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Abstract

The prevalence and progression of cancer differ in males and females, and thus, sexual dimorphism in tumor development
directly impacts clinical research and medicine. Long non-coding RNAs (IncRNAs) are increasingly recognized as important
players in gene expression and various cellular processes, including cancer development and progression. In recent years,
IncRNAs have been implicated in the differences observed in cancer incidence, progression, and treatment responses between
men and women. Here, we present a brief overview of the current knowledge regarding the role of IncRNAs in cancer
sex dimorphism, focusing on how they affect epigenetic processes in male and female mammalian cells. We discuss the
potential mechanisms by which IncRNAs may contribute to sex differences in cancer, including transcriptional control of
sex chromosomes, hormonal signaling pathways, and immune responses. We also propose strategies for studying IncRNA
functions in cancer sex dimorphism. Furthermore, we emphasize the importance of considering sex as a biological variable
in cancer research and the need to investigate the role IncRNAs play in mediating these sex differences. In summary, we

highlight the emerging link between IncRNAs and cancer sex dimorphism and their potential as therapeutic targets.

Introduction

The incidence of cancer, therapeutic response, and overall
survival of cancer patients differ between men and women
(Henley et al. 2020; Islami et al. 2021). Males are generally
more likely to develop cancer. The National Cancer Institute
reported through the Surveillance Epidemiology and End
Results (SEER) database that for all cancers combined in
the United States from 2016 to 2020, the age-adjusted inci-
dence rate (and 95% confidence interval) per 100,000 was
477.8+0.7 for males and 412.8 + 0.6 for females. The same
data analysis for the cancer mortality rate was 177.5+0.3
for males and 128.7+0.2 for females. The sex disparity in
cancer is not restricted to any country or region. For the
year 2020, the Global Cancer Observatory GLOBOCAN
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database provided statistics for 36 cancer types across 185
countries, with an age-adjusted incidence rate of 222.0 for
males and 186.0 for females. In 2020, the world’s cancer
mortality rate was 120.8 for males and 84.2 for females.
We present in Table 1 the incidence rates for major cancers
based on sex. Males have higher incidence rates for many
types of cancer.

The numbers reported in Table 1 include sex-specific
reproductive cancer types, such as ovarian and prostate
cancers. The common non-reproductive cancers include
the types that have high male-to-female ratios: colorectal
cancers, lung and liver, and non-Hodgkin lymphoma. The
analysis of SEER 2020 (USA) identified Kaposi sarcoma as
having the highest male-to-female incidence rate ratio. In
addition to breast cancer, which is rare in males, only a few
cancers are more common in females, which is similar to
what was previously noted (Dorak and Karpuzoglu 2012).
In the case of gallbladder and thyroid cancer types, the male-
to-female incidence rate ratio is less than 1.0. Although life-
styles are known to contribute to these differences, genetics
also play an important role, and the molecular mechanisms
involved are largely unknown. Despite traditional beliefs that
sex hormones and hormonal regulation are the main explan-
atory factors for sexual dimorphism in cancer, accumulat-
ing evidence suggests that additional genetic and epigenetic
mechanisms are at play. However, the specific molecular and
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Tabl‘f" 1 .Co.mparison of sex- Cancer type SEER 2020 (USA)* Globocan 2020 (worldwide)®

specific incidence rates (per

100,000) for selected cancers Male Female Ratio Male Female Ratio

with a male-to-female ratio

indicating male bias (in blue) Lung 48.8 394 1.2 31.5 14.6 22

versus female bias (in pink) Colorectum 37.7 28.8 1.3 23.4 16.2 1.4
Melanoma 23.4 14.9 1.6 3.8 3 1.3
Non-Hodgkin lymphoma 20.8 14.2 1.5 6.9 4.8 1.4
Bladder 29.2 7 4.2 9.5 2.4 4
Kidney 21.9 10.6 2.1 6.1 32 1.9
Thyroid 6.6 17 0.4 3.1 10.1 0.3
Leukemia 16.1 10.1 1.6 6.3 4.5 14
Pancreas 14.6 11.4 1.3 5.7 4.1 1.4
Oral cavity 16.1 6.1 2.6 6 23 2.6
Liver 12.6 4.9 2.6 14.1 5.2 2.7
Myeloma 7.9 53 1.5 22 1.5 1.5
Stomach 8.2 4.7 1.7 15.8 7 2.2
Brain, nervous system 7.1 5 1.4 3.9 3 1.3
Larynx 4.1 0.9 4.6 3.6 0.45 8
Hodgkin lymphoma 2.7 22 1.2 1.2 0.8 1.5
Gallbladder 0.9 1.4 0.6 0.89 1.4 0.6
Mesothelioma 1.1 0.4 2.8 0.46 0.17 2.7
Kaposi sarcoma 0.7 0.1 7 0.54 0.25 22
Breast - 118.8 - - 47.8 -
Prostate 104.1 - - 30.7 - -
Testis 5.9 - - 1.8 - -
Ovary - 9.3 - - 6.6 -
Cervix Uteri - 6.9 - - 13.3 -
Vulva - 2.3 - - 0.85 -

For all listed cancer types in SEER 2020 and Globocan 2020 data, the differences in incidence rates
between males and females are statistically significant with P <0.05

4SEER 2020 USA data from the SEER Incidence Data at https://seer.cancer.gov/statistics-network/explorer

November 2022 Submission (1975-2020), SEER 22 registries https://seer.cancer.gov/registries/terms.html
®Globocan 2020 (worldwide) data from the Global Cancer Observatory GLOBOCAN database at https:/

gco.iarc.fr/

cellular mechanisms responsible for sexual dimorphisms in
cancer incidence and therapeutic responses are still in the
early stages of discovery (Sandovici et al. 2022).
Non-coding RNAs (ncRNAs; RNAs that do not encode
proteins) play critical roles in gene regulation (Mattick and
Makunin 2006; Nair et al. 2020). Long noncoding RNAs
(IncRNAs) are larger than 200 nucleotides and are important
building blocks of gene regulatory networks in all eukary-
otes (Kopp and Mendell 2018; Rinn and Chang 2012; Yao
et al. 2019). LncRNAs share many similarities to messenger
RNA (mRNA), including transcription by RNA Polymerase
II, and undergoing co- and post-transcriptional processing
events such as splicing, 5’ capping, and 3' polyadenyla-
tion (Cuykendall et al. 2017; Mattick et al. 2023; Quinn
and Chang 2016). The human genome encodes thousands
of IncRNAs, which represent potentially key sources of
gene regulatory adaptation (Djebali et al. 2012). Analyzing
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IncRNAs is challenging as they are often expressed at low
levels. Some investigators consider IncRNAs to be transcrip-
tional “noise”. Therefore, the functions for most IncRNAs
remain obscure and their biological importance is disputed.
With advances in whole-genome technologies, increasing
research on IncRNAs has highlighted their important role
in a wide range of cellular processes. LncRNAs participate
in chromatin remodeling and transcription, splicing, transla-
tion, and processing, localizing, and stabilizing other RNAs
(Mattick et al. 2023).

An important role for IncRNAs in tumor initiation and
progression has been established in recent years (Bhan et al.
2017; Jiang et al. 2019). Their tissue-specific expression
makes them attractive for diagnostic and therapeutic
purposes. For instance, the IncRNA PCA3 (Prostate Cancer
Antigen 3) is used as a diagnostic marker for prostate cancer,
and it can be easily found in urine samples (Taheri et al.
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2022); the IncRNA HOTAIR (HOX antisense intergenic
RNA) is involved in hormone therapies resistant in
breast cancer (Xue et al. 2016). Sex-biased expression of
IncRNAs plays a role in modulating the regulatory pathways
underlying sexual dimorphism in brain and cardiovascular
disorders (Hartman et al. 2018; Issler et al. 2020; Jusic et al.
2020; Reinius et al. 2010; Simchovitz-Gesher and Soreq
2020). Cancer sex dimorphism may also be influenced by
IncRNA expression.

In this review, a number of potential mechanisms by
which IncRNAs may influence sexual dimorphism in can-
cer are discussed, including transcriptional control of sex
chromosomes, hormone signal transduction pathways, and
immune responses (Fig. 1). We address sexual dimorphism
as differences caused or driven by sex. A sexual dimorphism
is characterized by dichotomous features, such as ovaries
and testes (Rubin et al. 2020). While we describe sex dif-
ferences in cancer incidence and mortality, such differences
may be attributed to sexual dimorphism. In this context, we
will also highlight the approaches that can be used to iden-
tify cancer-sex-specific IncRNAs. The discussion focuses
on IncRNAs that play a role in female-reproductive cancers
such as breast and ovarian, male-reproductive cancers such
as testicular and prostate, as well as non-reproductive can-
cers such as liver, colorectal, lung, brain, skin, blood, and
thyroid.

X-chromosome IncRNAs and cancer sex
dimorphism

Although cancer is generally considered a genetic disease,
phenotypic plasticity and epigenetic reprogramming have
been recognized as emerging hallmarks and enabling
characteristics necessary for tumor growth and progression
(Hanahan 2022; Hanahan and Weinberg 2011). From
fertilization and through embryo development and adulthood,
sex chromosomes establish major physiological differences
between males and females. Male-specific transcriptional
regulation in mammals begins with the Y chromosome
and the Sex-determining Region Y (SRY) gene. Recently,
KDM5D has been identified as a new Y-linked gene involved
in sex differences in colon cancer and bladder cancer (Abdel-
Hafiz et al. 2023; Li et al. 2023a). An overexpression of
KDM5D, a histone demethylase, by the transcription factor
STAT3 results in epigenetic regulatory changes, leading to
increased colon cancer metastasis in a mouse model (Li et al.
2023a). In bladder cancer, loss of Y chromosome (LOY)
enhances tumor sensitivity to immunotherapies (Abdel-
Hafiz et al. 2023). Nevertheless, the genetic difference
between XX females and XY males resides largely in the
X chromosome, which contains over 1000 genes important
for cell survival and behavior. Males and females have

different numbers of X-chromosomes, which could result in
an imbalance in the dose of gene products associated with
X during embryonic development. As a way to resolve this
problem, one of the two X-chromosomes is transcriptionally
silenced in female mammals through X-inactivation (Lyon
1961; Payer and Lee 2008; Wutz 2011). Furthermore,
X-inactivation allows humans to tolerate sex chromosomes
with abnormal numbers, such as 45, XO (Turner syndrome),
47, XXY (Klinefelter syndrome), or 47, XXX (Triple X
syndrome) karyotypes. Early development in mammals
depends on an effective dosage balance and failure would
result in embryonic death. When X-inactivation is skewed
or incomplete, developmental defects can be caused by
dysregulation of X-linked genes. This results in diseases such
as fragile X syndrome, Duchenne muscular dystrophy, and
sex bias in systemic lupus erythematosus (Kirchgessner et al.
1995; Pyfrom et al. 2021; Syrett et al. 2019; Viggiano et al.
2016; Yu et al. 2021). Age-acquired skewed X-inactivation
has recently been linked to cancer incidence (Roberts et al.
2022).

X-inactivation is an epigenetic hallmark of mammalian
development (Fang et al. 2019; Payer et al. 2011). Two
X-chromosomes in a female cell activate the expression of
the X-Inactivation-Specific Transcript (XIST). In females,
XIST is an IncRNA of 17-kb long that causes transcriptional
inactivation of one of the two X-chromosomes, and this
effect persists in all somatic cells throughout their life.
LncRNA XIST and its flanking regulatory IncRNAs genes
such as JPX (Just Proximal of Xist) and FTX (Five Prime
to Xist) control the initiation of X-inactivation and the
choice of which one of the two X-chromosomes to silence
(Furlan et al. 2018; Karner et al. 2020; Rosspopoft et al.
2023; Sun et al. 2013). For both humans and mice, the
IncRNA XIST/Xist regulates dosage compensation by
randomly inactivating one of the X-chromosomes during
post-implantation development in the female. Based on
extensive studies in mice, Xist is transcribed from the X
chromosome to be inactivated; the Xist IncRNA coats the X
chromosome and recruits chromatin protein complexes to
spread in cis, resulting in altered chromatin modifications
and transcriptional silencing along the X chromosome
(Brockdorff et al. 2020; Jacobson et al. 2022; Li et al. 2022;
Patrat et al. 2020).

A link between XIST, X-linked gene expression, and
cancer has been demonstrated in mice and humans (Richart
et al. 2022; Xing et al. 2018; Yildirim et al. 2013). Female
mice with Xist-deletion develop marrow fibrosis, leukemia,
and histiocytic sarcoma in female mice; male mice with
the same deletion have no defects (Yildirim et al. 2013).
In humans, XIST is dysregulated in breast cancer and loss
of XIST is a common feature of breast tumors that have
a poor prognosis (Richart et al. 2022; Xing et al. 2018).
It is believed that XIST loss triggers X chromosome
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Fig.1 LncRNA in cancer sex dimorphism. A X-chromosome-
related IncRNA: XIST IncRNA is involved in reproductive cancer
like breast and cervical cancer, but also in blood cancer. Its disrup-
tion led to the reactivation of X-linked genes and cell dedifferentia-
tion. XIST is active in non-reproductive cancers in males, leading to
X chromosome inactivation hallmarks such as DNA methylation. B
Hormones-related IncRNA: Example of IncRNAs that interacts with
hormonal pathways and contributes to the progression of cancer.
HOTAIR IncRNA is involved in both the estrogen receptor (ER) and
androgen receptor (AR) transcriptional programs, resulting in differ-

reactivation, resulting in the overexpression of X-linked
genes that contributes to cancer development (Chaligné
et al. 2015). It has been found that, however, XIST loss
does not cause a massive X chromosome reactivation in
human mammary stem cells. Only a few genes, including
the chromatin mediator MEDI4 (mediator of RNA
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H19 overexpression:
® sustain of chronic inflammation ?

AL606489.1

Cancer
cell death

ent outcomes in reproductive cancer. LINC000263 IncRNA activates
the NF-kB pathway in male lung cancer patients. The same pathway
is inhibited in female lung cancer patients due to the estrogen recep-
tor competition with the NF-kB transcription factor. C Immune-
related IncRNAs: Example of IncRNAs that plays a role in cancer
progression through immune system dysregulation. While the func-
tions of H19 and AL606489.1 in cancer progression remain unclear,
they could play roles in pro-tumorigenic inflammation and in inhib-
iting immunotherapies-induced cell death, respectively. Created with
BioRender.com

(effector)

polymerase II transcription subunit 14), are reactivated. The
overexpression of MEDI4 impairs the differentiation and
homeostasis of mammary stem cells (Richart et al. 2022).
Additionally, the study found that loss of X/ST in mammary
stem cells results in tumorigenesis in mice carrying an
oncogenic mutation. The loss of XIST alone does not lead
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to cancer progression in stem cells; however, multiple hits
are necessary to promote cancer development. To clarify
the exact role of XIST in cancer development, additional
examples and evidence will be needed.

A hallmark of cancer is the maintenance of cell identity
and plasticity (Hanahan 2022). Loss of XIST can give cancer
stem cells the advantage of maintaining their pool of stem-
like cancer cells and giving them a proliferative advantage
in a cancer context, in which cancer stem cells are defined
as subpopulations of cancer cells capable of renewal and
differentiation. A loss of XIST in an ovarian cancer cell line
leads to an increase in cancer stem cells, as indicated by
the expression of cancer stem cell markers such as OCT4
and SOX2 (Huang et al. 2020). These studies highlight the
importance of XIST IncRNA function in maintaining the
transcriptional status of the X chromosome and preserving
the cell identity and plasticity. While X-inactivation
appears to confer protection from cancer in females and
may contribute to the male bias in general cancer types,
it is important to determine the expression status of XIST
in female-reproductive cancers such as breast and ovarian
cancer. However, XIST can be somatically activated in a
subset of male human cancers, even though X-inactivation
and XIST expression are generally absent from normal male
tissues. Some of these cancers exhibit X- inactivation-like
characteristics, such as higher levels of DNA methylation on
chromosome X and silenced expression of X-linked genes
(Sadagopan et al. 2022). Thus, understanding the molecular
mechanisms behind the function of XIST IncRNA in cancer
progression will improve diagnosis and treatment for both
males and females.

Hormone-interacting IncRNAs and cancer
sex dimorphism

Sex hormones play a significant role in the initiation and
progression of cancer in both males and females. Hormones
play a key role in reproductive-specific cancers, such as
breast and ovarian cancers in females and prostate cancers
in males. The inherent dimorphic nature of the reproductive
organs arises from distinct mechanisms unique to each
sex, which are regulated by the endocrine gland (Chou and
Henderson 2014; Henderson 2005). Beyond this, hormones,
such as estrogen and androgens, have a substantial
impact on the development and prognosis of cancers in
sexually different ways. For instance, estrogen, a critical
sex hormone in both male and female systems, displays
contrasting effects in female- and male-specific cancers.
While estrogen decreases tumor formation in cancers
primarily affecting men, such as liver and colon cancer, it
paradoxically increases tumor formation and progression in
cancers primarily affecting women, such as meningiomas

and thyroid cancer (Rubin et al. 2020). In breast cancer
development, estrogen signaling plays a crucial role, but
the underlying mechanisms are not yet fully known (Clusan
et al. 2023).

The IncRNA Homeobox transcript antisense intergenic
RNA (HOTAIR) is implicated in estrogen and androgen
receptor signaling. A specific function of HOTAIR is
found to upregulate nuclear estrogen receptors and affect
estrogen-related gene expression (Xue et al. 2016). By also
interacting with chromatin, HOTAIR is involved in breast
cancer migration and promotes tumor metastasis via altering
chromatin status (Gupta et al. 2010). The IncRNA HOTAIR,
when overexpressed, can upregulate estrogen, which can
contribute to cervical cancer progression and prognosis,
and is elevated in both estrogen receptor-positive (ER+)
and triple-negative (TN) breast cancer through distinct
mechanisms. In ER+ breast cancer, which accounts for
70-80% of human breast cancer tumors (Sohail et al. 2020),
HOTAIR is induced through estradiol (E2), the main form of
estrogen, by binding to estrogen response elements (EREs)
on its promoter region. This enhances recruitment of RNA
polymerase II by increasing histone acetylation and histone
H3 lysine-4 trimethylation (Bhan et al. 2014). 20% of breast
cancer cases are TN breast cancer (Yager and Davidson
2006). Here, estrogen stimulates HOTAIR via the G protein-
coupled receptor and suppresses miRNA miR-148a, which
negatively affects HOTAIR levels (Tao et al. 2015).

In cancers specific to males, IncRNAs play in conjunction
with hormones related to the male system such as androgenic
hormones. Androgenic hormones, testosterone being a
prominent example, can exert effects through IncRNA
regulation mechanisms. For instance, the IncRNA Androgen
Receptor Regulated Long Non-coding RNA 1 (ARLNCI)
regulates androgen receptor signaling and is one of the
most differentially expressed androgen receptor-regulated
genes in prostate cancer. ARLNCI functions by binding to
the androgen receptor, promoting its stability and enhancing
transcriptional activity through a positive-feedback loop. As
a result, ARLNCI promotes androgen receptor-dependent
prostate cancer cell proliferation (Zhang et al. 2018).

The effects of sex hormones and their interacting
IncRNAs can also be sexually dimorphic on non-
reproductive cancers. Recent studies have shown that
IncRNAs that interact with estrogen receptors, such as
Metastasis-Associated Lung Adenocarcinoma Transcript
1 (MALATI), and IncRNA-H19 (H19), are enhanced by
estrogen receptors in lung and thyroid cancers. In lung
cancer, MALATI knockdowns alternatively splice the
5" untranslated region of ESRI, the gene that codes for
estrogen receptor o (Arun et al. 2016). In the case of H19,
estradiol (E2) promotes H/19 transcription through estrogen
receptor P, which induces stem-like properties in thyroid
cancer (Li et al. 2018). Both IncRNAs are overexpressed
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by estrogen receptors, and in the case of MALATI, it
causes worse survival outcomes in female patients with
estrogen receptor B-positive lung cancer than those in
estrogen receptor B-negative lung cancer (Yu et al. 2019).
In melanoma, IncRNAs that bind to the androgen receptor
and regulate the transcription of growth-regulatory genes,
such as SRA-like Non-coding RNA (SLNCR), contribute
to poorer prognosis for men compared to women. SLNCR
binds with the androgen receptor adjacent to SLNCR’s
conserved region, and overexpression leads to increased
melanoma invasion (Schmidt et al. 2019). In renal cancer,
the IncRNA Suppressing Androgen Receptor in Renal
Cell Carcinoma (SARCC) suppresses tumor growth
by inhibiting androgen receptor functions, specifically
through stabilizing the androgen receptor protein in
males, leading to a repression of miR-142-3p. When
overexpressed, SARCC inhibits downstream signals in the
AKT, MMP, K-RAS, and P-ERK pathways (Zhai et al.
2017). It has been reported that the androgen receptor
could induce renal cell carcinoma initiation, progression,
and invasion, which may explain why men are more likely
to develop renal cancer than women (Chen et al. 2015; He
et al. 2014). Again, the IncRNA HOTAIR plays a role in
estrogen and androgen receptor signaling and is regulated
by estrogen receptor P in renal cell carcinoma. This
regulation promotes tumor growth and invasion in both
males and females. HOTAIR is also involved in regulating
proliferating renal cell carcinomas and can control the
transcription of androgen receptor targets, contributing
to a more resistant response to antiandrogens in prostate
cancer (Ding et al. 2018; Kumar et al. 2021).

The IncRNA LINC00263 is overexpressed in several
types of cancer. A higher expression is associated with
poor prognosis in lung, renal cell carcinoma, colorectal
cancer, and hepatic carcinoma, but is favorable in ovarian
cancer, and has no significant effect in prostate and
breast cancer. When comparing sex-specific differences
in lung adenocarcinoma, colorectal cancer, or renal cell
carcinoma patients, the expression of LINC00263 was
found to be higher in males than females. The authors
pointed out a strong negative correlation with XIST as
well as with estrogen receptor 1 expression, which may
be an explanation for the difference in the expression of
LINCO00263 between sexes. Additionally, estrogen can
inhibit the activation of NF-kB signaling and reduce
the activity of protein p65 within this pathway. Since
LINC00263 is expressed less in female patients than in
male patients, especially in ER-negative breast cancer, an
interaction between estrogen receptors may be inhibiting
LINC00263 expression. Hence, estrogen-induced
inhibition of LINC00263 might contribute to sex-specific
differences in cancer progression (Liu et al. 2020).

@ Springer

Sex-specificimmune-related IncRNAs
in cancer

One of the hallmarks of cancer is its ability to evade
immune destruction, although the immune system can
also promote tumorigenesis by creating an environment
that is pro-inflammatory (Hanahan 2022). It is generally
observed that women exhibit better immune responses
than men, even when they are battling cancer (Klein
and Flanagan 2016). Recent studies analyzing RNA-
sequencing from solid tumors have revealed that
women's tumor microenvironments contain more innate
and adaptive immune cells, resulting in sex differences
regarding molecular mechanisms for cancer cell immune
invasion (Castro et al. 2020; Conforti et al. 2021). It is
also well known that women respond better than men to
cancer immunotherapies, such as anti-PD-1/anti-PD-L1
treatment. However, the molecular mechanisms behind
sexual dimorphism in the immune response remain unclear
(Conforti et al. 2021; Schafer et al. 2022). Therefore,
there is an increasing interest in identifying sex-specific
immune-related IncRNAs in cancer.

In females with hepatocellular carcinoma, the IncRNA
H19 is upregulated compared to male patients (Zhang
et al. 2015). H19 is an imprinted gene expressed by the
maternal allele. Its role in tumorigenesis is unclear and is
largely dependent on the type of cancer. H19 is involved in
a variety of cancer hallmarks, including the pro-oncogenic
inflammatory environment that characterizes liver cancer
(Tietze and Kessler 2020). Interestingly, it is also involved
in liver fibrosis, an inflammatory condition in which innate
and immune cells play a key role (Pellicoro et al. 2014).
In addition, inflammation may facilitate tumor growth
in some contexts. It has been suggested that H/9 in
female hepatocellular carcinoma could cause a sustained
inflammatory environment and promote tumor progression
(Hiam-Galvez et al. 2021). The validation of this
hypothesis will help us understand how sex-differential
expression of H19 affects liver cancer outcomes.

Another example is the IncRNA AL606489.1, which
is differentially expressed between male and female
lung cancer patients, with a higher level of expression in
males. Furthermore, the expression of AL606489.1 was
negatively correlated with survival in male cancer patients
only (Liang et al. 2022). The AL606489.1 IncRNA is
considered as an immune-related IncRNA in lung cancer
and positively correlates with immune-related genes.
In combination with four other IncRNAs (AC068338.3,
AL691432.2, TMPO-AS1, and AP000695), it can provide
prognosis for lung cancer patients based on an immune-
related risk score incorporating the expression levels
of these immune-related IncRNAs; a higher level of
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AL606489.1 expression is associated with a higher risk
score and increased mortality rate (Lu et al. 2021). There is
also evidence that AL606489.1 plays a role in ferroptosis, a
type of programmed cell death dependent on intracellular
iron (Guo et al. 2021). Immunotherapy-dependent
ferroptosis relies on the ability of ferroptosis induction to
enhance immune cell activity, allowing cancer cells to be
more sensitive to immunotherapies (Gong et al. 2022). It
is unclear how AL606489.1 functions in ferroptosis, but
one hypothesis is that higher levels of AL606489.1 may
inhibit immunotherapy-dependent ferroptosis in male lung
cancer patients. Due to its differential expression in male
and female cancer patients, the IncRNA AL606489.1 has
been associated with a worsened prognosis specifically
in males. This indicates potential interactions with
unidentified proteins, suggesting a distinct functional role
in male and female cancer cells. However, more studies
are needed to understand the mechanisms of cancer sex-
specific IncRNA functions and the possible cancer sex
dimorphism in response to immunotherapy.

The IncRNA SATB2-AS1 (SATB2 Antisense RNA 1) is
also more abundant in male lung cancer patients compared
to female patients, but overall survival does not differ
between males and females (Liang et al. 2022). SATB2-AS1
contributes to the composition of the tumor immune cell
microenvironment, and SATB2-AS1 expression is negatively
correlated with the infiltration of immune cells in colorectal
cancer (Xu et al. 2019). It has been found that male cancer
patients have a lower immune cell infiltration than female
cancer patients (Fan et al. 2021; Klein and Flanagan 2016;
Laskar et al. 2021). Male colorectal cancer patients have a
high level of SATB2-AS1 expression, which may contribute
to the low immune cell infiltration observed. However,
experimental studies are needed to validate a direct
connection between the IncRNA SATB2-AS1 and the effects
on the tumor immune cell microenvironment. The immune
system plays a crucial role in cancer progression, and the
sex dimorphism that underlying that hallmark calls for a
closer look at the immune sex difference driven by IncRNAs.
Cancer immunotherapy could be improved by unraveling
how IncRNAs function in sexual dimorphic immune
responses. Identifying sex-specific immune-related IncRNAs
could help prognosis and adapt treatment accordingly (Isaev
et al. 2021).

Identification of novel IncRNAs in cancer sex
dimorphism

High-throughput sequencing has revealed that the majority
of cancer-related gene variations are in the non-coding
regions of the human genome with only a small amount
found in protein-coding regions. With documented

molecular functions and observed high degree of expression
specificity, some IncRNAs have been proposed as promising
biomarkers and therapeutic targets in cancer. However, the
utilization of IncRNAs as reliable biomarkers remains a
challenging endeavor. Some IncRNAs have already found
application as diagnostic biomarkers; one notable example
is PCA3, which is employed in the PROGENSA PCA3
urine test for prostate cancer diagnosis (Li et al. 2023b).
Another promising diagnostic biomarker is MALAT-1,
known for its high expression in the plasma of patients with
prostate cancer (Wang et al. 2017). In various other types of
cancer, several IncRNAs are currently under investigation as
potential prognostic biomarkers, such as XLOC_014172 and
LOC149086 in hepatocellular carcinoma (Qi et al. 2016).
Furthermore, in the realm of therapeutic biomarkers, pre-
clinical studies have demonstrated the efficacy of targeting
MALAT-1 using RNA interference in prostate cancer,
yielding successful results in xenograft models (Wang et al.
2017). Nevertheless, the discovery of cancer sex-specific
IncRNAs remains imperative for the development of reliable
diagnostic, prognostic, or therapeutic biomarkers. Two
main strategies exist for identifying cancer biomarkers: the
candidate gene approach and the genetic screen approach.
Each of these approaches can identify any cancer biomarker,
but integrating specific features can allow them to identify
sex-specific IncRNAs.

Candidate gene approach

With the availability of sequencing data, it is reasonable to
identify candidate genes with a higher degree of statistical
significance. The Cancer Genome Atlas (TCGA) contains
over 85,000 sequencing data along with clinical information
(The Cancer Genome Atlas Research Network 2011). It
has already been used to identify coding genes associated
with sex-cancer dimorphisms (Li et al. 2020). Identifying
the IncRNA differentially expressed between males and
females across different cancers is possible thanks to the
growing number of cancer IncRNA databases. A user-
friendly database such as The Atlas of NcRNA In Cancer
(TANRIC), for example, explores the expression of IncRNAs
in cancer and compares them with clinical information
such as sex (Li et al. 2015). However, one challenge with
IncRNAs is that they are not adequately annotated. The
FAMTOMG6 (Functional ANnoTation Of the Mammalian
genome) project aims to annotate IncRNAs (Ramilowski
et al. 2020). Incorporating the FANTOMG6 annotation
database with TCGA data enables one to identify additional
IncRNAs associated with cancer-related sex dimorphism.
A combination of the TANRIC, FANTOMS®6, and TCGA
datasets can also be used to identify additional IncRNAs,
providing valuable insights. For example, machine learning
can be used to identify prognostic IncRNAs in TCGA
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and FANTOM databases (Isaev et al. 2021). In this pan-
cancer study, HOXA10-AS (HOXA10 Antisense RNA) was
identified as an IncRNA that could be used as a prognostic
marker in low-grade gliomas. The loss-of-function
experiments in patient cell gliomas showed that HOXA10-AS
reduces cell proliferation. Data from RNA-sequencing
indicated that the HOXA10-AS is involved in multiple
hallmarks of cancer, including deregulation of the cell cycle
pathway and the organization of the extracellular matrix
(Isaev et al. 2021). This is an example of a methodology
that can be used to identify cancer-specific IncRNAs. In
addition to HOXA10-AS, the study identified 165 prognostic
IncRNAs across a variety of cancer types. As machine-
learning technology becomes more advanced, it is possible
to query IncRNA databases to determine which IncRNAs
are differentially expressed between males and females.
For further validation, IncRNAs with sexual dimorphism
regarding patient survival could be selected. Validation
in vitro includes gain- and loss-of-function experiments
using cancer cell lines, and in vivo validation involves the
study of tumor formation using a mouse model.

Genetic screen approach

CRISPR-gene editing is a reliable technique for performing
large genetic screens, whether it is in vivo (using mouse
models) or in vitro (using established cancer cell lines).
A non-coding targeting screen can be performed on
IncRNA-CRISPR libraries (Liu et al. 2018). It is also
possible to use custom-made libraries to screen for specific
IncRNA targets. CRISPR screens can be readily adapted to
gain- or loss-of-function experiments (Joung et al. 2017,
Liu et al. 2017; Prolo et al. 2019). However, one pitfall
of CRISPR screens detecting IncRNA is that they are
insensitive to reading frame alteration, leading to false-
negative hits. A study has developed a library of sgRNA
targeting IncRNA splicing sites to overcome this problem.
There are more than 10,000 sgRNAs in this library, each of
which targets either the splice donor (SD) site or the splice
acceptor (SA) site of a given IncRNA. Using this strategy,
specific intron retention (SD) or exon skipping (SA) can
be induced, thereby disrupting the targeted IncRNA’s
function (Liu et al. 2017). Large genomic screens can
also be performed using Antisense Oligo Nucleotide
(ASO) and RNA interference (RNAi) (Yip et al. 2022). To
identify cancer sex-specific IncRNAs, a screen in female
and male cancer cell lines must be performed. A variety of
phenotypes can be asserted, such as survival, proliferation,
invasion, and migration. A major advantage of the genetic
screen approach is the ability to identify genes involved
in tumor progression and compare their impact on female
and male cells. Using cell lines has the disadvantage of
missing all aspects of the tumor microenvironment (TME)
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that could impact sex-specific gene regulation. Therefore,
clinical validation of the findings is essential.

Summary

Personalized therapies make it increasingly important to
take biological sex into account. This review shows that
IncRNAs play a role in cancer progression with different
outcomes based on the sex. The molecular mechanisms
behind this dimorphism need to be understood. LncRNAs
are promising therapeutic targets that can also be used as
diagnostic tools. There are several pathways involving
IncRNAs, including chromosome X inactivation, hormonal
signaling, and immunity. However, it is important to note
that these are all interconnected pathways. Indeed, it is well
known that the immune system is dependent on the signaling
of sex hormones’ signaling, and that some immune genes are
expressed from the X chromosome, including TLRS (Toll-
like receptor 8), TLR7 (Toll-like receptor 7), and IRAKI
(Interleukin-receptor-associated kinase 1). Moreover, it is
difficult to determine how lifestyle influences cancer sex
disparities and how environmental factors interact with
sex-specific IncRNAs in affecting cancer. For the IncRNAs
highlighted in this review, however, further investigation
is required to establish a causal relationship with cancer
sex dimorphism. The identification of the molecular
mechanisms underlying cancer sex dimorphism may lead
to the development of more targeted and effective cancer
treatment options for males and females. In addition to its
scientific impact, the characterization of sex dimorphism-
related IncRNA could also have a positive impact on
communities disproportionately at risk or afflicted by
cancer. As a result of improving cancer treatment, we could
potentially reduce cancer-related health disparities and
improve health outcomes overall.
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