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X chromosome

ABSTRACT

Marked differences in survival from melanoma are noted between men and women that cannot be accounted for by behavioral

differences. We and others have provided evidence that this difference may be due to increased expression of immune-related

genes from the second X chromosome because of failure of X inactivation. In the present review, we have examined evidence for

the contrary view that survival differences are due to weaker immune responses in males. One reason for this may be the loss

of Y chromosomes (LOY), particularly in older males. The genes involved may have direct roles in immune responses or be non-

coding RNAs that regulate both sex and autosomal genes involved in immune responses or tumor growth. Loss of the KDM6C

and KDM5D demethylases appeared to common genes involved. The second factor appears to be the activation of androgen

receptors (AR) on melanoma cells that increase their invasiveness and growth. Induction of T-cell exhaustion by AR that limits

immune responses against melanoma appeared a common finding. The development of treatments to overcome effects related

to gene loss on Y poses challenges, but several avenues related to AR signaling appear worthy of further study in the treatment

of metastatic disease.

1 | Introduction

In Australia and most western countries, there are major dif-
ferences in death rates between males and females as shown
by data published by the Australian Institute of Health and
Welfare. These data collected up to 2012 and therefore not sub-
ject to the influence of immunotherapy with immune check-
point blockade (ICB) show a persistent increase in deaths of
males compared with females from the age of 40 to at least age
75. For example, in 2012 the Australian age-adjusted death
rate for females was approximately two per 100,000 of the
population compared with five per 100,000 in males (www.

aihw.gov.au). Behavioral differences related to sun exposure
may play some role but are unlikely to account for the two-
fold death rate seen in men. Multivariate analyses in a number
of studies have confirmed that the female gender is an inde-
pendent prognostic indicator in survival of melanoma (Joosse
et al. 2013; Lasithiotakis et al. 2008; Morgese et al. 2015).
Another way of describing the analyses is to state that male sex
is an independent indicator of poor survival from melanoma.
Whichever way it is stated, the challenge is to understand the
basis of the differences and whether this understanding can
be translated into treatments that can improve outcomes in
both sexes, but particularly in males.
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Significance

The female superiority in survival of melanoma is well
recognized and attributed in general to stronger immune
responses. The present review examines evidence that the
disparity in survival outcomes is due to dysfunction in male
responses against melanoma. This contrary interpretation
draws attention to the loss of sex-related and autosomal gene
changes with age and important differences in immune re-
sponses induced by male hormones. Importantly, we include
possible treatment measures that may be explored to help
bolster anti-melanoma responses in males.

2 | Examining the Case for X Chromosome
Differences Between the Sexes in Melanoma
Survival

We have previously provided evidence that survival differences
may result from the expression of X-linked genes that have
Escaped X chromosome Inactivation in women with Tumor
Suppressive function (EXITS genes) (Emran et al. 2021, 2020).
Studies by Dunford et al. (2017) on multiple tumor types in the
cancer genome atlas (TCGA) identified six EXITS genes that
had loss of function in males compared with females (ATRX,
CNKSR2, DDX3X, KDM5C, KDM6A, and MAGEC3). Three
of these genes KDM5C, KDM6A, and ATRX are well-known
epigenetic regulators with broad-ranging transcription effects
governing multiple hallmarks of cancer. KDM5C and KDM6A
were previously shown to be preferentially expressed in primary
versus metastatic melanoma in female but not male patients
(Gorlov et al. 2018) and low levels of ATRX with progression of
melanoma (Qadeer et al. 2014).

The identification of KDM6A (lysine demethylase 6A) is of par-
ticular interest as it is involved in the demethylation of the type
3 histone H3K27me3 (Hong et al. 2007). H3K27me3 is gener-
ated by the methylase EZH2, which is the catalytic subunit
of the polycomb-repressive complex 2 (PRC2) that represses
transcription of genes involved in differentiation and tumor
suppression in many cancers (Comet et al. 2016), including mel-
anoma (Tiffen, Gallagher, and Hersey 2014; Tiffen et al. 2016).
KDMS6A is therefore a possible antagonist of PRC2 repression
of these genes, thereby initiating transcriptional activation.

KDM5C is also a demethylase but demethylates histone
H3K4me3, H3K4me2, and H3K4mel. Methylation of H3K4 is
considered to have a role in the activation of gene expression
rather than repression (Schulz et al. 2019). It had an opposing
role to KMT2D/KMT2D methylases in maintaining the bal-
ance of H3K4me3 and was associated with MYC and ELK tran-
scription factors. Knockdown of KDMS5C increased H3K4me3
levels at specific genomic sites and increased gene transcription
(Outchkourov et al. 2013). KDMS5C is overexpressed in some
cancers like prostate and colon and has been associated with
chemoresistance (Plch, Hrabeta, and Eckschlager 2019).

In previous studies, we examined TCGA melanoma data to
determine whether the expression of the ATRX, CNKSR2,
DDX3X, KDM5C, KDM6A, and MAGEC3 genes was related
to the survival of melanoma patients. This showed that at

least two of them (KDM6A and ATRX) were strongly related
to improved survival from melanoma, particularly in females
(Emran et al. 2020). KDM5C expression was not related to
survival in the TCGA data but was associated with improved
survival of patients in the Leeds melanoma cohort used as a
validation cohort. There was a clear link of KDM6A to com-
ponents of the immune system believed to be important in
the killing of melanoma. In particular, gene set enrichment
analysis (GSEA) suggested it was related to the production of
interferon-gamma, which is a key cytokine needed by the im-
mune system to kill cancer cells.

Additional insights into the role of KDM6A in immune re-
sponses came from studies on glioblastoma tumors where the
T cells from male patients had increased TCF7 and TOX tran-
scription factor expression consistent with T-cell exhaustion or
dysfunction (TEx). Inhibition of KDM6A in T cells from female
patients with the GSK-J4 inhibitor resulted in TEx similar to
T cells from male patients (Lee et al. 2023). The generation of
TEx made the cancers more responsive to immune checkpoint
inhibitor (ICI) immunotherapy. Whether this information can
be translated into other therapies for different cancer types re-
mains to be explored.

3 | Looking at Possible Contributors to Poor
Survival of Males

3.1 | Are the Poor Outcomes in Males due to
Chromosome Y Dysfunction?

Although the studies above point to the importance of the X
chromosome EXITS genes in differences between the sexes in
survival of melanoma, an alternative or added view is that the
male Y chromosome might be responsible. This could be due to
their expression of genes or noncoding RNAs on the Y chromo-
some or actual loss of the Y chromosome (LOY). The Y chromo-
some is relatively small and has approximately 78 protein-coding
genes, including those involved in testicular development, skel-
etal growth, and spermatogenesis in the male-specific region
of the Y chromosome (MSY). About 109 of the total 568 genes
produce long noncoding RNA (IncRNA) and the rest of the Chr
Y are repetitive sequences, noncoding regions, and pseudogenes
(Guo et al. 2020).

A number of the IncRNAs are crucial for central nervous system
development in males (Johansson et al. 2019). It is believed that
some of these regions serve as major regulators of gene expres-
sion and impact cellular inflammation and cardiovascular dis-
eases. Mosaic LOY in blood cells increases with age so that up
to 40% of men have LOY by age 70 (Guo et al. 2020; Thompson
et al. 2019). A number of genomic loci have also been associ-
ated with LOY, some of which were implicated in cell cycle,
cell death, and genome integrity (Thompson et al. 2019; Wright
et al. 2017).

Particular interest in LOY has been generated by studies
showing an association with diseases such as diabetes, can-
cers, heart disease, and neurodegenerative diseases (Fukami
and Miyado 2022; Guo et al. 2020). An example of regulation
by IncRNA in the Y chromosome is the Inc-KDM5D-4, which
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is expressed in multiple tissues from males but not females. In
liver cells, it was related to genes associated with atherosclero-
sis, anti-apoptosis pathways, and lipid accumulation in the cells
(Molina et al. 2017). Some of the genes affected were in close
proximity to KDM5D-4 but the mechanism underlying these as-
sociations is poorly understood (Figure 1).

The association of LOY with disease has been postulated to
result from dysfunction of immune cells because of LOY. This
would allow the development of cancers that would normally
be rejected by the immune system which would account for a
higher incidence of cancers in males with LOY (Forsberg 2017).

Chr X

ChrY

Male specific portion of ChrY (MSY)

A second idea is that LOY in blood cells is an indicator of more
generalized dysregulation not only in Y chromosome genes but
also in autosomal gene expression in other tissues. This was
referred to as the common (poor) soil hypothesis (Dumanski
et al. 2021; Thompson et al. 2019). This was supported by studies
showing low expression of not only MSY-coded genes but aber-
rant expression of other autosomal genes. Studies on six types
of immune cells were of particular interest in that it was found
that the pattern of overexpression varied between cell types in
lymphocytes taken from patients with Alzheimer's or prostate
cancer, implying that the dysregulation may be specific for par-
ticular diseases (Dumanski et al. 2021).

Yp
SRY
RPS4Y1

unrewolyong

uljewolydolalaH

FIGURE1 | Y chromosome consists of a nonrecombining, male-specific region (MSY) and 2 pseudoautosomal (PAR) regions that can recombine
with X-linked PARs during meiosis. Only 78 protein-coding genes are located on the Y chromosome. The short Yp arm is composed of euchromatin
and the long, Yq arm, has both euchromatin and heterochromatin. The protein-coding genes involved in each region are indicated in the figure. The

genes involved in sperm production are located predominantly in the Yq arm. Created with BioRender.com.
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3.2 | LOY in Cancers

In addition to the general association with disease, there is in-
creasing evidence that LOY in cancers may be associated with
increased growth rates and resistance to anticancer treatments.
LOY in cancers is relatively common. Studies on primary tumors
in TCGA revealed that 1504 of 5014 male tumors (30%) harbored
LOY (Qi et al. 2023). By comparison, loss of X chromosomes
(LOX) in female tumors was only seen when X-inactive-specific
transcript (XIST) was lost and occurred in 14% of the cancers (Qi
et al. 2023). The effects of LOX on tumor growth were not clear.
XIST induces X inactivation only when both X chromosomes are
present (Chen et al. 2016). LOY was most common in renal and
esophageal cancers.

In the Qi et al. (2023) study, LOY was most common in renal and
esophageal cancers. The role of LOY as a cause or a consequence
of aneuploidy in these cancers is however not clear. In the case
of melanoma, LOY was seen in about 20% of both cutaneous and
uveal melanoma (UVM). In the latter, there was evidence that
LOY was causative in that it was an independent predictor of
poor outcomes and associated with metastases and epithelial
mesenchyme gene signatures. LOY was most common in aneu-
ploid melanoma but aneuploidy did not account for the driver
role of LOY in UVM. The most differentially expressed genes
compared with Y-positive UVM included KDM5D, KDM6C
(UTY), RPS4Y1, and DDX3Y. It was speculated that KDM5D
may act as a tumor suppressor in UVM (Canale et al. 2023).
DDX3X (and DDX3Y by inference) is a DEAD-box helicase
that is a critical component of the TANK-binding kinase (TBK)
1-involved in the innate immune response and is necessary for
type I IFN induction (Soulat et al. 2008). LOY would therefore

potentially reduce immune responses against UVM consistent
with the known importance of immune responses against mel-
anoma. This adds evidence for LOY being causative in UVM.

In addition, loss of pseudoautosomal regions (PAR) on Y chro-
mosomes may have resulted in decreased expression of immune
receptor genes CSF2RA and IL3RA as well as a surface marker
CD99 inherited in this region. CSF2RA is the alpha subunit
of the heterodimeric receptor for colony-stimulating factor 2,
a cytokine, which controls the production, differentiation, and
function of granulocytes and macrophages. Decreased expres-
sion of these genes might therefore make cancers more resis-
tant to immune responses. CD99 appears to be involved in cell
adhesion and migration, particularly in glioblastoma (Pasello,
Manara, and Scotlandi 2018). Additional findings are shown
in Table 1.

Studies by Koferle et al. on X- and Y-encoded genes found that
DDX3X, RPS4X, EIF1AX, and ZFX were functionally redundant
with the equivalent genes on the Y chromosome and that loss of
the latter led to dependency on the X equivalent cells. As shown
in Figure 2, this opens up possible therapeutic approaches.

Further evidence that LOY in cancers might induce resis-
tance to immune responses came from studies on naturally
occurring and CRISPR-Cas9-generated LOY bladder cancers.
Compared with wild-type cancers, LOY cancers grew aggres-
sively in their hosts (Abdel-Hafiz et al. 2023). This was asso-
ciated with exhaustion of T cells (TEx) in tumor-infiltrating
lymphocytes (TILs). As a consequence, bladder cancers
(Abdel-Hafiz et al. 2023) in both human and murine hosts
were very responsive to treatment with anti-PD-1 immune

TABLE1 | Genetic alterations associated with loss of Y chromosomes (LOY) in cancers.

Signal pathways Cell line
Reference Tumor type (%) involved Genes lost dependency
Qi et al. (2023) Uveal melanoma (40-50) EMT KDM6C KDM5D DDX3X EIF1AX
DDX3Y RPS4Y1
Abdel-Hafiz Bladder cancer (50) TEx (PD1, KDMS5D
et al. (2023) TIM, LAG3)
DNA repair
Arseneault Clear cell Renal cell KDM5D KDM6C TMSB4Y
et al. (2017) cancer (40-50) DDX3Y
RPS4Y1
EIF1AY
Perinchery Prostate cancer KDM5D
et al. (2000) SRY
BPY2
Li et al. (2016) Prostate cancer (52) Invasion genes KDMS5D
MMP1,2,3,7
Koferle et al. (2022) Paralog study on DDX3Y including ZFX
various cancers lines with knockdown DDX3X EIF1AX
including melanoma by CRISPR-cas9 RPP25
RRP25L

Abbreviations: BPY2, testis-specific basic protein; DDX3X, dead-box-helicase 3 X-linked; EIF1AX, eukaryotic translation initiation factor 1A; EMT, epithelial-
mesenchymal transition; MMP, matrix metalloproteinase; RPP25, ribonuclease P and MRP subunit P25; RPS4Y1, ribosomal protein S4 Y isoform; SMCY, structural
maintenance of Y chromosome; SRY, sex-determining region of Y; TMSB47, thymosin beta 4 Y-linked; ZFX, zinc finger chromosomal protein.
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FIGURE 2 | Speculative approaches to overcome adverse effects of androgen signaling on immune responses and in targeting dependencies

resulting from loss of Y chromosome genes. Created with BioRender.com.

checkpoint inhibitors (Abdel-Hafiz et al. 2023). LOY and loss
of KDM5D were associated with genomic instability, increased
DNA damage repair pathways, and increased tumor mutation
burdens. Similar findings were evident in TCGA patients with
bladder cancers.

LOY was associated with downregulation of KDM5D and
KDM6C in approximately 40% of clear cell renal cell carci-
noma in males. It was speculated these demethylases had a
suppressor role because of demethylation of H3K4 and H3K27,
respectively (Arseneault et al. 2017). Copy number loss of
KDMS5D was found to be a predictive biomarker for the treat-
ment of pulmonary squamous cell carcinoma (Ura et al. 2024).
In that study, there was a paucity of TILs and a more fibrous
tumor stroma that was speculated to result from low chemok-
ine ligands like CCL4.

KDMS5 demethylases are usually components of multiprotein
complexes which have other roles in cell biology (Pavlenko
et al. 2022). KDM5D appeared to differ from other KDMS5 de-
methylases in being associated with the polycomb-repressive
complex 1 (PRC1) subgroup RING6 (Geng and Gao 2020; Lee
et al. 2007; Zhang, Cao, and Yan 2023). Loss of KDM5D would
therefore possibly reduce ubiquitination of the PRC1 complex
and its suppressive role in chromatin remodeling and increasing
activation of H3K4 in tumor cells (Qu et al. 2023). In this sense,
it may have functional consequences similar to BAP1 mutations
involving BAP1 inhibition of ubiquitination in PRC1 complexes
(Zhang, Koppula, and Gan 2019). A possible link to death by fer-
roptosis was the discovery that both BAP1 and PRC1 regulate
the activity of SLC7A11, which regulates sensitivity to ferropto-
sis (Lee and Roh 2022; Zhang, Koppula, and Gan 2019).

3.3 | Is Androgen Signaling Involved in
the Poor Survival of Males From Melanoma?

The Y chromosome codes for the sex-determining region
(SRY) transcription factor that is a member of the high mobil-
ity group (HMG)-box, responsible for male sex development.
This includes Leydig cells that produce testosterone (T) and

dihydrotestosterone (DHT), which induce Wolffian duct devel-
opment in male urogenital structures. As outlined in reviews
(McEwan and Brinkmann 2000), the production of T is under
the control of luteinizing hormone (LH) from the pituitary.
Testosterone engages with target cells in the hypothalamus, pi-
tuitary, testis, and Wolffian duct, where it binds to the androgen
receptor (AR) in the cytosol. Androgen receptors are coded, not
by the Y chromosome, but by genes on the long arm of the X
chromosome that is present in both sexes.

AR signaling was implicated as a cause of progression and
metastatic spread of melanoma in males (Schmidt et al. 2019;
Wang et al. 2017). In addition, the improved survival of fe-
males in response to BRAF/MEK targeted treatment was at-
tributed to negative effects of increased AR signaling induced
by treatment in males (Vellano et al. 2022). One of the neg-
ative effects from AR activation was induction of T cell ex-
haustion (TEx) in responses against cancer. Studies in several
animal models including the B16.SIY, which has a model anti-
gen SIYRYYGL (SIY) recognized by CD8+ T cells showed that
sex differences depended on the development of TEx in TILs
from males. Females had higher numbers of precursor TCF-
14, TIM3+ TEx cells that were more effective against the tu-
mors. These findings were reproduced in three datasets from
patients with melanoma, that is, female patients had more
stem-like TEx cells and less terminally TEx cells in their TILS
(Yang et al. 2022). AR was also found to repress interferon-
gamma in CD8+ T cells in immunotherapy-resistant prostate
cancer and AR blockade restored the ability of T cells to pro-
duce effector cytokines (Brunello 2022; Guan et al. 2022).

Imaging studies of AR in melanoma showed considerable het-
erogeneity in AR expression between lesions in primary and
metastatic melanoma that importantly independent of age or
sex of patients (Ma et al. 2021). In that study, silencing the AR
resulted in reduced proliferation, senescence, and apoptosis in
melanoma cell lines. Similar results were found with inhibitors
of the AR like enzalutamide used in the treatment of prostate
cancer (Armstrong et al. 2019). Gene signatures obtained after
silencing the AR were used to examine the survival of patients
in the TCGA. Patients with positive scores had longer survivals
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and higher levels of B, CD4+, and CD8+ T cells. This was as-
sociated with DNA damage and the release of double-stranded
DNA into the cytosol with activation of the STING pathway.
Involvement of the DNA repair pathway was also involved in
AR-dependent effects (Ma et al. 2021). From these studies, it
was concluded that melanoma cells of both sexes were equally
dependent on sustained AR signaling and hormonal differences
could not be seen as the sole determinant of sexual differences
in melanoma survival.

Epigenetic control of AR may be mediated by the melanoma
noncoding RNA, SLNCR, which acts as a scaffold and binds to
the AR as well as early growth response (EGR1) protein (also
called nerve growth factor receptor [NGFR]) and to promoters
for matrix metallopeptidase 9 (MMP9). One of the consequences
was the upregulation of MMP9, which is involved in the invasion
of melanoma (Eggermont et al. 2016). The SLCNR-AR-EGR1
complexes were found to repress p21 and thereby increase pro-
liferative response of the melanoma cells (Schmidt et al. 2019).
Importantly, it was shown that blocking the AR-SLNCR inter-
action with antisense or oligonucleotide mimics in vitro could
inhibit the MMP9 induced by SLNCR1 (Schmidt et al. 2020).
Several other IncRNAs such as HOTAIR, SRA, and PCGEM1
had similar AR binding activity and could be inhibited by the
oligonucleotide mimics.

The higher and sustained levels of T and DHT in males would
conceivably provide stronger stimuli for progression of mel-
anoma. T levels peak in early adult life but apparently remain
relatively constant through to late 80s and hence match the pe-
riod over which males have a poor survival relative to females.
Studies by Watts et al. on 182,600 men with 7-year follow up
revealed a positive association with total testosterone levels and
development of melanoma (Watts et al. 2021).

4 | Conclusions

Evidence from these studies suggests that loss of genes from the Y
chromosome or activation of AR signaling may be important con-
tributors to the poor survival of male patients from melanoma.
This may result from direct effects on the melanoma cells such
as increased invasiveness, for example, from increased metallo-
peptidases like MMP9 as well as increased cell division because
of inhibition of cell cycle regulators such as p21 described in the
studies by Ma et al. (2021). In addition, LOY or AR activation may
have important effects on immune responses. A common finding
in several studies was the development of T cell exhaustion (TEx)
in male T cells during AR activation and increased expression of
T-cell inhibitory proteins such as PD1, TIM3, LAG3, and CD39
(Brunello 2022). In contrast, T cells in female patients had high
levels of TEx precursor stem cells that are associated with more
effective inhibition of tumor growth (Chen et al. 2019). The in-
creased expression of inhibitory proteins on male T cells would
be consistent with better responses of male patients to treatment
with ICIs (Grassadonia et al. 2018). Sex dependency of TEx is well
recognized in patients with Glioblastoma (Lee et al. 2023). These
effects on immune responses contrast with the well-recognized
effects of activation of immune-related genes as escape genes
in the inactive X chromosomes in female lymphocytes (Wang
et al. 2016; Emran et al. 2020).

5 | Future Directions
5.1 | Targeting AR

In terms of applying results in treatment initiatives, the pos-
sibility of using inhibitors of AR activation to improve im-
mune responses in male patients may be the most applicable
(Figure 2). Inhibitors of androgens such as enzalutamide im-
proved ICI treatment of prostate carcinoma but whether they
would have a similar role in metastatic melanoma remains to
be determined. Robert et al. used a gonadotropin-releasing
hormone (GnRH-A) agonist called triptorelin to treat 14 pa-
tients who had failed the first-line ICI treatment. GnRH-A
suppresses luteinizing and follicle-stimulating hormone and
reduces T to castrate levels. Best overall response was 1PR and
5 with stable disease. Progressive disease was seen in eight pa-
tients giving a disease control rate of 50% (Robert et al. 2023).
It is difficult to see a role for AR inhibitors earlier in the treat-
ment of melanoma because of the feminizing effects of the
drugs. An under-studied question is whether use of hormone
or hormone inhibitors for gender-affirming hormone therapy
may also induce unwanted effects similar to those described
in cancer patients.

Inhibition of AR signaling by single-chain oligonucleotides that
block binding of IncRNAs to AR is a novel new area of research
and inhibitors of the IncRNA like SLNCR1 that bind AR may be
more selective for AR in the cancer cells (Schmidt et al. 2020).
Whether they would reverse unwanted effects of AR in T cells
is unknown. Another focus has been to inhibit the induction of
TEx induced by AR using metabolic approaches such as nicotin-
amide supplements. We have previously shown that TEx can be
reversed in vitro by nicotinamide (Alavi et al. 2022).

5.2 | Targeting Critical Dependencies Induced
by LOY

In the UVM study by Qi et al., DDX3X was a critical dependency in
cell lines with LOY. Similar results were obtained in paralog stud-
ies by Koferle et al. (2022) showing dependency on DDX3X when
DDX3Y was lost. This raises the possibility of treatment with in-
hibitors of DDX3X, some of which have reached preclinical stages
of development (Gherardini et al. 2021; Nakao et al. 2020).

Inhibiting other dependencies such as the stress-related RPS4X
and translation initiator protein EIFIAX maybe more diffi-
cult, but a wide range of in vitro ribosome inhibitors might be
considered (Dmitriev, Vladimirov, and Lashkevich 2020) and
include drugs under investigation in multiple sclerosis (Raimi
et al. 2024).

5.3 | Autosomal Genes Regulated by KDM5D

Additional studies are needed to understand how the genes reg-
ulated by KDM5D lead to specific cancer outcomes. Although
KDMS5C and KDMS5D both target H3K4 methylation, KDM5D
is believed to form a complex with RING6 in PRC1, which is
not a property of KDMS5C. This and other adaptor differences
between the two demethylases (Zhang, Cao, and Yan 2023) may
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be involved in preventing the dependency of LOY cancer cells
on KDMS5C. Identification of specific inhibitors of these demeth-
ylases remains challenging.
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