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Abstract
X chromosome change has been proved to be associated with carcinogenesis and 
related to gender differences in cancer risk. If aberrant methylation of genes encoded 
by X chromosome involve in the risk and prognosis of cancers, including colorectal 
cancer (CRC), remain unclear. We conducted a case–control study consisted of 432 
CRC cases and 434 controls, detecting the methylation levels of FAM156B, PIH1D3, 
and PPP1R3F in the X chromosome in blood leukocytes using methylation-sensitive 
high-resolution melting (MS-HRM). We analyzed the relationship between the meth-
ylation levels and CRC susceptibility and then explored the interactions with envi-
ronmental factors on CRC risk with logistics regression. Moreover, we conducted a 
follow-up study containing 225 CRC patients to explore the associations between the 
methylation of FAM156B, PPP1R3F, and PIH1D3 and CRC prognosis. The hyper-
methylation of FAM156B, PPP1R3F, and PIH1D3 was related to increased CRC risk 
(ORPS-adj = 2.932, 95% confidence interval [CI]: 2.029–4.237; ORPS-adj = 1.602, 95% 
CI: 1.078–2.382; ORPS-adj = 1.628, 95% CI: 1.065–2.490, respectively). In the multi-
ple CpG site methylation (MCSM) analysis, compared with non-MCSM, a significant 
relationship between MCSM and increased CRC risk was found (ORPS-adj = 2.202, 
95% CI: 1.512–3.208). We observed synergistic interaction between PPP1R3F hyper-
methylation and fried food consumption on CRC risk (ORi = 2.682, 95% CI: 1.321–
5.446). However, there were no associations between the methylation of FAM156B, 
PPP1R3F, and PIH1D3 and CRC prognosis (p > 0.05). In conclusion, the methyla-
tion of FAM156B, PPP1R3F, and PIH1D3 genes in blood leukocytes is significantly 
related to CRC risk and may be potential biomarkers for CRC risk but not prognosis.
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1  |   INTRODUCTION

Colorectal cancer (CRC) is the third most frequent cancer 
and the second leading cause of cancer death, accounting for 
more than 1.8 million new cases and an estimated 881,000 
deaths all over the world in 2018.1 In China, CRC ranks 
second in terms of incidence and fifth in terms of mortality 
among all malignant cancers, with an increasing trend in both 
incidence and mortality.2 To date, the overall survival rate of 
CRC has been increased in Asia. However, the 5-year sur-
vival rate is still about 60%.3

Accumulating evidence supports that multiple genetic 
and epigenetic changes result in CRC.4,5 DNA methylation, 
a crucial player in epigenetic modifications, is essential for 
development and proper cell functioning. Abnormal CpG is-
lands methylation in gene promoter is associated with many 
cancers including CRC, which leads to gene silence through 
hypermethylation or gene activation through hypomethyla-
tion and usually occurs in the early stage of cancer develop-
ment.6,7 In addition, abnormal DNA methylation may affect 
CRC development and prognosis.8

Multiple studies focus on the associations between the 
risk and prognosis of tumors and DNA methylation alter-
ations in tissues. In contrast with tissues, blood sampling is 
accessible and noninvasive, which makes it more readily to 
assess tumor risk and prognosis in population-based stud-
ies.9,10 In addition, studies reveal that immunologic processes 
associated with inflammation in tumor progression may af-
fect the leukocyte subpopulations, which may lead to epigen-
etic changes in peripheral blood. To date, increasing studies 
focus on DNA methylation as biomarkers for malignancies 
using peripheral blood leukocytes.10-12

It has been proved that X chromosome changes correlate 
with malignancies and are related to gender differences in 
cancer risk.13,14 There are many genes located on the X chro-
mosome playing a vital role in cancers.15 FAM156B (located 
at Xp11.22) is one of the transmembrane proteins’ (TMEMs) 
family. Abnormal methylation of TMEMs is associated with 
cancer risks, such as lymphomas, gastric carcinoma, and 
CRC.16-18 Recent evidence suggests that PIH1D3, a protein 
that identified as an anoikis effector gene, may involve in 
the progression of tumor.19 It has been found that PIH1D3 
emerges as a new player of the cytoplasmic pre-assembly 
pathway by stabilizing and promoting both outer and inner 
dynein arms, loss function of which may cause ciliary and 
flagella immotility and cause health issues.20,21 Previous 
studies have observed the significant upregulation of PIH1D3 
in human hepatocellular carcinoma and breast cancer tis-
sues.22,23 Protein phosphatase 1 (PP1), one of the most highly 
conserved enzymes involved in cellular processes, consists 
of the catalytic subunit and regulatory subunit.24 PPP1R3F 
(located at Xp11.23) is a major membrane-associated glyco-
gen targeting subunit of PP1, regulating glycogen synthase in 

astrocytoma cells.25 Studies have observed the abnormal ac-
cumulation of glycogen in tumor cell lines,26,27 indicating the 
possible association between PPP1R3F and cancer risk. To 
date, the research about the associations between FAM156B, 
PIH1D3, and PPP1R3F and cancer mainly focus on the gene 
expression and conducted on tumor tissue and cell lines, the 
relationship between methylation of FAM156B, PIH1D3, and 
PPP1R3F and cancer risk and prognosis is still unclear.

Our research was conducted to explore the relationship be-
tween the methylation of FAM156B, PIH1D3, and PPP1R3F 
in white blood cells (WBC) and CRC risk. Moreover, genetic 
susceptibility plays a crucial part in CRC etiology, which 
may interact with environmental factors.28,29 We explored the 
interactions between genes methylation status and environ-
mental factors on CRC risk in WBC. We also prospectively 
followed up a cohort of CRC patients to estimate the asso-
ciations between methylation of FAM156B, PIH1D3, and 
PPP1R3F and CRC prognosis in China.

2  |   METHODS

2.1  |  Study population

The subjects consisted of 432 primary CRC patients which 
were diagnosed with pathology and underwent surgery at 
the Cancer Hospital of Harbin Medical University and the 
Second Affiliated Hospital of Harbin Medical University 
from 1 November 2004 to 1 May 2010 and 434 cancer-free 
controls collected from the Second Affiliated Hospital of 
Harbin Medical University during the same period. Patients 
with neuroendocrine carcinoma, malignant melanoma, non-
Hodgkin's lymphoma, gastrointestinal stromal tumors, and 
Lynch syndrome were excluded. In addition, according to the 
self-report, we excluded the controls with a history of gastro-
intestinal disease. In the follow-up study, a total of 225 from 
the 434 primary CRC were obtained from November 2004 
to March 2014 by hospital records or telephone interview. 
Written informed consent from each subject was obtained, 
and our research was conducted in light of the Declaration 
of Helsinki. The study was approved by the Research Ethics 
Committee of Harbin Medical University.

All the subjects completed the structured questionnaires 
interviewed by well-trained interviewers. The information of 
the structured questionnaires included demographic charac-
teristics, lifestyles, dietary status during the past 12 months 
preceding the interview. We also collected data about CRC 
family history. Moreover, clinical information was collected 
from medical records including the information of tumor size, 
histological and pathological types, and the level of serum 
carcinoembryonic antigen (CEA) and carbohydrate antigen 
19-9 (CA19-9) before surgery. During follow-up, we ob-
tained the treatment protocol of patients and the information 
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of disease progression, recurrence, and the date and cause 
of death. Survival time was the period from the first diag-
nosis of CRC to the time of any cause of death or the end of 
follow-up.

2.2  |  DNA extraction and 
bisulfite conversion

Genomic DNA was isolated using the QIAamp DNA Blood 
Mini kit (Qiagen, Hilden, Germany) from whole blood. We 
measured the DNA quantity and quality using NanoDrop 
2000 (Thermo Scientific, Waltham, MA, USA). Moreover, 
DNA bisulfite-modified was carried out using the EpiTect 
Plus DNA Bisulfite Kit (Qiagen).

2.3  |  Methylation-sensitive high-resolution 
melting analysis

We used methylation-sensitive high-resolution melt-
ing (MS-HRM) analysis to detect the gene methylation 
status on the LightCycler480  machine (Roche Applied 
Science, Mannheim, Germany). Primer sequences, reac-
tion systems, and amplification conditions of the three 
genes for MS-HRM analysis are summarized in Table S1. 
MS-HRM data were analyzed by the software module of 
Gene Scanning (Roche Applied Science, version 2.0). We 
mixed the commercially available 100% methylated and 
0% methylated human whole genomic DNA to construct 
methylated DNA standards as standard curves, including 
100%, 25%, 10%, 5%, 2%, 1%, and 0% methylated DNA 
(Zymo Research Corp., Irvine, CA, USA) (Figure  S1). 
Moreover, the blank and repeated experiment were per-
formed in our study.

2.4  |  Statistical analysis

Student's t-test and Chi-squared test were used to evalu-
ate the homogeneity between CRC patients and controls. 
Receiver operating characteristic curve and cut-off value 
determined by the Youden index method were conducted 
to categorize all subjects into hypomethylation group 
and hypermethylation group.30,31  We estimated the as-
sociations between FAM156B, PIH1D3, and PPP1R3F 
methylation and CRC risk with corresponding odds ra-
tios (ORs) and 95% confidence intervals (95% CIs) by 
unconditional univariate and multivariate logistic re-
gression analyses. Propensity score (PS) analysis was 
applied to control confounding factors. Multivariate lo-
gistic regression model was applied for estimating the 
PS, including the possible variables which were related 

to CRC risk (Table  S2). The authenticity and stability 
of our results were detected using PS adjusting methods 
and PS matching analysis. We applied crossover analy-
ses to evaluate gene–environment interaction effects on 
CRC risk. To explore the gene–gene interaction on CRC 
risk, multifactor dimensionality reduction (MDR) analy-
sis was applied. Life table method and log-rank test were 
performed to estimate survival rate and compare the dif-
ferent survival rates. Cox proportional hazard regression 
analysis was applied for assessing the associations be-
tween FAM156B, PIH1D3, and PPP1R3F methylation 
and CRC prognosis with corresponding hazard ratio 
(HR) and 95% CI. We constructed the survival curve 
using Kaplan–Meier. The missing values were filled by 
multiple imputations.32,33 All statistical tests were two-
sided. p values <0.05 and p values <0.025 were con-
sidered significant in the overall analysis and subgroup 
analysis by Bonferroni correction. The statistical analy-
ses were conducted using SPSS Statistics version 24.0 
(IBM, Inc., Armonk, NY, USA) and MDR software ver-
sion 3.0.1 (Unix, San Antonio, TX, USA).

3  |   RESULTS

3.1  |  Characteristics of subjects

The basic characteristics of the subjects are summarized in 
Table 1 and Table S2. The mean age (±standard deviation) 
was 60 (±11.457) years for patients and 58 (±10.994) years 
for controls. About 60.9% of cases and 52.1% of controls 
were men. The mean body mass index (BMI) was 23.212 kg/
m2 for patients and 24.170 kg/m2 for controls. The distribu-
tions of age, gender, BMI, occupation, marital status, ethnic 
group, and family history of CRC were significantly different 
between CRC patients and controls, which were adjusted in 
the following analyses.

3.2  |  Methylation of FAM156B, PIH1D3, and 
PPP1R3F and CRC risk

After adjusting for the demographic confounding factors, hy-
permethylation of FAM156B, PPP1R3F, and PIH1D3 was 
associated with increased CRC risk (Table 2). Consistent re-
sults were shown in PS adjustment analysis (ORPS-adj = 2.932, 
95% CI: 2.029–4.237, p < 0.001; ORPS-adj = 1.602, 95% CI: 
1.078–2.382, p = 0.021; ORPS-adj = 1.628, 95% CI: 1.065–
2.490, p = 0.025, respectively). In PS matching analysis, we 
successfully matched 227 patients and observed that there 
was a significant difference between the hypermethylation 
of FAM156B and CRC risk (ORPS-paired  =  1.687, 95% CI: 
1.290–2.208, p < 0.001) (Table S3).
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3.3  |  Multiple CpG site methylation and 
CRC risk

We divided multiple CpG site methylation (MCSM) of mul-
tiple genes into four types: none of the genes methylated 
was identified as non-MCSM; MCSM-L was defined as two 
genes methylated; MCSM-H was identified as more than 
two genes methylated; MCSM was defined as one and more 
genes methylated.

In our study, compared with non-MCSM, there were signif-
icant associations between MCSM, MCSM-Ln and MCSM-H 

and CRC risk after PS adjustment (ORPS-adj = 2.202, 95% CI: 
1.512–3.208, p < 0.001; ORPS-adj = 1.682, 95% CI: 1.018–
2.780, p = 0.043; ORPS-adj = 2.633, 95% CI: 1.579–3.942, 
respectively) (Table 2).

3.4  |  Subgroup analysis

We carried out several subgroup analyses based on age (≤60 
and >60  years), gender, tumor location, and tumor Duck's 
stage (Duck's stage A + B and C + D).

T A B L E  1   Characteristics of colorectal cancer patients and control

Variables CRC (n = 432), n (%) Control (n = 434), n (%) p value*

Age (years), mean ± SD 60 ± 11.457 58 ± 10.994 0.026

≤50 86 (19.9%) 103 (23.7%)

50– 138 (32.0%) 144 (33.2%)

60– 122 (28.2%) 133 (30.6%)

>70 86 (19.9%) 54 (12.5%)

Gender 0.009

Male 263 (60.9%) 226 (52.1%)

Female 169 (39.1%) 208 (47.9%)

BMI, mean ± SD 23.212 ± 3.473 24.170 ± 3.892 <0.001

<18.5 38 (8.8%) 27 (6.1%)

18.5– 218 (50.5%) 181 (41.8%)

24– 120 (27.8%) 125 (28.9%)

≥27 56 (12.9%) 101 (23.2%)

Education 0.059

Junior middle school and below 239 (s55.3%) 210 (48.4%)

Senior middle school 111 (25.6%) 115 (26.4%)

University and above 82 (19.1%) 109 (25.2%)

Occupation <0.001

Blue collar 52 (11.9%) 87 (20.0%)

White collar 211 (48.8%) 242 (55.7%)

Both 169 (39.3%) 105 (24.3%)

Marriage 0.007

Married 422 (97.6%) 408 (94.0%)

Others 10 (2.4%) 26 (6.0%)

Nationality <0.001

The Han nationality 388 (89.8%) 349 (80.4%)

Others 44 (10.2%) 85 (19.6%)

Family history of colorectal cancer 0.022

No 402 (93.0%) 419 (96.5%)

Yes 30 (7.0%) 15 (3.5%)

Bold values indicate p value < 0.05 was considered statistically significant.
Abbreviations: BMI, body mass index; CRC, colorectal cancer; SD, standard deviation.
*p value calculated using Student's t-test for continuous variables or Pearson's chi-squared test for categorical variables for overall data and using the paired t-test or 
McNemar's test for matched paired data.
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In subgroup analysis stratified by gender, we observed 
significant associations between FAM156B hypermethyla-
tion and CRC risk in males and females (ORPS-adj = 4.110, 
95% CI: 2.193–7.701; ORPS-adj  =  6.604, 95% CI: 3.049–
14.305, respectively). Moreover, a significant association 
between PPP1R3F hypermethylation and increased CRC 
risk in males was observed (ORPS-adj  =  2.301, 95% CI: 
1.379–3.840) (Table 3). The results stratified by age showed 
that the patients <60  years with the hypermethylation of 
FAM156B and PIH1D3 were related to increased CRC risk 
(ORPS-adj = 3.873, 95% CI: 2.295–6.536; ORPS-adj = 2.209, 
95% CI: 1.074–4.542). Moreover, the associations between 
the hypermethylation of FAM156B, PIH1D3, and PPP1R3F 
and CRC risk in patients with different tumor locations and 
tumor Duck's stages are shown in Table S4.

Stratified by gender, significant associations between 
MCSM-L, MCSM-H, and MCSM and increased CRC risk in 
males and significant relationship between MCSM-L and de-
creased CRC risk in females were observed. Moreover, strat-
ified by age, tumor location, and Duck's stage, we observed 
that individuals carrying MCSM, MCSM-L, and MCSM-H 
had increased CRC risk in all stratified groups (Table 3).

3.5  |  Interactions and combination effects 
between gene methylation and environmental 
factors on CRC risk

As shown in Table 4, significant synergistic interaction be-
tween PPP1R3F hypermethylation and intake of fried food 
>1 time/month on CRC risk was found (ORi = 2.682, 95% CI: 
1.321–5.446, p = 0.006). In addition, significant combination 

effects between gene methylation and environmental factors 
on CRC risk are shown in Table S5.

3.6  |  Gene–gene interaction and CRC risk

We explored the gene–gene interactions between the methyla-
tion of FAM156B, PIH1D3 and PPP1R3F on CRC risk using 
MDR. The association of gene–gene higher order interaction 
on CRC risk is shown in Table 5. The MDR model with the 
best testing accuracy included the methylation of FAM156B, 
PIH1D3, and PPP1R3F (testing accuracy  =  0.610) with a 
maximum testing accuracy of 61.01% and a maximum cross-
validation consistency of 10 out of 10 followed by statistical 
significance of 1000-fold permutation test (p < 0.01).

3.7  |  The associations between FAM156B, 
PIH1D3, and PPP1R3F methylation and 
CRC prognosis

A total of 225 patients completed the follow-up. The median 
follow-up time is 66 months. The pathological type of CRC, 
preoperative CA19-9, and CEA level, application of anasto-
mat in surgery and Duke's stage were adjusted in the analysis 
(Table S6).

There was no significant relationship between FAM156B, 
PIH1D3, and PPP1R3F methylation and CRC prognosis 
(Table 6). Moreover, in the subgroup analyses, we did not 
find significant associations between the methylation of 
FAM156B, PIH1D3, and PPP1R3F and CRC prognosis 
(Tables S7–S9).

T A B L E  2   The relationship between methylation of individual genes and colorectal cancer risk before and after propensity score adjustment

Genesa  CRC (%)
Controls 
(%) ORadj

b  95% CI p value* ORPS-adj
c  95% CI p value*

FAM156B Hypomethylation 202 (46.8%) 291 (67.0%) 1.000 1.000

Hypermethylation 230 (53.2%) 143 (33.0%) 5.130 3.334–7.895 <0.001 2.932 2.029–4.237 <0.001

PPP1R3F Hypomethylation 163 (37.8%) 184 (42.5%) 1.000 1.000

Hypermethylation 269 (62.2%) 250 (57.5%) 1.850 1.230–2.783 0.004 1.602 1.078–2.382 0.021

PIH1D3 Hypomethylation 310 (71.7%) 347 (80.0%) 1.000 1.000

Hypermethylation 122 (28.3%) 87 (20.0%) 1.877 1.283–2.748 0.001 1.628 1.065–2.490 0.025

MCSM Non-MCSM 107 (24.8%) 157 (36.2%) 1.000 1.000

MCSM-L 117 (27.1%) 118 (27.2%) 2.229 1.418–3.504 0.001 1.682 1.018–2.780 0.043

MCSM-H 208 (48.1%) 159 (36.6%) 5.032 3.100–8.170 <0.001 2.633 1.579–3.942 <0.001

MCSM 325 (75.2%) 277 (63.8%) 2.992 1.985–4.510 <0.001 2.202 1.512–3.208 <0.001

Abbreviations: BMI, body mass index; CI, confidence interval; CRC, colorectal cancer; MCSM, multiple CpG site methylation; OR, odds ratio; PS, propensity score; 
ROC, receiver operating characteristic.
aThe cutoffs of individual genes determined by the ROC curve were: FAM156B: 2%; PPP1R3F: 2%; PIH1D3: 10%.
bORs adjusted for age, gender, BMI, occupation, marital status, nationality, and family history of CRC.
cPS adjusted OR means adjusted for PS as a covariate.
*p value < 0.05 was considered statistically significant.
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4  |   DISCUSSION

In our research, we evaluated the relationship between the 
methylation of FAM156B, PIH1D3, and PPP1R3F and CRC 
risk and prognosis for the first time.

Serving as one of the TMEMs, FAM156A encodes a trans-
membrane protein, which molecular function annotated by 
the gene ontology terms relates to gene protein binding and 
methylated histone binding. Our results suggested that hy-
permethylation of 22 CpGs between the first exon and first 
intron of the FAM156B gene in WBC is most associated with 
increased CRC risk. Members of TMEMs have been observed 
abnormal expression in many cancers, such as the downregu-
lation of TMEM106A resulted from the hypermethylation of 
promoter region in GC cell lines34 and abnormal expression 
of TMEM176A and 176B in breast, lymph, skin, and liver 
cancer.16 Moreover, a previous study observed significant de-
regulated expression of TMEMs in clear cell renal cell carci-
noma tumors, suggesting that TMEMs may be a descriptor of 
the most advanced tumors.35 As for the important role of the 

TMEM family in cancer progression, the positive association 
between FAM156B methylation and CRC risk may imply the 
effect of FAM156B in CRC pathology.

PPP1R3F is characterized as one of the PP1 catalytic 
subunits. As an important eukaryotic protein serine/thre-
onine phosphatase, PP1 regulates various cellular functions 
by interacting with the regulatory subunits. Studies observed 
that glycogen metabolism is essential for tumor cell patho-
physiology and abnormal glycogen metabolism has been 
found in many tumor cells including CRC.26,27,36 As a critical 
part of glycogen metabolism, dephosphorylation of glycogen 
synthase is catalyzed by PP1 bound to PPP1R3. Studies re-
vealed that family proteins of PPP1R3 play an essential role 
in recruiting PP1 to glycogen and increasing the specific ac-
tivity of PP1 toward specific glycogen synthase.24,37,38 As a 
member of PPP1R3 family proteins, PPP3RF was found to 
be important to neuronal activities.25 Our results about the 
association between PPP1R3F hypermethylation and CRC 
risk may propose the effect of PPP1R3F in the carcinogenic 
progress. We also observed significant synergistic interaction 

T A B L E  4   Combinations and interactions of genes methylation and environmental factors on colorectal cancer risk

Hypo- Hyper- Interaction

OReg (95% CI)a  ORi (95% CI)a  p value*

FAM156B

Roughage (g/week)

>200 1.000 0.703 (0.41–1.206)

≤200 5.608 (3.587–8.766) 2.429 (1.271–4.640) 1.988 (0.953–4.148) 0.067

Physical exercise

Yes 1.000 0.990 (0.646–1.519)

No 3.887 (2.293–6.588) 7.007 (4.104–12.18) 1.837 (0.963–3.505) 0.065

PPP1R3F

Fried food (time/month)

≤1 1.000 1.452 (0.925–2.278)

>1 0.999 (0.593–1.682) 3.889 (2.135–7.085) 2.682 (1.321–5.446) 0.006

*p < 0.05 was considered statistically significant. Bold values indicate statistically significant p value and corresponding 95% Confidence Interval.
Abbreviations: BMI, body mass index; CI, confidence interval; OR, odds ratio.
aAdjusted by age, gender, BMI, marriage, nationality, occupation, family history of CRC.

T A B L E  5   Gene–gene interactions of FAM156B, PIH1D3, and PPP1R3F methylation on the risk of colorectal cancer analyzed by the 
multifactor dimensionality reduction method

Model
Training Bal. 
Acc. (%)

Testing Bal. Acc. 
(%) p value*

Cross-validation 
consistency

FAM156B 0.601 0.601 10 (0.001) 10/10

FAM156B, PPP1R3F 0.601 0.601 10 (0.001) 10/10

FAM156B, PIH1D3, PPP1R3F 0.613 0.610 10 (0.001) 10/10

*p value < 0.05 was considered statistically significant.
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between PPP1R3F hypermethylation and intake of fried food 
(>1 time/month) on CRC risk. The consumption of fried 
food was related to the kinds of tumors. Several carcino-
genic substances during the fried food cooking, particularly 
heterocyclic aromatic compounds and acrylamide carcino-
gen, could alter DNA structure and cause DNA methylation 
alterations.39,40

PIH1D3, as one of the PIH1 protein family, located on 
chromosome Xq22.3, interacts with heat shock protein 90 
(Hsp90).41 Studies indicated that PIH1 proteins exert influ-
ence in axonemal dyneins and assembly and preribosomal 
RNA processing. Moreover, PIH1D3  has been regarded as 
an anoikis gene in a study conducted to identify novel anoikis 
effector genes through genome-wide screening.19 Anoikis is 
defined as apoptosis caused by cell detachment from the ex-
tracellular matrix or inappropriate cell–matrix interactions.42 
Anoikis involves in tissue homeostasis, development, and 
oncogenic processes, breakdown of which may contribute to 
neoplasia.42 In our research, we observed the hypermethyl-
ation of PIH1D3 was associated with CRC risk, which may 
result from the loss function of PIH1D3 caused by methyla-
tion changes.

The PS method was used to reduce the bias in estimating 
effects and offer investigators the ability to reduce the likeli-
hood of confounding when analyzing the observational data. 
Of note, it was revealed that hypermethylation of the three 
genes was still significantly associated with increased CRC 
risk with smaller OR and narrower confidence intervals. 
The results made our conclusions of significant associations 
between the hypermethylation of FAM156B, PIH1D3, and 
PPP1R3F and CRC risk more robust and reliable.

Subgroup analysis in our study showed the different 
relationships between methylation levels of FAM156B, 
PIH1D3, and PPP1R3F and CRC risk in different genders. 

Hypermethylation of FAM156B was significantly related to 
increased CRC risk. The estimated effects in females were 
twice as high as men. Whether in the cases and controls, the 
proportion of FAM156B hypermethylation in females was 
higher than that in males (cases: 91.1% vs. 28.9%; controls: 
56.7% vs. 11.1%). Gender effects for methylation loci on the 
X chromosome mostly resulted in the X-inactivation dos-
age compensation mechanism in females.43 X chromosome 
in females achieved dose compensation by silencing one X 
chromosome, which is named X chromosome inactivation.44 
Studies revealed that anti-oncogenes that escape from X-
inactivation resulted in cancer bias. Moreover, hypermeth-
ylation was related to the transcriptional silencing of many 
X-linked loci on the inactive X chromosome.45 Our research 
revealed the gender-bias DNA methylation in the X chromo-
some in CRC and better clarified the effect of the methylation 
of the genes in CRC development in females.

In addition, we analyzed the datasets of GEO (GSE51032) 
to corroborate our results.46  The average methylation of 13 
probes annotated to PIH1D3 and 17 probes annotated to 
PPP1R3F was evaluated. We analyzed the probe located on 
PIH1D3 (cg07896193), which was in the differentially meth-
ylated region (DMR) detected in our research. Due to the DMR 
in our study was located in the gene CpG islands, we analyzed 
the average methylation level of 12 probes located in CpG is-
lands annotated to PPP1R3F. We also detected the associa-
tions by the quintile or median distributions of PIH1D3 and 
PPP1R3F methylation levels in the GSE51032 to evaluate the 
results’ stability. We observed a marginally statistical signifi-
cance between the methylation of PPP1R3F at CpG island and 
CRC risk (ORadj = 2.043, 95% CI: 0.971–4.297, p = 0.060), as 
well as the marginal association between PIH1D3 hypermeth-
ylation at a single CG site (cg 07896193) (ORadj = 1.716, 95% 
CI: 0.984–2.933, p = 0.057) (Table 7). In subgroup analysis 

T A B L E  7   Associations between PPP1R3F methylation and the colorectal cancer risk in the validation dataset

DNA methylationa  Case (%) (n = 166)
Control (%) 
(n = 424) ORadj

b  (95% CI) p value*

PPP1R3F Hypomethylation 96 (57.8%) 140 (33.0%) 1.000

Hypermethylation 70 (42.2%) 284 (67.0%) 1.245 (0.647–2.396) 0.513

PPP1R3F-CpG islands Hypomethylation 92 (55.4%) 144 (34.0%) 1.000

Hypermethylation 74 (44.6%) 280 (66.0%) 2.043 (0.971–4.297) 0.060

PIH1D3 Hypomethylation 113 (68.1%) 182 (42.9%) 1.000

Hypermethylation 53 (31.9%) 242 (57.1%) 0.758 (0.459–1.253) 0.280

PIH1D3-cg07896193 Hypomethylation 102 (61.4%) 193 (45.6%) 1.000

Hypermethylation 64 (38.6%) 230 (54.4%) 1.716 (0.98–2.993) 0.057

Bold values indicate statistically significant p value and corresponding 95% CI.
Abbreviations: CI confidence interval; OR odds ratio.
aThe cutoff value for PPP1R3F was set according to the second quintile of the gene methylation level; the cutoff value for PIHID3 was set according to the median of 
the gene methylation level.
bThe ORs were adjusted by age and gender.
*p < 0.05 was considered statistically significant.

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE51032
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE51032
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stratified by gender and age, we only found the association 
between PPP1R3F hypermethylation and decreased CRC risk 
in older than 60 in the GEO dataset. The different results be-
tween our study and the external dataset may be explained by 
the different CG detection sites and different methods to detect 
methylation levels (Tables S10 and S11).

Our results did not observe the associations between 
methylation levels of FAM156B, PIH1D3, and PPP1R3F and 
CRC prognosis. To date, there are no studies to explore the 
relationship between the methylation of FAM156B, PIH1D3, 
and PPP1R3F and CRC prognosis.

There are still some limitations to our research. Firstly, 
recall bias cannot be avoided due to the case–control study 
based in the hospital. Second, the sample size in the fol-
low-up study is small, which may limit the statistical power 
in our research.

In conclusion, we observed significant associations be-
tween the hypermethylation of FAM156B, PIH1D3, and 
PPP1R3F and CRC risk in WBC. It suggested that the meth-
ylation levels of these three genes in WBC might be the pre-
dictive biomarkers for identifying high-risk individuals who 
can develop into CRC. Moreover, gene–environment interac-
tion may play a vital role in CRC risk. However, methylation 
of FAM156B, PIH1D3, and PPP1R3F might not serve as po-
tential biomarkers for CRC survival.
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