration was quantitated using a BCA
(bicinchoninic acid) protein assay (Pierce). Equal amounts of protein were separated on SDS—
polyacrylamide gel electrophoresis (PAGE) and transferred onto polyvinylidene difluoride
(PVDF) membranes. Membranes were blocked using 5% milk and probed with the primary
antibodies followed by HRP-conjugated secondary antibody. Blots were developed with
PerkinElmer Western Blot Chemiluminescence Reagent.

Exogenous localization of FOXP3 isoforms in melanoma:

To observe subcellular localization of FOXP3 by fluorescent microscopy, GFP-tagged FOXP3
constructs were transfected into melanoma cell lines using lipofectamine. Viral constructs of
Katushka-tagged FOXP3 isoforms were generated using the Invitrogen Lentiviral Protocol in
293FT cells according to the manufacturer’s instructions and infected into melanoma cell lines.
Images were captured using an AMG-EVOS FL microscope.

FOXP3 isoform effect on gene targets:
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Endogenous FOXP3 and CTLA4 mRNA expression were assessed by qPCR in 29 melanoma cell
lines. GFP-tagged-FOXP3 full length was then overexpressed by transfection in two melanoma
cell lines (451Lu and MM 117) and after 48 hours the cells were harvested and qPCR was run with
primers towards sixteen targets of interest (see supplemental figure 1 for list of targets and primer
sequences). An additional two cell lines (MM117 and A375M) were infected with all of the
Katushka-tagged-FOXP3 isoforms. After 48 hours the cells were harvested and sorted by flow
cytometry into low, mid and high expression levels based on median fluorescence intensity. The
RNA was extracted, cDNA was prepared and qPCR was run with primers towards five targets of
interest (CDH2, ZEBI1, TYRPI, MITF, PDLI) and two reference genes (HPRTI and TBP).

FOXP3 effect on melanoma cell proliferation and cell cycle progression:

The effect of FOXP3 on cell cycle progression was assessed by a BrdU assay in cell line MM117
transfected with his-myc-tagged FOXP3FL, FOXP3AE3, FOXP3AE8, FOXP3AE3AE4 and
FOXP3AE3AES isoforms. Supplemental figure 2 shows confirmation of protein expression of the
isoforms by Western blot. Supplemental figure 3 shows the gating that was used for the phases of
the cell cycle. The effect of FOXP3 on proliferation was assessed using Katushka-tagged FOXP3
1soforms that were infected into cell lines MM117, SKMel-28 and A375M. The infection was
performed in triplicate using 6 well plates. After 24hrs the cells are re-infected. 48hrs later BrdU
was added for 30 minutes. The cells were then fixed, stained and analyzed on a BD LSRFortessa

flow cytometer using FlowJo software using the gating shown in supplemental figure 4.

Results

mRNA and Protein Expression of FOXP3 and CTLA4 In Melanoma:

FOXP3 full length mRNA is expressed in 15 of the 19 cutaneous melanoma cell lines and all 5 of

the uveal melanoma cell lines that were tested. The FOXP3AE3 isoform is expressed in 16 out of
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the 19 cutaneous melanoma cell lines and all of the uveal melanoma cell lines. The FOXP3AE3AE4
isoform was found in one cutaneous and one uveal melanoma cell line (results are summarized in
supplemental figure 5). qPCR shows that the level of expression in the cutaneous melanoma cell

lines is generally quite low compared to the uveal melanomas (figure 3). There was no significant
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Figure 3: Endogenous FOXP3 mRNA is expressed in the majority of our melanoma cell lines and CTLA4 mRNA
expression was negligible in all of the cell lines (top). Endogenous FOXP3 protein (bottom) is expressed at the highest
level in breast cancer cell line BT474. In general the melanoma cell lines show a higher level of expression than nevus
cells. Exogenous overexpression of GFP-tagged FOXP3FL in HEK293 is also shown.
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expression of CTLA4 mRNA in all 24 of the melanoma cells lines tested. FOXP3 endogenous
protein expression is shown by Western blot for nevic, melanoma and a breast cancer cell lines in
figure 3. Compared to two nevic cell lines (GCN4 and GCNI11), seven melanoma cell lines
(MM111, MM117, MM50, MM102, MM71, 451Lu and LMMel34) had a higher level of FOXP3
protein expression. Two melanoma cell lines (BLM and A375M) showed negligible expression of
FOXP3. Compared to the breast cancer cell line BT474, FOXP3 protein levels were lower in
melanoma. CTLA4 protein levels were tested in six melanoma cells lines and in keeping with the

mRNA results little, if any, endogenous expression was observed (supplemental figure 6).

Subcellular Localization of Foxp3 Isoforms:

Using HEK293 transfected with FOXP3FL fused to GFP we confirmed the previously reported
finding that FOXP3 localizes to the nucleus in this cell line. We observed persistent nuclear
expression throughout the 72 hours that these cells were in culture. Using three melanoma cell
lines (A375M, MM117 and 451Lu) transfected with FOXP3FL, similar nuclear localization was
observed for up to 144 hours (figure 4). A375M infected with katushka-tagged isoforms showed
that all of the variants localized to the nucleus and remained nuclear for at least 40 hours (figure
4). The FOXP3AE3AE4 variant had a unique clustered distribution in the nucleus compared to the

other isoforms that showed a more homogeneous or diffuse localization pattern.

Foxp3 Effect on Transcriptional Targets:

When FOXP3FL was transfected into cell lines 451Lu and MM117 there was no significant
difference in the levels of mRNA expression of the 16 genes that were tested compared to empty
vector transfection. This was thought to be due to the low efficiency of transfection. To enrich the

proportion of FOXP3-positive cells cell sorting was then performed prior to analysis. The gene
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Figure 4: Melanoma cell lines A375, MM117 and 451Lu transfected with GFP-fused Foxp3FL showed nuclear
localization of FOXP3 (top left) compared to empty GFP vector control (top right) that is distributed throughout the
nucleus and cytoplasm. Exogenous expression of all of the isoforms in cell line A375M showed nuclear localization
as well (bottom).
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targets showed isoform- and cell line-specific differences in expression (supplemental figure 7).
Some of the FOXP3 variants showed a dose-dependent difference in the levels of PDL1 mRNA
expression levels in SKMel-28. We decided to test if this results in differences in expression at the
protein level. There was a trend for some of the isoforms to increase PDL1 protein expression in
melanoma cell line SKMel-28 but these differences were not significant. This lack of significance
could be secondary to relatively low endogenous levels of PDLI in melanoma so the experiments
were repeated in a breast cancer cell line that has a higher baseline expression level of PDLI,
MDA-MB-436. Overexpression of FOXP3FL, FOXP3AE3, FOXP3AES8 and FOXP3AE3AES

isoforms were observed to increase PDL1 protein expression in this cell line (figure 5).
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Figure 5- Overexpression of the FOXP3 isoform is associated with a mild non-significant increase in PDL1 protein
expression by flow cytometry in SKMel28 (top). FOXP3 isoform overexpression was found to increase median PDL1
fluorescence by flow cytometry in MDA-MB-436 (bottom).
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Foxp3 Effect on Proliferation:

BrdU proliferation assays were performed on melanoma cell line MM 117 transfected with FOXP3
full length. Overexpression of N-terminal GFP-tagged FOXP3FL led to a 50% reduction in the
proportion of cells in the S-phase of the cell cycle compared to the empty vector control (18% vs
37% respectively). To ensure that the location of the tag does not interfere with the suppressive
effect, the experiment was repeated with a C-terminal his-myc-tagged FOXP3FL and similarly
resulted in a relative decrease in the S-phase population (supplemental figure 8). Transfection of
all of the katushka-tagged isoforms, except FOXP3AE3AE4, demonstrated a shift to an increased
proportion of cells in the GO/G1-phase compared to the S-phase (figure 6). The FOXP3AE3 variant

appeared to have the strongest effect on delaying progression to the S-phase.
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Figure 6: Exogenous overexpression of FOXP3 shows a decrease in the percent of cells in S-phase of the cell cycle
for all of the isoforms except FOXP3AE3AE4 (top). Similarly, overexpression of all of the FOXP3 isoforms leads to
a relative accumulation of cells in GO/G1 phase of the cell cycle (bottom).
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The FOXP3 isoforms were then overexpressed in MM117 and A375M cell lines. The
percentage of BrdU positive cells was used to assess the rate of proliferation. Overexpression of
all of the FOXP3 isoforms in melanoma cell lines MM117 and A375M led to a decrease in
proliferation compared to the empty vector control (figure 7). The cells were then subdivided into
four populations based on the degree of FOXP3 overexpression as measured by the intensity of
katushka fluorescence. A dose-dependent inhibitory effect was shown for cells with katushka

negative, low, medium and high expression levels.

40.0 -
)
]
o
+
2 300
e
B B Negative
=
9 mLow
= 200
g # Medium
2 B High
10.0
0.0
Vector FoxP3 FL FoxP3 d3 FoxP3 d3/4 FoxP3 d8 FoxP3 d3/8
T 15.0 -
T
[S)
+
)
=
@ .
= 100 B Negative
c
8 o Low
&
2 = Medium
° .
= 50 M High
0.0

Vector FoxP3 FL FoxP3 d3 FoxP3 d3/4 FoxP3 d8 FoxP3 d3/8

Figure 7: All of the FOXP3 isoforms show a dose-dependent decrease in proliferation in cell lines MM 117 (top) and
A375M (bottom).
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Discussion:

While studying the role of FOXP3 on the immune system it was observed that germline
heterozygous mutations of FOXP3 are associated with an increased incidence of cancer. This
serendipitous observation inspired future experiments that recognized the relevance of FOXP3 in
murine cancer. FOXP3 was then proven to be an equally important player in human oncology
acting as a tumor suppressor in breast, prostate and ovarian cancer, and an oncogene in pancreatic
and gastric cancers. The behaviour of FOXP3 in melanoma, and whether or not it was even
expressed in melanocytic tumors, was not known. Our objective was to characterize the role of
FOXP3 in melanoma. We detected FOXP3 expression on the mRNA and protein level in the
majority of our cell lines. In addition to proving that it is expressed in melanoma, it was important
to determine what compartment of the cell it is found in since others had shown that the localization
of FOXP3 is cell type specific and that cytoplasmic expression abolishes its tumor suppressive
effects. We determined that FOXP3 expression is nuclear in melanoma in three independent cells
lines. The isoforms of FOXP3 differ from each other with regards to the presence of previously
described nuclear import and export signals so we further investigated whether the localization of
FOXP3 is isoform specific. Interestingly we found that all of the isoforms localized to the nucleus,
including the FOXP3AE3AE4 variant that does not contain any of the localization signals. It was
unexpected to find the FOXP3AE3AE4 variant in the nucleus because it does not contain the
nuclear import signal that was previously shown to be required for import. A possible explanation
for this is that this truncated variant of the protein may be able to passively diffuse across the
nuclear membrane, unlike the other heavier isoforms that require active transport. If in fact the
FOXP3AE3AE4 variant can passively diffuse across the membrane, the fact that this protein was

not equally distributed between the nuclear and cytoplasmic compartments suggests that it may be
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binding to transcription factors, cofactors or other protein partners that are contributing to its
nuclear sequestration. Further studies are necessary to see what the FOXP3AE3AE4 variant is
binding to because whatever is keeping this variant in the nucleus could be the key to determining
why all of the other isoforms also remain in the nucleus in melanoma cells despite containing

nuclear export signals.

After determining that the FOXP3 isoforms localize to the nucleus, where they can act as
transcription factors, we decided to explore their effects on the transcription of genes involved in
different aspects of melanoma biology. The transcriptional regulation of genes by FOXP3 was
found to be isoform- and cell line-specific. Further research is required to determine if this is due
to variations in the affinity for, and availability of, different cofactors and binding partners. We
observed a trend in the increase of PDL1 protein expression in vitro that was significant in breast
cancer cell line MDA-MB-436, but not did not reach significance in melanoma cell line SKMel-
28. Increased PDL1 expression in breast cancer cells has been shown to be associated with an
increase in tumor infiltrating cells and a good prognosis in certain subtypes of breast cancer by
one group (Kim et al., 2017). Conversely, another group showed that PDL1 expression in breast
cancer cells is associated with an increase in T-regulatory cells and a poor prognosis (Li et al.,
2016). Given these conflicting associations, it would be interesting to test the effect of
overexpression of FOXP3 on the amount and composition of the infiltrating T-cells. If FOXP3 is
capable of modulating the immune microenvironment this could have important implications for
its use as a prognostic marker of disease and/or a predictive marker of response to immuno-

oncologic therapies.

The final objective was to investigate FOXP3’s effect on melanoma cell proliferation.

Mitotic rate is one of the strongest independent prognostic factors in melanoma and we
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demonstrated that FOXP3 full length overexpression correlates with a dose-dependent decrease in
proliferation in two independent melanoma cell lines, suggesting that it can behave as a tumor
suppressor in melanoma. One of the cell lines harbors a BRAF V600E mutation while the other is
wildtype for BRAF suggesting that this effect is independent of BRAF mutation status. FOXP3
full length was also shown to decrease the percentage of cells in the S-phase of the cell cycle. This
is a significant finding because a reduced fraction of cells in the S-phase has also been shown to
be an independent prognostic factor in melanoma that is associated with increased survival
(Crowson et al., 2006). Interestingly, despite differences in the sequence of the repressor and
leucine zipper domains the FOXP3AE3, FOXP3AE8 and FOXP3AE3AES variants showed similar
dose-dependent suppressive effects on the rate of proliferation and cell cycle progression. This
suggests that the anti-proliferative effects of FOXP3 are independent of exons 3 and 8.
FOXP3AE3AE4 overexpression was comparable to empty vector and did not result is a relative
accumulation of cells in the GO/G1 phase of the cell cycle. Given that the FOXP3AE3AE4 variant
is a truncated protein missing all four of the main functional domains of this protein, this lack of
effect is not surprising. What is intriguing though is that high levels of the FOXP3AE3AE4 isoform
were found to inhibit proliferation. Whether this is due to sequestering of other proteins or some

other mechanism requires further investigation.

The significance of FOXP3 inducing a dose-dependent effect on proliferation in melanoma
is related to the potential for drug therapies that increase FOXP3 expression to suppress tumor
growth in vivo. Candidate drugs are treatments that either increase the transcription/translation of
FOXP3 or that increase the stability of the protein. FOXP3 has been shown to have a short half-
life of two hours and the degree of FOXP3 phosphorylation, acetylation and ubiquination have all

been shown to impact its rate of turnover (Morawski, Mehra, Chen, Bhatti, & Wells, 2013). Drugs
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that alter these post translational modifications towards increased acetylation, decreased
ubiquination and decreased phosphorylation increase the stability and the magnitude of the
suppressive activity of FOXP3 and have the potential to restore its anti-proliferative effect in
tumors with low levels of FOXP3 expression (Morawski et al., 2013; Van Loosdregt et al., 2010;
Van Loosdregt et al., 2013). Lysine deacetylase inhibitors such as Trichostatin A, Vorinostat or
even less toxic options like vitamin B3 have the potential to boost FOXP3 levels by increasing
protein acetylation (Van Loosdregt et al., 2011). Seliciclib is an example of a drug that can increase
FOXP3 expression by inhibiting FOXP3 phosphorylation by cyclin-dependent kinase 2 (Morawski
et al., 2013). Doxorubicin and anisomycin are two other therapies worth investigating in melanoma
since they have been shown to increase FOXP3 levels in breast cancer (Jung et al., 2010; Y. Liu,
Wang, Li, Zheng, & Liu, 2009). Some of these treatments have already been tested in melanoma
patients and it would be worthwhile to investigate if FOXP3 can be used as a predictive marker of

therapeutic response.
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Supplemental Figures

Forward Primer Tm Reverse Primer Tm
ACTTACAGGACCTGAGGGAACA] 60.5|CCTGCTCTTTGCCAACTACTCG 3.5
CAGAACTAAAGGAGCTGCTGAC] 61.8|CTTGGAAGTCCACCTCGTTGTC 63.2
TETATCCACGGACCAGCTGLTA 651 |TGCTCCTCCTTGTTITGGTGTGG 66.7
CCAGGATGTTCGCCTATTTCCG 668 2| TTTGGCGGTCTCCGLTTCTGAT 593
AACAGAAGCCAACTGEETGAAT] 64.6|CTCCAAGAGAAAGCACTTCATTGE 637
GGACCACAACCTGGATTCCLTG 67 1 |AGTAGGTCCGCTCGCAGCCTT G658
CCAAGAAAGCTGCATCGAACCAT 66.7|CAGCACATTCCTGATGCCACCT G538
GCCACTTACCTGAATGACCACC 629 AACCAGCGGTTGAAGCGTTCCT 633
CTCCAGGATCTGGTTACAGCTG | 61.2|GTCTTGGTCAGTTTTATTCCCGE 63.1
GCTGAAGGACTTCATCACCAAGH 64.6|(TTGCCCTTGGTCCTGTGGATGA 591
GGACCTGCTTTCGGAGTACATG 631 |CTGAAACGTGGTCCATGACAGT 651
CAGTGGCAACATCAAGCAGAGG| 65.3|GCAAGGTTGTEGCAGGAAGAGGA 66.0
TCTCAATGGCGAGTGGTCTGTG 65 5|CCTGTGGTTCAGGAAGACGTTG 642
TCACCAACTGGCTGACCTACAG 62.6|GCCTGCTTTCATGTCCTCCACA 669
CATTCAGTGACCTGACATCCC 60.4|CTGCTGCATTGTTCCCATAGA 61.2
AGGTGEACCTGEAGACTCTCAG | 62.2|TCCTCTTGGAGAAGATCAGCCG 65.2

Supplemental Figure 1: List of qPCR targets with primer sequences and melting temperatures
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Supplemental Figure 2: Western blot of exogenous overexpression of his-myc-tagged FOXP3
isoforms used for BrdU cell cycle analysis assay. The proteins bound both anti-myc (shown here)
and anti-FOXP3 antibodies.
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Supplemental Figure 4: Gating for BrdU Proliferation Assay. The black line represents the cut-off
on the vertical axis for BrdU positive cells. The blue box represent the FOXP3 negative population
of cells. The red, green and pruple boxes contain cells with low, moderate and high levels of
FOXP3 protein expression respectively. Rate of proliferation = Number of cells that are BrdU
positive / Total number of cells
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Supplemental Figure 5: Summary of end point PCR results screening for FOXP3 Isoform
Expression in Melanoma Cell lines
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Supplemental Figure 6: Six melanoma cells lines express low to negligible CTLA4 protein levels
by FACS analysis
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Supplemental figure 7: Normalized gPCR mRNA expression of putative gene targets of FOXP3
in SKMel-28 (top), A375M (middle) and MM 117 (bottom) cells sorted into low, medium and high
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Chapter 5- Overall conclusion and discussion

The unexplained observation that men have a higher incidence and worse prognosis of
melanoma is intriguing because unraveling the mechanisms that contribute to this sex effect will
provide insight into the pathophysiology of this aggressive and poorly understood malignancy.
Ultimately this information can potentially lead to a better understanding of how to prevent and/or
control this disease in both men and women. One of the most obvious differences between
melanoma cells in men and women is the baseline number of X chromosomes they contain. The
main objective of this project was to explore the X chromosome as an explanation for some of the
differences in the behavior of melanoma between the sexes. It is now clear that the X chromosome
affects the biology of melanoma. Females who have lost an X chromosome in their tumors have
an unfavorable outcome relative to females with two X chromosomes. We showed that a somatic
loss of one X chromosome occurs in approximately a quarter of female melanoma patients and is
associated with a shorter period of distant metastasis-free survival. In addition to proving that loss
of an entire X chromosome is prognostically relevant, a decrease or loss of expression of two
specific genes on the X chromosome, PPP2R3B and FOXP3, have been demonstrated to impact

the pathophysiology of melanoma.

In human melanomas, PR70 mRNA and protein expression levels correlate with distant
metastasis-free and overall survival respectively. The tumor suppressive role of PR70 in melanoma
was further proven by xenograft experiments. PR70 overexpression was shown to decrease both
tumorigenicity in mice and colony formation in soft agar, compared to knock down of PR70 that
displayed the opposite effect. The proliferation rate of melanoma cells was related to the
expression of PR70 in six different situations. Endogenous PR70 expression levels were observed

to have a positive correlation with doubling time in a panel of melanoma cells lines. Exogenous
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overexpression of PR70 showed a decrease in the rate of proliferation of melanoma cells.
Correspondingly, in the xenograft tumors that developed in the mice, higher levels of PR70 were
associated with a lower rate of tumor growth and a lower mitotic rate by PH3 immunostaining.
And lastly, ex vivo human tumor tissue showed an inverse correlation between PR70 and PH3

staining.

Exogenous FOXP3 was also shown to have an inhibitory effect on melanoma cell
proliferation. Overexpression of all five of the known isoforms, FOXP3FL, FOXP3AE3,
FOXP3AES8, FOXP3AE3AE4 and FOXP3AE3AES, showed a similar dose-dependent decrease in
proliferation. Cell cycle analysis demonstrated that overexpression of all of the isoforms, except
FOXP3AE3AE4, resulted in an increase in the percent of cells in the GO/G1 phase of the cell cycle.
Similarly, PR70 expression also resulted in an accumulation of cells in the GO/G1 phase of the cell
cycle. The significance of this finding is that FOXP3 and PR70 have an impact on one of the

strongest prognostic factors in melanoma, mitotic rate.

Now that we have identified FOXP3 and PR70 as having important suppressive effects on
cell proliferation and cell cycle progression, the next logical question is how these genes/proteins
are dysregulated in melanoma. In men a single mutation has the potential to inactivate FOXP3.
Human prostate cancers often harbor somatic FOXP3 deletions or missense mutations that lead to
reduced expression levels compared to benign prostatic epithelial cells in the same patient (Wang
et al., 2009). Since FOXP3 is subject to inactivation, a single mutation in FOXP3 can be equally
debilitating to women, due to selective inactivation of the X chromosome containing the wildtype
allele. Somatic mutations and deletions of FOXP3 are common in human breast cancers and
analysis of mammary carcinomas that develop in mice with heterozygous FOXP3 mutations

showed skewed X-inactivation of the X chromosome with the wild-type FOXP3 allele in all cases
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(Zuo et al., 2007). Unlike other tumors, FOXP3 gene mutations have not been shown to occur in
human melanoma (Tan et al., 2012). Similarly, mutations in the PPP2R3B gene do not appear to
contribute to its altered expression levels in melanoma. Of the 167 human samples that we
sequenced only one was found to contain an inactivating mutation in PPP2R3B. Further research
is required to better understand the mechanisms of downregulation of PPP2R3B and FOXP3 in
melanoma given that somatic mutations are rare. PPP2R3B has been shown to have a high rate of
DNA methylation in primary melanoma cells compared to normal human melanocytes (Duan et
al., 2018). Methylation of DNA is one mechanism of downregulating tumor suppressor genes that

could contribute to lower levels of PR70 expression.

Even though it is not yet known how PPP2R3B and FOXP3 are downregulated in
melanoma, therapies that upregulate their expression have the potential to be effective strategies
to control melanoma. As previously described, therapies that increase the stability of FOXP3 by
increasing protein acetylation and decreasing protein phosphorylation and ubiquination have been
shown to increase the suppressive activity of FOXP3. Interestingly, some of the agents that have
been shown to increase the transcription or stability of the FOXP3 protein, such as Vorinostat and
TGFp, have also been shown to activate PP2A activity (Perrotti & Neviani, 2013). This naturally
elicits the question of whether FOXP3 and PR70 directly or indirectly influence each other.
Currently there is no evidence that FOXP3 regulates the transcription of PPP2R3B directly or
indirectly through the transcription of other proteins involved in its regulation. Preliminary data
(not shown) found no effect of FOXP3 overexpression on PR70 mRNA levels. Further studies are
necessary to determine if FOXP3’s stability can be increased through dephosphorylation by PR70.

This mechanism is conceivable since cyclin dependent kinase 2 (CDK2) has also been shown to



129

decrease the stability of FOXP3 by phosphorylating it and PR70 shares other protein targets with

CDKZ2, such as CDC6 (Morawski et al., 2013).

It is also possible that the relationship between FOXP3 and PR70 is more complex than a
direct interaction. We showed that FOXP3 has an inhibitory effect on cell cycle progression and
others have shown that FOXP3 overexpression downregulates the expression of cyclin dependent
kinases and upregulates the expression of cyclin dependent kinase inhibitors (Zhang & Sun, 2010;
Liu et al., 2009). PR70 has been shown by us, and others, to interfere with the initiation of
transcription through dephosphorylation of cyclin dependent kinase targets such as CDC6. Thus
FOXP3 and PR70 may have a synergistic inhibitory effect on cell cycle progression by hindering
cyclin dependent kinases by decreasing their transcription, increasing the expression of their

inhibitors and by decreasing the phosphorylation of their target proteins.

Even if FOXP3 and PR70 are not acting on the same pathway, the fact that they both
decrease proliferation without impacting ERK activation means that they have the potential to
complement anti-BRAF therapies (Zhang & Sun, 2010; unpublished data). New combinations of
drugs are continuously being tested in clinical trials to achieve the fastest, most complete and
durable anti-tumor response. We have identified FOXP3 and PR70 as having important
suppressive effects on cell proliferation and cell cycle progression with the hope that novel
therapies can be developed that take advantage of upregulating these proteins as effective strategies
to combat melanoma. Treatments targeting these X-linked proteins have the potential to narrow
the sex-specific discrepancies in prognosis that exist in melanoma today and more importantly to

improve the survival of both men and women with this tenacious disease.
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Chapter 6- Contribution to the field

Through this research two new prognostic factors have been identified in melanoma. The
first marker of poor prognosis is a loss of an X-chromosome which has been shown to be associated
with a distant metastasis-free survival of less than 3 years in females. The number of X-
chromosomes in a patient’s melanoma cells can be determined by hybridizing X-centromere
probes to a slide using fluorescent in situ hybridization (FISH). Testing by FISH is ideal because
compared to other techniques it is cheaper, faster and can be performed on readily available
formalin-fixed paraffin embedded (FFPE) tissue. Using FISH to establish the number of X-
chromosomes in a melanoma sample can easily be incorporated as an adjunct test in the clinical
setting to help stratify a patient’s relative risk of progression of disease and help guide clinical

management decisions.

The second prognostic factor uncovered in this research is PR70. Increasing levels of both
PPP2R3B mRNA and PR70 protein expression are associated with a better prognosis for
melanoma patients. mRNA can be extracted from FFPE material and was shown to correlate with
distant metastasis-free survival as a continuous variable. Protein levels of PR70 can be semi-
quantitatively assessed by IHC which is another simple and relatively inexpensive adjunct test that

can be performed to help predict the clinical outcome for melanoma patients.

In addition to identifying prognostic factors, the other main contribution of this project was
the discovery of new X-linked tumor suppressor genes in melanoma. FOXP3 and its isoforms were
identified as putative tumor suppressor proteins in melanoma based on their ability to decrease cell
proliferation. PR70 was proven to behave as an important tumor suppressor in melanoma by
delaying cell cycle progression through the G1 to S phase checkpoint and inhibiting cell

proliferation through dephosphorylation of CDC6 and pRb. This work has paved the way to
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investigate if PR70’s inhibitory effect on cell proliferation and cell cycle progression can be
targeted therapeutically and if expression levels can be used as a predictive marker of response to

treatment.
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