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Abstract

Cancer is one of the common causes of death with a high degree of mortality, worldwide. In many types of can-

cers, if not all, sex-biased disparities have been observed. In these cancers, an individual’s sex has been shown to

be one of the crucial factors underlying the incidence and mortality of cancer. Accumulating evidence suggests

that differentially expressed genes and proteins may contribute to sex-biased differences in male and female can-

cers. Therefore, identification of these molecular differences is important for early diagnosis of cancer, prediction

of cancer prognosis, and determination of response to specific therapies. In the present review, we summarize the

differentially expressed genes and proteins in several cancers including bladder, colorectal, liver, lung, and non-

small cell lung cancers as well as renal clear cell carcinoma, and head and neck squamous cell carcinoma. The

sex-biased molecular differences were identified via proteomics, genomics, and big data analysis. The identified

molecules represent potential candidates as sex-specific cancer biomarkers. Our study provides molecular insights

into the impact of sex on cancers, suggesting strategies for sex-biased therapy against certain types of cancers.
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INTRODUCTION

Cancer is one of the most common diseases with an

extremely high mortality rate (1). Several types of cancer

show sex-biased tendencies in mortality and incidence (2-

4). Lung cancer shows the highest incidence and mortal-

ity in males, and ranks third in incidence and second in

mortality among females (5). The incidence and mortality

of liver cancer in males are significantly higher than in

females (6). The incidence of bladder cancer is three- to

four-fold higher in males than in females (7). However,

females are diagnosed with more advanced disease and

worse prognosis after treatment compared with males

(8,9). Data obtained from Korea and Japan indicate that

colorectal cancer is not only associated with the highest

mortality in females over 65 years of age, but also has a

significantly higher incidence and mortality rate in females

than in males over the age of 65 years (10-12). In renal

clear cell carcinoma, the incidence rate was twice as com-

mon in males than in females, and males showed a lower

survival rate (13). Studies investigating the role of gender

and incidence or mortality in head and neck squamous cell

carcinoma had no significant differences by sex (14).

Sex differences in cancer are presumably induced by

sex hormones, especially estrogen (15). Sex hormones are

known to modulate gene expression in many cancers (16).

Sexually dimorphic expression of molecules (gene or pro-

tein) are referred to as ‘sex-biased’ (17-19). Sex-biased

disparities in responsiveness and side effects to anticancer

drugs have also been observed (reviewed in 16). For instance,

the clearance of 5-fluorouracil (FU) is higher in males

than in females (20,21). Females treated with 5-FU showed

higher levels of toxicity such as nausea, vomiting, alope-

cia and leukopenia than males (21,22). The influence of

gender on drug metabolism may contribute at least in part,

to the sex-specific differences in susceptibility to antican-

cer drugs (23-27).

Mounting evidence suggests that genetic and molecular

differences between male and female cancers may contrib-

ute to sex-biased disparities in mortality and incidence of

cancers (28). For instance, male patients with lung adeno-
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carcinoma showed 1.636-fold higher frequency of genetic

alterations than female patients, and greater genetic alter-

ations were related to worse overall survival in males (29).

At the genetic/molecular level, gene polymorphism and

differential expression have been recognized as key fac-

tors for sex-biased differences in cancer incidence between

males and females (16). However, the molecular differ-

ences between male and female cancer patients have yet to

be elucidated. A comprehensive characterization of sex-

biased molecular differences in cancer patients was con-

ducted by analyzing the high-throughput molecular data

obtained from The Cancer Genome Atlas (TCGA) (18).

Proteomics/genomics is one of the most efficient ap-

proaches to study the expression of proteins and genes

(30). Currently, big data analytics of patient information is

widely used in molecular studies. In this review, we have

summarized the genes and proteins associated with sex-

dependent expression via approaches such as proteomics,

genomics, and big data analytics in bladder, colorectal,

liver, lung and non-small cell lung cancers, renal clear cell

and neck squamous cell carcinoma. All these cancers except

renal clear cell and head and neck squamous cell carcinoma

show sex-biased incidence and mortality. This review facili-

tates the design of an efficient strategy for sex-specific can-

cer therapy.

BLADDER CANCER

The incidence of bladder cancer is four times higher in

females than in males (31,32). Studies investigated the

association between the risk of bladder cancer and hypometh-

ylation of long interspersed nuclear element-1 (LINE-1)

(33). The findings suggest a lower frequency of methyla-

tion of LINE-1 in females than in males. Hypomethyla-

tion of LINE-1 may be an effective biomarker for the risk

of bladder cancer in females. The lowest degree of LINE-

1 methylation in females indicates a 2.5-fold significantly

higher risk of bladder cancer. In males, however, there

was no correlation between hypomethylation of LINE-1

and risk of bladder cancer (33). Sex-biased molecules in

bladder cancer are listed in Table 1.

COLORECTAL CANCER

A comparison of 54 colorectal cancer biopsies and mRNAs

of adjacent normal mucosal tissues by RT-PCR analysis

revealed a significant overexpression of twist family basic

helix-loop-helix transcription factor 1 (TWIST1) in colorec-

Table 1. Sex-biased molecular differences in cancers

Bladder cancer

Name
Gender

Method Reference Remarks
Male Female

LINE1
(Methylation)

−
Quantitative Bisulfite

Pyrosequencing
33

Hypomethylation of LINE1 in females
indicates higher risk of bladder cancer.

No relation in male.

−: Low frequency of methylation related to bladder cancer

Colorectal cancer

Name
Gender

Method Reference Remarks
Male Female

ERα +

Immunoblot assay 42

Significantly increased in tumor tissue than
normal tissue of male.

No alteration in female.

ERβ − −−
Significantly decreased in tumor tissue of

female than male.

K-ras

(Point mutations)

−

(younger male) Sequence-specific
Oligonucleotide probes

41
More frequent mutations in older male than

older female.+
(older male)

p16INK4a
(Methylation)

+
Methylation-specific

PCR analysis
44

TWIST1 + RT-PCR analysis 34

+: High expression/point mutation/methylation related to colorectal cancer
−: Low expression/point mutation related to colorectal cancer
−−: Very low expression/point mutation related to colorectal cancer
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Table 1. Continued

Head and neck squamous cell carcinoma

Name
Gender

Method Reference Remarks
Male Female

Claudin-7
+

Big data analytics
(TCGA)

17

Higher expression in male
Smad4

Bad

+ Higher expression in female

GSK-3-alpha-beta

HER2

MAPK

p38

PDCD4

Rictor

Src_pY416

YAP

+: High expression related to head and neck squamous cell carcinoma

Liver cancer

Name
Gender

Method Reference Remarks
Male Female

ATP6V0B

+
Oligonucleotide

microarray
46

Higher expression in male

BLVRB

IFNAR1

MTHFD1

NNT

PRDX1

SMARCA2

SOD1

ZNF33B

HUM3BMCP

Located in the Y chromosomeJARIDID

RPS4Y

CYP1A2

+ Enzyme activity 53-55 Higher activity in maleCYP2C16

CYP2D6

CDK6

+
Oligonucleotide

microarray
46 Higher expression in female

FGFR2

FLJ20489

FGFR3

HSHRTPSN

MFAP

polyA site

PRDX3

PROL2

RPS4X
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Table 1. Continued

Liver cancer (continued)

Name
Gender

Method Reference Remarks
Male Female

ARSE

+
Oligonucleotide

microarray
46 Located in the X chromosome

DDX3X

E1F1AX

USP9X

XIST

CYP3A4 + Enzyme activity 51 Higher activity in female

+: High expression related to liver cancer

Lung cancer and non-small cell lung cancer

Name
Gender

Method Reference Remarks
Male Female

sFAS

+
Proteomics
(multiplex

immunoassays and
mass spectrometry)

57
Higher expression in maleMMP-9

PAI-1

CD40 + Higher expression in female

EGFR
+ Immunohistochemistry

56
May be related to a higher response to

anticancer drugs in female patients

PTHrP 59 Significant predictor of survival for female

+: High expression related to lung cancer and non-small cell lung cancer

Renal clear cell carcinoma

Name
Gender

Method Reference Remarks
Male Female

AR

+

Big data analytics
(TCGA)

17

Higher expression in male

ARHJ

IRS1

JAB1

PAI-1

PKC-alpha

Transglutaminase

VEGFR2

VHL

4E-BP1

+ Higher expression in female

Akt

DJ-1

NDRG1

p38

PTEN

Src

VEGFR2

VHL

+ : High expression related to renal clear cell carcinoma
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tal cancer samples compared with benign colon mucosa

and a significant increase in patients with nodal invasion

(34). TWIST1 is involved in the regulation of epithelial-

mesenchymal transition (EMT), inducing cancer progres-

sion and metastasis, in various cancers (35-37). Notably,

the expression of TWIST1 mRNA was higher in males

than in females, suggesting the possibility of differential

transcriptional regulation of TWIST1 by sex hormones (34).

In early stage of colorectal carcinogenesis, KRAS muta-

tions were observed in 27-43% of patients (38-40). DNA

from 251 primary tumors of Norwegian patients with col-

orectal carcinoma was analyzed using sequence-specific

oligonucleotide probes for the presence of k-ras point

mutations at codons 12 and 13 (41). Male patients younger

than 40 years carried fewer k-ras mutations in colon tumors

compared with female patients (41). This finding sug-

gested dominance of ras-independent pathways of colon

cancer in younger males (41). In contrast, older males car-

ried a higher number of k-ras mutations than older females

(41).

The expression of ERα and ERβ protein showed no sex

differences between normal colon mucosal tissues; how-

ever, significant differences were observed between tumor

tissues (42). The ERα protein expression was significantly

increased in tumor tissues of male patients compared with

normal tissues (42). By contrast, the ERα level did not dif-

fer between tumor tissues and normal tissues of female

patients (42). The level of ERβ protein and mRNA was

significantly reduced in both male and female patients diag-

nosed with colon cancer, although a greater decrease was

observed in males (42,43). The ERβ level was decreased

in poorly differentiated tumors of males (42).

Colorectal cancer associated with the proximal colon in

females may show a different disease subtype (44). In 120

sporadic colorectal cancers, methylation-specific PCR was

performed to determine whether the methylation of the

CpG island in the 5' region of the p16INK4a tumor suppres-

sor gene was associated with sex or other clinicopathologi-

cal characteristics. In female patients, methylation-positive

cancer was 8.8-fold higher than in male patients, and meth-

ylation of p16INK4a was associated with poorly differenti-

ated tumors. Female patients with p16INK4a methylation may

represent an important database of molecular alterations

associated with sporadic colorectal cancers (44). Sex-biased

molecular differences in colorectal cancer are listed in

Table 1.

HEAD AND NECK SQUAMOUS
CELL CARCINOMA

Abundant signals associated with sex-biased protein expres-

sion in head and neck squamous cell carcinoma were

detected via TCGA database analysis (18). In patients with

head and neck squamous cell carcinoma, 12 of 15 sex-

biased proteins were identified, and the expression of Yes

associated protein (YAP), programmed cell death 4 (PDCD4),

glycogen synthase kinase 3 (GSK3-α/β), mitogen-acti-

vated protein kinase (MAPK), Src, p38, human epidermal

growth factor receptor 2 (HER2), B cell leukemia/lym-

phoma (BCL2) associated agonist of cell death (Bad), and

Rictor were upregulated in females whereas Claudin-7 and

Smad4 were upregulated in males (18). SRC plays an

important role in regulating a variety of cellular signal

transduction pathways. The SRC kinase pathways are fre-

quently activated in many carcinomas, especially metastatic

diseases (45). In head and neck squamous cell carcinoma,

SRC kinase may be the key molecule that shows a poten-

tial to be a female-specific prognosis marker. Sex-biased

molecular differences in head and neck squamous cell car-

cinoma are listed in Table 1.

LIVER CANCER

In hepatocellular carcinoma, 27 genes were identified

from male (n = 34) and female (n = 16) hepatocellular car-

cinoma patient tissue mRNAs, which showed sex-specific

differential expression (46). Among these genes, 12 showed

higher and 15 lower levels of expression in males com-

pared with females. Among the 12 genes expressed higher

in male samples, interferon (α and β) receptor 1 (IFNAR1),

ATPase H+ transporting V0 subunit b (ATP6V0B), biliv-

erdin reductase B (BLVRB), zinc finger protein 33B

(ZNF33B), nicotinamide nucleotide transhydrogenase

(NNT), methylenetetrahydrofolate dehydrogenase, cyclohy-

drolase and formyltetrahydrofolate synthetase 1 (MTHFD1),

superoxide dismutase 1 (SOD1), SWI/SNF related, matrix

associated, actin dependent regulator of chromatin, sub-

family a, member 2 (SMARCA2) and peroxide peroxidase

1 (PRDX1) were located on the autosome while ribo-

somal protein S4 Y-linked 1 (RPS4Y), lysine demethylase

5D (JARIDID), and HUM3BMCP were located on the Y

chromosome. PRDX1 and SOD1 were highly expressed

in male hepatocellular carcinoma samples (46). In hepato-

cellular carcinoma, PRDX1 may be a key molecule for

sex-biased mortality and incidence. PRDX, a major com-

ponent of antioxidant enzymes, removes reactive oxygen

species (47). PRDX1 is a versatile molecule that regulates

cell growth, differentiation, cell death and tumor suppres-

sion (48,49). However, the 15 genes with a higher expres-

sion in female samples include cyclin dependent kinase 6

(CDK6), PROL2, FLJ20489, fibroblast growth factor

receptor 2 (FGFR2), microfibrillar-associated protein 2

(MFAP), peroxiredoxin 3 (PRDX3), fibroblast growth fac-

tor receptor 3 (FGFR3), polyA site, and HSHRTPSN located

on the autosome, and inactive X specific transcripts (XIST),

ubiquitin specific peptidase 9 X-linked (USP9X), E1F1AX,

ribosomal protein S4 X-linked (RPS4X), arylsulfatase E

(ARSE), and DEAD-box helicase 3 X-linked (DDX3X)
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on the X chromosome (46).

Sex differences in the gene expression of drug metabo-

lizing enzymes and transporters result in differences in drug

absorption, distribution, metabolism and excretion, possi-

bly affecting drug efficacy and adverse reactions (50). Cyto-

chrome P450 family 3 subfamily A member 4 (CYP3A4)

is an enzyme that is responsible for the metabolism of

over 50% of all therapeutic drugs (51,52). Higher CYP3A4

activity was observed in females than in males; by con-

trast, higher activities of cytochrome P450 family 1 sub-

family A member 2 (CYP1A2), cytochrome P450 2C16

(CYP2C16), cytochrome P450 family 2 subfamily D mem-

ber 6 (CYP2D6) and cytochrome P450 family 2 subfam-

ily E member 1 (CYP2E1) were detected in males than in

females (53-55). The analysis of enzymatic activity in

human liver microsomes and hepatocytes revealed no sig-

nificant differences in hepatic CYP3A4 activity between

males and females (50). However, in primary hepato-

cytes, a two-fold higher activity of CYP3A4 was observed

in females than in males (51). Sex-biased molecular differ-

ences in liver cancer are listed in Table 1.

LUNG CANCER AND NON-SMALL CELL
LUNG CANCER

Epidermal growth factor receptor (EGFR), the most

important therapeutic target in lung cancer, was specifi-

cally expressed in females (18). Erlotinib and gefitinib are

the major anti-cancer drugs that target EGFR pathway in

lung cancer (56). Female patients showed higher response

to erlotinib than male patients (56). This higher response

among female patients may be related to a higher expres-

sion of EGFR observed in females (18,56).

Sex-specific biomarkers were identified in non-small

cell lung cancer, using multiplex immunoassays and mass

spectrometry (57). In males, soluble Fas (sFAS), matrix

metalloproteinase-9 (MMP-9), and plasminogen activator

inhibitor-1 (PAI-1) were strongly predictive biomarkers,

whereas soluble cluster of differentiation 40 (sCD40) was

prognostic for cancers in females (57). The factors under-

lying these gender-biased differences in non-small cell lung

cancer are not clear. Studies to date indicate that these pro-

teins play different roles in male and female patients due

to endocrine differences.

Parathyroid hormone-related protein (PTHrP) is upregu-

lated in tumors with skeletal metastasis and commonly

expressed in non-small cell lung carcinomas (58,59). Female

patients diagnosed with non-small cell lung carcinoma

with and without PTHrP showed a median survival of 55

and 22 months, respectively, whereas male survival was

independent of PTHrP status for 38 months. PTHrP was

suggested as a significant predictor of survival in female

patients after adjusting for stage, age, and histology (59).

Sex-biased molecular differences in lung cancer and non-

small cell lung cancer are listed in Table 1.

RENAL CLEAR CELL CARCINOMA

Using TCGA database analytics, sex-biased proteins from

renal clear cell carcinoma were analyzed (18). In renal

clear cell carcinoma, 18 out of 25 proteins were upregu-

lated in females. These include N-myc downstream regu-

lated 1 (NDRG1), Akt, phosphatase and tensin homolog

(PTEN), DJ-1, 4E binding protein 1 (4E-BP1), Src, and p38.

The von Hippel-Lindau (VHL), phosphoribosylanthrani-

late isomerase 1 (PAI-1), PKC-alpha, VEGFR2, androgen

receptor (AR), ARHJ, insulin receptor substrate 1 (IRS1),

C-Jun activation domain-binding protein-1 (JAB1) genes

were upregulated in males (18). Sex-biased molecular dif-

ferences in renal clear cell carcinoma are listed in Table 1.

SEX-BIASED MOLECULES IN ANIMAL CANCERS

Large portions of genome in animals are shown to be

sex-specific. Sex-biased gene expression may increase the

differences between female and male development, to

facilitate adaptive sex differentiation in vivo (60-62). The

genomic distribution of sex-biased genes (i.e., chromo-

somal binding patterns) in animals also provides clues to

the evolutionary process and the underlying genetic varia-

tion in development according to sex (63,64). Mice and rats

are frequently used for cancer research (65). In this review,

we have summarized the sex-biased molecular differ-

ences in animal cancers.

Recently, a Hras12V transgenic mouse model was gen-

erated to demonstrate the development of male-biased

hepatic tumorigenesis (66). The peritumor and tumoral tis-

sues of male and female transgenic mice were compared

with normal liver tissues of non-transgenic mice via pro-

teomic analysis. During hepatic tumorigenesis, 19 proteins

derived from males and 10 proteins from female mice

showed sex-biased expression (66). The upregulated pro-

teins in males were Rho GDP dissociation inhibitor alpha

(ARHGDIA), fatty acid binding protein 1 (FABP1), nucle-

ophosmin 1 (NPM1), ribosomal protein lateral stalk sub-

unit P2 (RPLP2), dihydrodiol dehydrogenase (DHDH),

ATP5D, farnesyl diphosphate synthase (FDPS), and ubiqui-

lin 1 (UBQLN1). The proteins involved in DNA packing

include Histone H4, Histone H2AA, and Histone H2AB.

SFL2, protein disulfide isomerase family A member 6

(PDIA6), tropomyosin 1 (TPM1) were also upregulated in

a male-specific manner (66). Female-specific proteins such

as acyl-CoA oxidase 1 (ACOX1), adenosylhomocystein-

ase (AHCY), betaine-homocysteine S-methyltransferase 2

(BHMT2), glutathione S-transferase alpha 3 (GSTA3),

basonuclin 2 (BNC2), calmodulin 1 (CALM1), and profil-

ing 1 (PFN1) were downregulated (66). However, apoli-

poprotein A4 (APOA4), eukaryotic translation elongation
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factor 2 (Eef2), and heat shock protein family A member 8

(HSPA8) were upregulated in females. The metabolic cat-

egory of proteins including aldehyde dehydrogenase 1

family member L1 (ALDH1L1), phosphoglycerate kinase

1 (PGK1), and sterol carrier protein 2 (SCP2) were down-

regulated in males. Glutathione peroxidase 1 (GPX1), per-

oxiredoxin 6 (PRDX6), cytochrome b5 type A (CYB5A),

and heat shock protein family E member 1 (HSPE1) showed

a reversal of expression in males and females (66).

To study the effects of forkhead box A1 (FOXA1), a

member of the forkhead class of DNA-binding proteins,

on liver cancer production, liver tumors were induced in

female and male controls and liver-specific FOXA1/2-

deficient mice (67). These hepatocyte nuclear factors are

Table 2. Sex-biased molecules in animal liver cancers

Gene name
Gender

Method Reference Remarks
Male Female

ARHGDIA

+
Proteomics (2D-Fluorescence
difference gel electrophoresis),
genetics, and immunoblot assay

66

No significance in female

ATP5D

DHDH

FABP1

FDPS

Histone H2AA

Histone H2AB

Histone H4

NPM1

PDIA6

RPLP2

SFL2

TPM1

UBQLN1

FOXA1
+

Chromatin Immunoprecipitation
(ChIP) assays

67
FOXA2

p53

+ -
Immunoblot assay, RT-PCR

analysis, and microarray
68 Higher expression in malePten

Rb

APOA4

+

Proteomics (2D-Fluorescence
difference gel electrophoresis),
genetics, and immunoblot assay

66

No significance in maleEef2

HSPA8

ALDH1L1

- No significance in femalePGK1

SCP2

ACOX1

- No significance in male

AHCY

BHMT2

BNC2

CALM1

GSTA3

PFN1

+: High expression related to hepatocellular carcinomas in animals
−: low expression related to hepatocellular carcinomas in animals
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transcriptional activators of liver-specific transcripts such

as albumin and transthyretin, and interact with chromatin

as pioneering factors. After treatment with carcinogens,

large and diverse tumors were detected in the females with

FOXA1/2 deficiency, whereas tumor growth in male mutants

was reduced compared with the control. Thus, the expres-

sion of FOXA-specific genes in mice seems to be related

to the prognosis of hepatocellular carcinoma. It was sug-

gested that FOXA1 and FOXA2 may promote hepatocel-

lular carcinoma in male mice, while protecting female

mice against hepatocellular carcinoma (67).

The expression of tumor suppressor genes (PTEN, p53

and Rb) was down-regulated in the early stages of female

glycine N-methyltransferase (Gnmt)-/- mice, but not in male

mice (65). The GNMT mediating 1-carbon metabolism

affects DNA methylation by controlling the ratio of S-ade-

nosylmethionine to S-adenosylmorphine (68,69). These data

suggest that Gnmt deficiency not only increases the expres-

sion of tumor genes but also induces a decrease in the

expression of other tumor suppressor genes in the early

stages of tumorigenesis in female rats, which explains the

higher risk of hepatocellular carcinoma in female Gnmt-/-

mice (67). The sex-biased molecules are listed in Table 2.

CONCLUSIONS

We have summarized the molecules that are differentially

expressed between males and females in bladder cancer,

colorectal cancer, liver cancer, lung cancer, non-small cell

lung cancer, and head and neck squamous cell carcinoma

and renal clear cell carcinoma. The sex-biased molecular

differences in cancers are listed in Table 1 and 2. Molecu-

lar differences include sex-specific upregulation or down-

regulation of proteins and mRNAs, frequency of gene

methylation, and activity of enzymes.

Sex-specific cancer therapies are indicated according to

the differential role played by sex-biased molecular expres-

sion in oncology and pharmacology. Nevertheless, sex-

specific follow-up clinical trials beyond sex hormone-spe-

cific therapy remain at an early stage (70). Many clinical

and pre-clinical results suggest that sex and gender differ-

ences may affect drug-promoted pathological states such

as drug digestion and drug dependence or addiction. Gen-

der differences in drug pharmacodynamics and pharmaco-

kinetics will also affect drug addiction, dependence and

side effects (71,72). Efforts are needed to evaluate the

clinical utility of sex-biased target therapies in a larger

range of patient cohorts (70). There is still a lack of bio-

logic relevance of cancer diagnosis, prognosis, severity,

and prediction of response to treatment. Genomics studies

showed a variation in the expression of autosomal genes

between males and females (71). We believe that this vari-

ation may affect sex-specific cancer prognosis. Metabolo-

mics studies also revealed gender differences in metabolite

levels and their correlations with genetic markers (72).

Mechanisms underlying the differential expression of

molecules in male and female cancers remain to be eluci-

dated. Further investigation into the association of these

molecules with sex-specific incidence and mortality of

cancers is also needed. Our review elucidates the molecu-

lar differences to facilitate the identification of sex-spe-

cific cancer biomarkers.
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