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A B S T R A C T

The identification a signature comprising a group of genes as markers of cancer response to chemoradiotherapy 
would be more appropriate and effective for predicting chemoradiotherapy efficacy. This study investigated the 
differentially expressed genes (DEGs) related to chemoradiotherapy resistance and established a multigene 
expression model for predicting the sensitivity of rectal cancer to chemoradiotherapy in rectal cancer patients, 
elucidated the mechanism of resistance to synchronized chemoradiotherapy. The genome-wide expression 
profiling microarray were performed in the tissues of 81 rectal cancer patients before neoadjuvant therapy to 
analyze and discover DEGs related to chemoradiotherapy resistance, and the results were verified in 45 rectal 
cancer patients, and finally a 20-gene signature was proposed to be a predictor of chemoradiotherapy response. 
Molecular biology experiments revealed that zinc finger protein 37A (ZNF37A) downregulation leads to thera-
peutic resistance. This study identified a 20-gene signature with group of genes can help predict the response to 
chemoradiotherapy of rectal cancer patients. ZNF37A demonstrated a statistically significant correlation with 
sensitivity to chemoradiotherapy and survival in patients with LARC who underwent chemoradiotherapy. The 
findings revealed that ZNF37A bound to the tumor necrosis factor receptor superfamily member 6B (TNFRSF6B) 
promoter region, thereby suppressing its transcriptional activity. Reduced expression of ZNF37A induces che-
moradiation resistance by inhibiting apoptosis in colorectal cancer (CRC) cells. TNFRSF6B Knockdown restored 
the sensitivity of CRC to chemoradiotherapy. ZNF37A is an effective modulator of chemoradiotherapy response 
in rectal cancer. These findings elucidate the molecular mechanism underlying chemoradiotherapy resistance 
and provide potential applications for individualized clinical therapy.

Introduction

Colorectal cancer (CRC) is the third most common cancer among 

males and females globally [1]. Approximately 30 % of all CRC cases are 
rectal carcinomas [2]. Currently, neoadjuvant radical surgery is the 
standard treatment for locally advanced rectal cancer (LARC) [3]. 
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Approximately 10–30 % of patients who undergo surgical resection after 
neoadjuvant therapy achieve complete pathological remission, and the 
5-year survival rate can be as high as 90 % [4,5]. However, approxi-
mately 50 % of patients with rectal cancer do not experience tumor 
downstaging or even disease progression during neoadjuvant therapy. 
This group of patients has significantly worse disease-free and overall 
survival than those who are effectively treated and also experience toxic 
side effects associated with the therapy [6,7]. Therefore, pre-treatment 
screening of patients with rectal cancer who are sensitive to chemo-
radiotherapy can help increase the rate of complete pathological 
remission, reduce treatment-related injury and risk, substantially pro-
long patient survival and improve the life quality.

In this study, a genome-wide expression profiling microarray was 
employed to investigate differentially expressed genes (DEGs) related to 
chemoradiotherapy resistance in the tissues of 81 patients with rectal 
cancer before neoadjuvant therapy. The results of the aforementioned 
analysis were verified in 45 patients with rectal cancer, and a 20-gene 
signature was proposed as a predictor of chemoradiotherapy response.

Among these, Zinc-finger protein 37A (ZNF37A) exhibited the most 
significant differential expression in rectal cancer tissues with varying 
responses. ZNF37A is a member of the Kupple-C2H2 zinc-finger protein 
family and is a principal mediator of transcriptional inhibition. A pre-
vious study indicated that ZNF37A was highly expressed in poorly 
differentiated CRC and promoted tumor metastasis via transcriptional 
regulation of the THSD4/TGF-β axis [8]. Gauthier et al. found that 
ZNF37A acted as a transcriptional suppressor that inhibited 
interleukin-13 expression in type I myotonic dystrophy [9]. However, 
the Kupple-C2H2 zinc finger protein family is the largest family of 
transcriptional regulators in higher vertebrates. They are characterized 
by an N-terminal KRAB structural domain and a C-terminal 
DNA-binding zinc finger array that, together with the cofactor KAP1, is 
involved in repressing transposable element sequences [10]. Nowadays, 
more and more studies have also confirmed the key role of KRAB-ZFPs 
members in regulating tumor growth, progression and drug resistance 
[11–13]. Therefore, further studies are needed to explore the molecular 
mechanism of ZNF37A’s involvement in regulating the sensitivity to 
radiotherapy in intestinal cancer.

Tumor necrosis factor receptor superfamily member 6B (TNFRSF6B), 
also known as decoy receptor 3 (DcR3), an analog of a cell surface re-
ceptor belonging to the tumor necrosis factor superfamily, cannot acti-
vate downstream signaling pathways after ligand binding due to the 
absence of peptides in the cell membrane. TNFRSF6B can inhibit 
apoptosis by interfering with the activation of multiple signaling path-
ways mediated by TLIA− DR3, LIGHT− LTβR, LIGHT− HVEM, and 
FasL− Fas [14–18], and also can be an endogenous immunomodulator in 
cancer growth and inflammatory reactions [19,20]. In our study, further 
experimental research revealed that ZNF37A bound to the promoter 
region of TNFRSF6B and inhibited its transcriptional activity, thereby 
inducing chemotherapy resistance by inhibiting apoptosis in rectal 
cancer.

Materials and methods

Patients and tumor tissues

As described in our previous study, the study group comprised 81 
patients with LARC in the discovery stage and 45 patients in the vali-
dation stage who were enrolled from January 2006 to June 2013 at the 
Cancer Hospital, Chinese Academy of Medical Sciences, Beijing [21]. 
Pre-treatment endoscopic biopsy tissue samples were promptly frozen in 
liquid nitrogen and stored at –80 ◦C until further processing. The study 
population consisted of patients who met the following criteria: histo-
logically confirmed rectal adenocarcinoma; primary and locally 
advanced tumors without distant spread; Karnofsky performance score 
(KPS) ≥ 70; life expectancy ≥ 6 months; and adequate organ function. 
All patients received a total radiation dose of 50 Gy administered in 25 

fractions over 5 weeks, along with twice daily doses of 825 mg/m2/d 
Capecitabine and 50 mg/m2/week Oxaliplatin for 2 weeks, with 1 week 
of rest in every 21-day cycle (days 1–14 and days 21–35). Standardized 
surgery was performed 4–6 weeks after chemoradiotherapy. The histo-
logical response to chemoradiotherapy was evaluated accordance with 
the tumor regression classification of Mandard et al. [22] Tissue samples 
with < 10 % of residual tumor cells were designated as good responders 
(tumor regression grade TRG 1 and TRG 2); tissue samples with 10–50 % 
residual tumor cells were defined as intermediate responders (TRG 3); 
and tissue samples with > 50 % of residual tumor cells were considered 
as non-responders (TRG 4 and 5) (Fig. S1A). Disease-free survival (DFS) 
was measured from the date of the surgical procedure until tumor pro-
gression, death, or last follow-up. The 81 and 45 patients in discovery 
cohort and validation cohort were followed up until October 31, 2021, 
with median follow-up durations of 125 and 94 months, respectively. No 
participants were lost to follow-up. This study was approved by the 
Institutional Review Board of the Chinese Academy of Medical Sciences 
Cancer Institute (IRB No. 23/088–3827), and the recruitment process 
was conducted with the informed consent of each participant.

RNA extraction and gene expression profiling

RNA was extracted from pre-treatment endoscopic biopsy speci-
ments containing > 60 % tumor tissue using phenol/chloroform (TRIzol; 
Invitrogen) and purified using column chromatography (RNeasy Mini 
kit; Qiagen) according to the manufacturer’s guide. Subsequently, RNA 
integrity was checked using a bioanalyzer (Agilent 2100, Agilent 
Technologies); all samples showed good 18S and 28S ribosomal integ-
rity (RIN > 7). Labeled and fragmented RNA targets were prepared, 
hybridized, and scanned as described by the manufacturer (Agilent 
Technologies). All 81 processed samples passed quality control. The 
expression data of each sample were extracted using Feature Extraction 
Software.

Quantitative real-time PCR analysis

Total RNA was isolated from tissue samples using TRIzol (Invi-
trogen). The relative gene expression of selected genes was quantified 
using the ABI Prism 7900 Sequence Detection System (Applied Bio-
systems) with the SYBR Green method. The primer sets used to amplify 
the selected genes were presented in Table S1.

Cell lines and cell culture

HT29, HCT8, SW480, and SW620 cells were cultured in RPMI-1640 
medium with 10 % fetal bovine serum (FBS), while sw1116, RKO, LoVo, 
HCT116, and HEK293T cells were cultured in DMEM with 10 % FBS. All 
cells were maintained at 37 ◦C in a 5 % CO2 humidified incubator.

Establishment of CRC cell lines with ZNF37A overexpression or 
knockdown

The vector used to construct the ZNF37A protein-coding region was 
PLVX-IRES-Neo, purchased from Clontech. It was selected using 
neomycin so that the target gene could be stably expressed in 
mammalian cells. The full length DNA sequence of the ZNF37A protein- 
coding region was cloned into the PLVX-IRES-Neo Vector. The vector 
used to construct stable ZNF37A knockdown was pSIH− H1 (Invitrogen, 
Carlsbad, CA), which was selected with puromycin. Small interfering 
RNAs (Control siRNA: 5′− UUC UCC GAA CGU GUC ACG UTT− 3′; 
siRNA-1: 5′− CGA GGA GCC AUG GAU AUU ATT− 3′ and siRNA-2: 
5′− CCC ACU CAA UUA ACA AUA UTT− 3′) of ZNF37A and their anti-
sense chains were synthesized by SinoGenoMax, and the synthesized 
fragments were attached to the pSIH− H1 vector. The plasmids were 
transfected into HEK293T packaging cells using Lipofectamine 2000 
(Invitrogen) for lentivirus collection. LoVo, HCT8, and HCT116 cells 
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were infected and selected with neomycin and puromycin, followed by 
validation using western blot and qPCR assays.

RNA-sequencing analysis

Total RNA was extracted from HCT8 and HCT116 cell lines over-
expressing or knocking down ZNF37A and sequenced. RNA-sequencing 
data were mapped to the GRCh38 human genome by HISAT2, normal-
ized, and log2 transformed. The DESeq2 R package was used for dif-
ferential expression analysis. Significant DEGs were determined using 
log2 (fold change) and corrected P value. Gene enrichment analysis of 
normalized RNA-sequencing data was conducted using the Metascape 
database (http://metascape.org).

Colony formation assays

Cells were seeded in six-well plates (2000 cells/well) with or without 
chemotherapy (5 μg/ml 5-fluorouracil and 1 μg/ml oxaliplatin) and 
radiotherapy (2 Gy) treatment. After approximately 1 week, the colonies 
were fixed with methanol and stained with 0.5 % crystal violet. Colony 
number was quantified with ImageJ software.

Western blot analysis

Cells were lysed with RIPA lysis buffer (Solarbio, R0020). Protein 
concentration was determined by a BCA Protein Assay Kit (Thermo 
Fisher Scientific). Lysate containing 20 μg protein was separated by SDS- 
PAGE and transferred to a PVDF membranes (Millipore). The antibodies 
used in this study were: ZNF37A (PA5-30254, Invitrogen), TNFRSF6B 
(ab8405, Abcam), caspase-3 (#9662, Cell Signaling Technology), 
cleaved caspase-3 (#9661, Cell Signaling Technology), PARP (#9542, 
Cell Signaling Technology) and cleaved PARP (#5625, Cell Signaling 
Technology), and β-ACTIN (sc-47778, Santa). The signal was detected 
with ECL western blotting substrate (Thermo Fisher Scientific) on 
Amersham Imager 600. Quantification of the protein bands was per-
formed by grayscale scanning using ImageJ software.

Immunofluorescence flow cytometry

An Annexin V/PI double-staining apoptosis detection kit (KeyGEN) 
was used. Cells from different treatment groups were digested, sus-
pended, collected by centrifuging at 1000 rpm for 5 min, incubated with 
PI and Annexin V reagent at room temperature for 15 min, and analyzed 
using a BD Flow cytometry (LSRII).

Dual-luciferase reporter assays

The Nano-Glo Dual-Luciferase Reporter (NanoDLR™) System was 
used for dual-luciferase reporter assays according to the manufacturer’s 
instructions (N1620; Promega). After cell adhesion in 48-well plates (6 
× 104 cells/well), reporter plasmids were transfected into cells with 
Lipofectamine 2000 (Invitrogen) and incubated for 24 h. The Firefly and 
Renilla luciferase activities were measured using GENE5 software.

Chromatin immunoprecipitation assay

The EZ-ChIP™ Chromatin Immunoprecipitation Kit (Millipore, USA) 
was used. For crosslinking, 37 % formaldehyde was added to the com-
plete growth medium, and the reaction was terminated 10 min later 
using glycine (Sigma). The cells were lysed and treated with ultrasound 
to fragment the chromatin. Chromatin fragments were incubated with 
corresponding antibodies against the target protein and Protein G 
magnetic beads for immunoprecipitation, and then they were eluted 
from the antibody/protein G microbeads and de-cross-linked. Purified 
DNA was analyzed using quantitative PCR.

Animal experiments

Male BALB/c mice aged 4–6 weeks (Beijing IDMO Co.) were injected 
subcutaneously with HCT8− Vector, HCT8− ZNF37A, HCT116− shCtrl, 
HCT116− sh1, and HCT116− sh2 CRC cells (2 × 106) and housed for 30 
days. The mice were randomly categorized into vehicle and CT/RT 
groups. Mice in the CT/RT group were treated with radiotherapy (2 Gy) 
and chemotherapy (20 mg/kg 5-fluorouracil and 5 mg/kg oxaliplatin, i. 
p) for 2 weeks, whereas those in the control group received the same 
amount of normal saline without chemoradiotherapy treatment.

Statistical analysis

Data were processed and analyzed using the statistical software 
package R and SAS software version 9.3 (SAS Institute). First, the effects 
of risk factors, including age, sex, clinical stage, and KPS score, on 
response status and DFS were examined using the χ2 test and log-rank 
test. The microarray data were normalized using the “limma” package. 
Differential expression between responders (TRG1 and TRG2) and non- 
responders (TRG4 and TRG5) was analyzed using Student’s t-test. Genes 
with P < 0.05 (after Bonferroni correction) on the t-test and fold change 
≥ 2.0 or ≤ 0.5 were selected to generate a list of significant DEGs. Pa-
tients’ subsets grouped according to their gene expression levels were 
compared for DFS time using Kaplan–Meier curves and Cox proportional 
hazards model, and adjusted for gender, age, tumor stage, tumor grade, 
KPS, surgical procedure and tumor location as covariates. Differences in 
residual cancer cell proportions after chemoradiotherapy were analyzed 
using the Mann-Whitney U test. A receiver operating characteristic 
(ROC) curve was constructed to estimate the predictive value of the 20- 
gene signature in the validation cohort. All statistical tests were two- 
sided, with statistical significance set at P < 0.05.

Results

A 20-gene signature can predict treatment response in patients with rectal 
cancer

In a discovery cohort, 30 patients (37.0 %) were responders (TRG1, n 
= 7; TRG2, n = 23), 14 (17.3 %) were non-responders (TRG4, n = 12; 
TRG5, n = 2), and 37 (45.7 %) achieved an intermediate response 
(TRG3, n = 37), according to Mandard et al. [22], all of whom met the 
enrollment criteria. Examination of the clinical factors in this study 
showed no association with the clinical response. In addition, DFS was 
significantly associated with response status (P = 0.0028), making it a 
measure of response (Table 1). In a validation cohort of 45 samples, 
which included 27 (60.0 %) responders (TRG1, n = 10; TRG2, n = 17), 
12 (26.7 %) intermediate responders (TRG3, n = 12), and 6 (13.3 %) 
non-responders (TRG4, n = 6), the relationships between sex, age, 
clinical stage, KPS, and response to chemoradiotherapy were not sta-
tistically significant, and DFS had a significant association with response 
status (P = 0.0527) (Table 1).

To identify the molecular signatures of tumor response to chemo-
radiotherapy, we performed gene expression profiling using a DNA array 
in all samples consisting of training and test samples in the discovery 
cohort. Among the 44 training samples, we identified a list of 179 probes 
representing 132 DEGs (P < 0.05 and Fold Change ≥ 2.0 or ≤ 0.5) be-
tween responders and non-responders (Fig. 1A and B). Responders and 
non-responders were grouped into two distinct groups, with 13 of 14 
non-responders on the left side of the cluster and 23 of 30 responders on 
the right side. The clustering results of the 179 probe sets were highly 
consistent with the clinical pathology assessment (81.8 %). In addition, 
we used these 179 discriminating probes to generate a two-dimensional 
plot, in which the responders (red) and non-responders (green) were 
categorized into two distinct gene expression data spaces (Fig. S1B). 
Moreover, by analyzing the enrichment of 132 DEGs, we found that 
these genes are mainly related to metabolic process and various 
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biological regulatory processes (Fig. S1C).
To generate an optimum predictive classifier from this cohort, we 

first sorted the 179 discriminating probes (132 genes) by P value in 
ascending order. The top five genes constituted the first predictive 
classifier, and additional genes were gradually added in increments of 
five. We calculated the sensitivity, specificity, and accuracy of the pre-
dictive values in the 44 samples for each group of genes (Fig. 1C). Using 
the top 20 genes, we obtained the best prediction results. Clustering of 
the 20-gene sets was consistent with the clinical pathology assessment 
(90.9 %). Thirteen of the 14 non-responders were in the left cluster, and 
27 of the 30 responders congregated on the right side (Fig. 1D). The 
molecular signature with the top 20 genes effectively separated re-
sponders and non-responders into two groups, better than 179 probes 
based on principal component analysis (Fig. S1D). The top 20 genes 
identified are presented in Table S2.

We used a prediction model with a 20-gene signature to predict the 
clinical response to chemoradiotherapy in 37 intermediate responders, 
which were categorized 30 responders and 7 non-responders. Notably, 
DFS and the proportion of residual cancer cells after chemoradiotherapy 
were distinctly different between the two groups (P = 0.030 and P =
0.0126, respectively; Fig. 1E and F). Furthermore, we conducted an ROC 
analysis of the predictions by the 20-gene model in 27 responders and 6 
non-responders in the validation cohort, which showed a highly signif-
icant ability to discriminate responders from non-responders in the 
cohort (AUC = 0.815, 95 % CI = 0.662–0.968; P = 0.0173; Fig. 1G).

ZNF37A influences the sensitivity of CRC cells to chemoradiotherapy

To explore the specific functions of the top 20 genes in our prediction 
model, we knocked down the top 10 genes in HCT8 CRC cells and 
conducted a colony formation assay. Our findings revealed that the 
experimental results for the six genes were consistent with the expres-
sion profiling results, with ZNF37A showing the most significant dif-
ferences (Fig. S2). In addition, patients with high ZNF37A expression 
responded better to preoperative chemoradiotherapy and had prolonged 
DFS in 44 training sample set and 81 all-sample set (Fig. 2A and B). 
Therefore, we hypothesized that ZNF37A might be a key gene influ-
encing the sensitivity of CRC to chemoradiotherapy. To confirm this 
hypothesis, we searched the TCGA database and found that across 
various tumor types, ZNF37A expressed higher in tumors than in normal 
tissues (Fig. S3A). Although ZNF37A was highly expressed in colon 
adenocarcinoma (COAD), no significant differences were noted among 
tumor progression stages (Fig. S3B). Survival analysis based on data 

from The Cancer Genome Atlas Rectal Adenocarcinoma Program 
(TCGA-READ) indicated that patients with high ZNF37A expression had 
a trend toward longer survival outcomes (P = 0.089, Fig. S3C). We 
further detected ZNF37A mRNA and protein expression in the eight CRC 
cell lines (Fig. S4A). Higher expression levels of ZNF37A in cells corre-
lated with a lower percentage of colony formation after chemo-
radiotherapy compared with that in the untreated group, indicating 
higher sensitivity of the cells to chemoradiotherapy (Fig. S4B and C).

Subsequently, we performed gene expression analysis in the CRC cell 
lines HCT8, HCT116, and LoVo to confirm that the expression of 
ZNF37A may influence the sensitivity of CRC to chemoradiotherapy. In 
the absence of chemoradiotherapy, ZNF37A overexpression (ZNF37A- 
OE) in CRC cells or knockdown of ZNF37A (ZNF37A-KD) did not affect 
colony formation. However, colony formation survival was greatly 
suppressed in ZNF37A overexpressing cells in comparison with the 
control cells when treated with chemoradiotherapy. Conversely, 
ZNF37A knockdown had the opposite effect (Figs. 2C and D and S4D and 
E). Therefore, ZNF37A expression had an influence on the sensitivity of 
CRC to chemoradiotherapy.

Next, we conducted in vivo experiments to compare differences in 
proliferative ability and sensitivity to chemoradiotherapy. We trans-
planted ZNF37A-OE HCT8 cells and control cells into nude mice; when 
not treated with chemoradiotherapy, ZNF37A overexpression did not 
influence the progression of xenograft tumors versus control. However, 
after chemoradiotherapy, ZNF37A overexpression significantly sup-
pressed growth of tumor versus control (Fig. 2E). Furthermore, when 
ZNF37A-KD and control HCT116 cells were transplanted into nude 
mice, tumor growth was similar between the ZNF37A-KD and control 
group in the absence of chemoradiotherapy. After chemoradiotherapy, 
ZNF37A knockdown enhanced the growth of xenograft tumors 
compared with control (Fig. 2F).

ZNF37A enhances sensitivity to chemoradiotherapy by promoting 
apoptosis in CRC cells

RNA-sequencing analyses were conducted on HCT8 and HCT116 cell 
lines to investigate the mechanism underlying ZNF37A regulation in the 
sensitivity of CRC to chemoradiotherapy. Our findings indicated that the 
upregulated genes after ZNF37A overexpression (Fig. S5A and B) and 
the downregulated genes after ZNF37A knockdown (Fig. S5C and D) all 
correlated with positive regulation of the cell death pathway. Given that 
ZNF37A belongs to the Kupple-C2H2 family of zinc-finger proteins, 
which play a significant role in transcriptional inhibition, we further 

Table 1 
Characteristics of rectal cancer samples in discovery and validation stage and correlation with concurrent chemoradiotherapy response.

Characteristic Discovery cohort (N = 81) Validation cohort (N = 45)

Total 
(%)

Responder 
(%)

Intermediate Non-responder 
(%)

P † Total 
(%)

Responder 
(%)

Intermediate 
responder (%)

Non-responder 
(%)

P †
Responder 
(%)

No. of 
Patients

81 
(100.0)

30 (37.0) 37 (45.7) 14 (17.3)  45 
(100.0)

27 (60.0) 12 (26.7) 6 (13.3) 

Age, years     0.7325     0.1342
< 54 40 (49.4) 16 (53.3) 17 (45.9) 7 (50.0)  22 (48.9) 13 (48.1) 4 (33.3) 5 (83.3) 
≥ 54 41 (50.6) 14 (46.7) 20 (54.1) 7 (50.0)  23 (51.1) 14 (51.9) 8 (66.7) 1 (16.7) 
Sex     0.9124     0.5391
Male 54 (66.7) 20 (66.7) 25 (67.6) 9 (64.3)  31 (68.9) 19 (70.4) 9 (75.0) 3 (50.0) 
Female 27 (33.3) 10 (33.3) 12 (32.4) 5 (35.7)  14 (31.1) 8 (29.6) 3 (25.0) 3 (50.0) 
Clinical stage     0.4096     0.4644
II 19 (23.5) 8 (26.7) 9 (24.3) 2 (14.3)  12 (26.7) 9 (33.3) 2 (16.7) 1 (16.7) 
III 62 (76.5) 22 (73.3) 28 (75.7) 12 (85.7)  33 (73.3) 18 (66.7) 10 (83.3) 5 (83.3) 
KPS     0.1770     0.1642
80–89 34 (42.0) 16 (53.3) 13 (35.1) 5 (35.7)  17 (37.8) 9 (33.3) 6 (50.0) 2 (33.3) 
90–100 47 (58.0) 14 (46.7) 24 (64.9) 9 (64.3)  28 (62.2) 18 (66.7) 6 (50.0) 4 (66.7) 
DFS events     0.0028     0.0527
Alive 42 (51.9) 23 (76.7) 14 (37.8) 5 (35.7)  29 (64.4) 20 (74.1) 7 (58.3) 2 (33.3) 
Dead 39 (48.1) 7 (23.3) 23 (62.2) 9 (64.3)  16 (35.6) 7 (25.9) 5 (41.7) 4 (66.7) 

KPS, Karnofsky performance score; DFS, Disease-free survival. † On the basis of χ2 test or Fisher exact test.
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Fig. 1. A 20-gene signature can predict treatment response in rectal cancer patients. A. Schematic of the strategy for cohorts, generation, and validation of an 
optimum predictive classifier. B. Cluster analysis of 179 differentially expressed genes in 44 training samples. C. Sensitivity, specificity and accuracy of different gene 
groups in predicting chemoradiotherapy efficacy. D. Heat map of 20 genes with the most significant differences in 44 training samples. E. Kaplan-Meier curve for 
disease-free survival time in testing samples (n = 37) of rectal cancer patients with different sensitivity prediction subgroups. F. Proportion of residual cancer cells in 
testing samples (n = 33, 4 samples miss data) of rectal cancer patients with different sensitivity prediction subgroups. P value was calculated by the Mann-Whitney U 
test. G. ROC curves of 20 gene prediction models in the validation cohort (27 responders and 6 non-responders, n = 33) of patients with rectal cancer.
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analyzed genome-wide expression profiling data and found that 372 
genes showed a significant negative correlation with ZNF37A. Subse-
quent KEGG pathway enrichment analysis revealed that these 372 genes 
were accumulated in the apoptosis signaling pathway, which is closely 
related to the response to radiotherapy and chemotherapy (Fig. 3A). 
Therefore, we hypothesized that ZNF37A regulates the sensitivity of 
CRC to chemoradiotherapy via transcriptional modulation of apoptosis- 
related gene expression. Accordingly, we identified eight candidate 
apoptosis-related genes among the 372 genes and investigated their 
correlation with ZNF37A expression (Fig. 3A). RT-PCR analysis revealed 
that TNFRSF6B expression was diminished in ZNF37A-OE cells relative 
to the control group (Figs. 3B and S5E, Table S1) and increased in 
ZNF37A-KD cells (Figs. 3C and S5F, Table S1). Conversely, the expres-
sion levels of the other seven candidate genes showed no significant 
association with the expression of ZNF37A.

The detection of protein levels revealed that TNFRSF6B expression 
decreased in ZNF37A-OE cells. Moreover, when no chemoradiotherapy 
was administered, neither cleaved caspase-3 nor cleaved PARP expres-
sion was detected in the control or ZNF37A-OE cells. After chemo-
radiotherapy, the cleaved caspase-3 and cleaved PARP levels was 
markedly elevated in ZNF37A-OE cells (Fig. 3D). Conversely, TNFRSF6B 
expression was up-regulated in ZNF37A-KD cells. Additionally, neither 
cleaved caspase-3 nor cleaved PARP was detected in either control or 
ZNF37A-KD cells without chemoradiotherapy. However, after chemo-
radiotherapy, a notable decline in cleaved caspase-3 and cleaved PARP 
expression was observed in ZNF37A low-expressing cells relative to the 
control group (Fig. 3E).

Flow cytometry confirmed that when not treated with chemo-
radiotherapy, neither ZNF37A overexpression nor knockdown altered 
the proportion of apoptotic cells. However, after treatment with che-
moradiotherapy, the proportion of apoptotic ZNF37A-OE cells was 
markedly elevated compared to the control group (Fig. 3F), and a sub-
stantial attenuation in the proportion of apoptotic ZNF37A-KD cells was 
detected (Fig. 3G).

ZNF37A binds to the TNFRSF6B promoter region and represses its 
transcriptional activity

We explored the ZNF37A and TNFRSF6B expression levels in the 
gene expression profiles of 44 training samples. Patients with high 
TNFRSF6B expression were insensitive to preoperative chemo-
radiotherapy (fold change = 0.32, P = 0.0168; Fig. 4A). The TNFRSF6B 
expression levels in 44 training samples and 81 all samples were nega-
tively correlated with the ZNF37A expression level (P = 0.003 and P =
0.017, Fig. 4B and C).

In the validation cohort of 45 patients, quantitatively analyses 
through RT-PCR revealed that the ZNF37A expression in responders was 
highly increased compared with that in non-responders (P = 0.007, 
Fig. S6A), whereas TNFRSF6B expression was markedly diminished (P =
0.044, Fig. S6B). A notable negative correlation was identified between 
TNFRSF6B and ZNF37A expression levels in these 45 samples (P =
0.0279, Fig. S6C). This inverse relationship between TNFRSF6B and 
ZNF37A expression was also detected in the TCGA-COAD and TCGA- 
READ datasets (Fig. S6D and E).

Furthermore, we conducted chromatin immunoprecipitation (ChIP)- 
qPCR experiments to ascertain the potential binging of ZNF37A to the 
promoter region of TNFRSF6B and its capacity to regulate transcription. 
First, we performed ChIP to enrich the DNA that binds to the ZNF37A 
protein and designed 11 pairs of primers for continuous segments 
covering 3000 bp upstream and 1000 bp downstream of the transcrip-
tion start site (TSS) of TNFRSF6B (Table S3). The RT-PCR results indi-
cated significant enrichment of ZNF37A binding in the region from 
–1880 bp to –1550 bp upstream of TSS and from +330 bp to +700 bp 
downstream of TSS (Fig. 4D). Furthermore, the ChIP-qPCR results 
showed that ZNF37A-KD cells exhibited less enrichment in these DNA 
regions than the control cells (Fig. 4E). Based on these results, we con-
structed reporter gene vectors containing the full-length TNFRSF6B 
promoter region, as well as vectors lacking either one or both of the 
identified ZNF37A binding regions. Dual luciferase reporter assays 
indicated that transfection with the full-length TNFRSF6B promoter 
resulted in decreased luciferase activity in cells stably overexpressing 
ZNF37A and increased luciferase activity in cells with ZNF37A knock-
down compared with control cells, suggesting that ZNF37A inhibited the 
transcriptional activity in the TNFRSF6B promoter region. Similar ob-
servations were made when transfecting vectors lacking either of the 
two identified ZNF37A binding regions; nevertheless, no obvious dif-
ference in luciferase activity was observed between control cells and 
those stably up- or downregulated by ZNF37A when transfected with a 
vector lacking both binding regions simultaneously (Fig. 4F and G). This 
suggests that the two ZNF37A-binding regions identified by ChIP-qPCR 
are the key regions for ZNF37A in regulating the transcriptional activity 
of TNFRSF6B.

Knocking down TNFRSF6B restores sensitivity of CRC to 
chemoradiotherapy

Subsequently, TNFRSF6B expression was silenced in ZNF37A-KD 
cells. Colony formation assays revealed that TNFRSF6B low-expressing 
cells exhibited growth potential comparable to that of control cells in 
the absence of chemoradiotherapy. However, a significant decline in 
colony formation ability was observed after reducing TNFRSF6B 
expression in the chemoradiotherapy-treated group versus control 
(Figs. 5A and S7). This indicates that lowering TNFRSF6B expression in 
ZNF37A-KD cell lines restored sensitivity to chemotherapy. Moreover, 
we examined the expression levels of apoptotic proteins following 
TNFRSF6B knockdown in ZNF37A-KD cell lines. Our findings revealed 
that after chemoradiotherapy, a reduction in TNFRSF6B expression led 
to an increase in the levels of cleaved caspase3 and cleaved PARP when 
compared with the control group (Fig. 5B). Chemotherapy drugs and 
radiation stimulation can induce cell apoptosis. When the expression of 
ZNF37A is high in colorectal cancer, the transcriptional activity of 
TNFRSF6B is low. Consequently, tumor cell apoptosis is increased, 
which shows that it is sensitive to chemoradiotherapy. Conversely, when 
the expression of ZNF37A in CRC is low, the transcriptional activity of 
TNFRSF6B is high; thus, apoptosis is reduced, and the tumor cells are not 
sensitive to radiotherapy and chemotherapy (Fig. 5C).

Fig. 2. ZNF37A increases the sensitivity of colorectal cancer cells to chemoradiotherapy. A. Expression level of ZNF37A between responders and non-responders in 
44 training sample set and 81 all sample set. Data were mean±SEM. B. Kaplan-Meier curves of disease-free survival according to ZNF37A expression in 44 training 
sample set and 81 all sample set. Low and high ZNF37A groups were separated according to the median of the chip detection values. C. Colony formation assays of 
HCT8-Vector, HCT8-ZNF37A, LoVo-Vector and LoVo-ZNF37A cells. DMSO, control group treated with Dimethyl sulfoxide. CT/RT, the treatment group treated with 
radiotherapy (2 Gy) and chemotherapy (5 μg/ml 5-Fu and 1 μg/ml Oxaliplatin). D. Colony formation assays of HCT116-shCtrl, HCT116-ZNF37A sh1, HCT116- 
ZNF37A sh2, LoVo-shCtrl, LoVo-ZNF37A sh1 and LoVo-ZNF37A sh2 cells. Right panels represented data (mean±SEM) from three independent experiments. E. 
Images of subcutaneous tumors at the end of the treatment period, proliferation curves, and tumor weights for HCT8-Vector and HCT8-ZNF37A tumors transplanted 
in nude mice with or without chemoradiotherapy treatment. Data were presented as mean±SEM of tumor volumes from five mice at each time point. F. Images of 
subcutaneous tumors at the end of the treatment period, proliferation curves, and tumor weights for HCT116-shCtrl, HCT116-ZNF37A sh1, and HCT116-ZNF37A sh2 
tumors transplanted in nude mice with or without chemoradiotherapy treatment. Data were presented as mean±SEM of tumor volumes from five mice at each time 
point. *, P < 0.05; **, P < 0.01; ***, P < 0.001 and ns, not significant of Student’s t-test (C-E). *, P < 0.05; **, P < 0.01 and ns, not significant of one-way ANOVA (F).
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Discussion

The predictive role of monomolecules in the efficacy of preoperative 
chemoradiotherapy in patients with rectal cancer has been extensively 
studied. However, the response of LARC to neoadjuvant therapy results 
from a combination of clinical factors and molecular biological features 
of tumors, involving multiple genes and biological pathways [23–25]. 
Researchers have reached a consensus that dysregulated gene expression 

is a major contributor to rectal cancer development and differences in 
efficacy and survival time [26–28]. Therefore, identifying a signature 
comprising a group of genes as markers of cancer response to chemo-
radiotherapy would be more appropriate and effective. Gene and protein 
signatures and expression modules related to sensitivity to chemo-
radiotherapy have been identified with the rapid development of 
multi-omics sequencing [29–32]. In our previous study of these 126 
patients in total, whole-exome sequencing was performed on 28 paired 

Fig. 3. ZNF37A enhances sensitivity to chemoradiotherapy by promoting apoptosis in CRC cells. A. Analysis of the expression profiling data revealed that there were 
372 genes significantly negatively correlated with ZNF37A. KEGG pathway enrichment result of 372 genes negatively related to the expression of ZNF37A and 8 
candidate apoptosis-related genes were selected from the 372 genes. B. The mRNA expression levels of ZNF37A and eight apoptosis related genes were detected by 
real-time quantitative PCR in LoVo-Vector and LoVo-ZNF37A cells. C. The mRNA expression levels of ZNF37A and eight apoptosis related genes were detected by 
real-time quantitative PCR in LoVo-shCtrl, LoVo-ZNF37A sh1 and LoVo-ZNF37A sh2cells. D-E. Western blot analysis of ZNF37A, TNFRSF6B and several apoptosis- 
related protein levels in chemoradiotherapy-treated and untreated groups of ZNF37A-OE HCT8 and LoVo cells (D), ZNF37A-KD HCT116 and LoVo cells (E). F-G. 
Proportion of apoptotic cells in the chemoradiotherapy-treated and untreated groups of ZNF37A-OE HCT8 and LoVo cells (F), ZNF37A-KD HCT116 and LoVo cells 
(G). Data were shown as mean±SEM from three independent experiments. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001 and ns, not significant of 
Student’s t-test (B, F). *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001 and ns, not significant of one-way ANOVA (C, G).
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Fig. 4. ZNF37A binds to the TNFRSF6B promoter region and represses its transcriptional activity. A. Differences of TNFRSF6B Expression between responders and 
non-responders in the 44 training sample set. The values of different groups were the median and extreme values of chip detection values. B-C. Negative correlation 
between ZNF37A and TNFRSF6B expression in the 44 training sample set and 81 all sample set. D. Eleven pairs of primers designed for continuous segments covering 
3000 bp upstream and 1000 bp downstream of the transcription start site (TSS) of TNFRSF6B and the ChIP-qPCR results showed significant enrichment of ZNF37A in 
the fourth and tenth primer regions. E. ChIP-qPCR results and gel diagram of ChIP-qPCR products for the fourth and tenth primer regions mentioned above in the 
LoVo-shCtrl, LoVo-sh1 and LoVo-sh2 cell lines. F. Luciferase activity of transfection of full-length and different truncated recombinant plasmid of the TNFRSF6B 
promoter region in HCT8-Vector, HCT8-ZNF37A, LoVo-Vector and LoVo-ZNF37A cells. G. Luciferase activity of transfection of full-length and different truncated 
recombinant plasmid of the TNFRSF6B promoter region in HCT116-shCtrl, HCT116-ZNF37A sh1, HCT116-ZNF37A sh2, LoVo-shCtrl, LoVo-ZNF37A sh1 and LoVo- 
ZNF37A sh2 cells. Data were shown as mean±SEM from three independent experiments. *, P < 0.05; **, P < 0.01 of Student’s t-test (D, F). *, P < 0.05; **, P < 0.01; 
***, P < 0.001 and ****, P < 0.0001 of one-way ANOVA (E, G).
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Fig. 5. Knocking down TNFRSF6B can restore the sensitivity of colorectal cancer to chemoradiotherapy. A. Colony formation assays of Knocking down TNFRSF6B in 
LoVo-shCtrl, LoVo-ZNF37A sh1 and LoVo-ZNF37A sh2, HCT116-shCtrl, HCT116-ZNF37A sh1, HCT116-ZNF37A sh2 cells. DMSO, control group treated with 
dimethyl sulfoxide. CT/RT, the treatment group treated with radiotherapy (2 Gy) and chemotherapy (5-Fu and Oxaliplatin). Data were shown as mean±SEM from 
three independent experiments. **, P < 0.01; ***, P < 0.001 and ns, not significant of Student’s t-test. B. Detection of apoptosis-related proteins by western blot after 
chemoradiotherapy when knocking down TNFRSF6B in LoVo-shCtrl, LoVo-ZNF37A sh1 and LoVo-ZNF37A sh2, HCT116-shCtrl, HCT116-ZNF37A sh1, HCT116- 
ZNF37A sh2 cells. C. Scatter plots showed the effect of ZNF37A expression level on chemoradiotherapy sensitivity of CRC.
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tumors collected before and after chemoradiotherapy from the same 
patients who did not respond to chemoradiotherapy treatment. The 
analysis demonstrated that recurrent mutations in CTDSP2, APC, KRAS, 
TP53 and NFKBIZ conferred a selective advantage to cancer cells, 
making them resistant to chemoradiotherapy treatment. This study 
revealed genome landscapes in rectal cancer before and after chemo-
radiotherapy and tumors evolution under chemoradiotherapy stress 
[21]. A recent analysis of gene expression profiles predicting sensitivity 
to chemoradiation (capecitabine plus radiation) for LARC has identified 
213 DEGs [33]. Although our study includes patients who underwent 
different chemoradiotherapy regimens, we identified four overlapping 
DEGs (namely, ARL11, CYP4F2, PROS1, and NOTUM) among the 132 
DEGs and 213 DEGs mentioned above, all reported to be involved in 
apoptosis regulation [34–37]. This indicates the relationship between 
apoptosis and sensitivity to chemoradiotherapy. In this study, we 
examined genome-wide gene expression in 81 patients with rectal can-
cer and established a set of 20 genes to predict treatment response to 
neoadjuvant chemoradiotherapy.

Among the 20 genes identified, the ZNF37A expression level 
exhibited the most significant correlation with preoperative sensitivity 
to chemoradiotherapy in rectal cancer. Additional examination of the 
clinical data revealed that patients with CRC who displayed high 
ZNF37A expression exhibited increased sensitivity to neoadjuvant che-
moradiotherapy and had prolonged DFS. Subsequently, we confirmed 
that low ZNF37A expression decreased the sensitivity of rectal cancer 
cells to chemoradiotherapy both in vivo and in vitro. Despite limited 
research on ZNF37A, the Kupple-C2H2 zinc finger protein family has 
been recognized to play an important role in transcriptional inhibition 
by binding scaffold protein KAP1 to recruit various transcriptional 
suppressor molecules. Furthermore, this family plays a pivotal role in 
many crucial biological activities, ranging from embryonic development 
and cell differentiation to apoptosis and tumor progression [38–40]. 
This study is the first to identify a potential correlation between 
ZNF37A, a Kupple-C2H2 zinc-finger protein member, and the sensitivity 
of rectal cancer to chemoradiotherapy.

A notable finding of this study is the association of ZNF37A with the 
response to chemoradiotherapy in rectal cancer, potentially mediated by 
apoptotic signaling pathways modulation. Gene enrichment analysis 
revealed that genes negatively correlated with ZNF37A expression were 
significantly enriched in the apoptotic signaling pathway. Further 
experimental studies demonstrated that the ZNF37A expression influ-
enced the level of apoptosis in CRC cells following chemoradiotherapy. 
Apoptosis is a type of programmed cell death that is regulated by a 
dedicated balance between multiple signaling pathways that are pro- 
survival and pro-apoptotic [41–43]. Apoptosis is a hallmark of cancer, 
and tumorigenesis occurs when this balance favors cell survival. Drugs 
targeting apoptotic pathway molecules can directly activate apoptotic 
machinery in malignant cells [44–46]. Therefore, the early identifica-
tion and characterization of precise preclinical disease models and 
apoptosis-associated resistance-regulating molecules are essential for 
improving the long-term treatment response rate of patients with tu-
mors. Additionally, the study findings revealed that rectal cancer tumor 
cells with abnormally low ZNF37A expression could tolerate 
chemoradiotherapy-induced apoptosis, contributing to the long-term 
survival of tumor cells. Our findings revealed that patients with CRC 
and high ZNF37A expression exhibited a longer disease-free survival.

Furthermore, our findings have revealed a previously unreported 
binding interaction between ZNF37A and the promoter region of 
TNFRSF6B, promoting the apoptosis of CRC cells after chemo-
radiotherapy by inhibiting TNFRSF6B transcription. Knocking down 
TNFRSF6B expression in ZNF37A-KD cells increased sensitivity to che-
moradiotherapy. Given the role of TNFRSF6B in regulating apoptosis in 
tumor cells, increased transcript levels of TNFRSF6B due to low ZNF37A 
expression in our cohort of patients with rectal cancer may significantly 
contribute to chemoradiotherapy in rectal cancer.

However, our study had some limitations. Our study primarily 

focused on the regulation of the apoptosis signaling pathway by 
ZNF37A; however, other signaling pathways were also involved in the 
pathway enrichment analysis, indicating its potential involvement in the 
regulation of multiple pathways. Second, in our study, ZNF37A, a 
transcriptional repressor, binds to the promoter region of TNFRSF6B, 
potentially regulated by other transcription factors. Further research is 
necessary to investigate the regulatory mechanisms of TNFRSF6B at the 
transcriptional level. Multiple signaling pathways, including JAK-STAT 
[47], TGF-β3/SMAD [48], PI3K/Akt [49] and NF-κB [50], are activated 
downstream of TNFRSF6B in human tumors. However, the potential 
cross-talk between ZNF37A/TNFRSF6B and other key signaling path-
ways needs to be explored by further studies. Third, the clinical pre-
diction model proposed in this study was developed using retrospective 
data and a limited sample size. Consequently, the results require further 
validation in a larger prospective cohort. Fourth, although we analyzed 
the effects of age, gender, and clinical stage on the proportion of residual 
cancer cells after chemotherapy in the enrolled samples, we did not 
adequately consider the effects of other variables, such as genetic het-
erogeneity or treatment adherence, which need to be improved by more 
rigorous and in-depth studies.

Therefore, our study established a multigene expression model for 
predicting the sensitivity of rectal cancer to chemoradiotherapy and 
elucidated the mechanism underlying resistance to preoperative syn-
chronized chemoradiotherapy in rectal cancer. Our findings offer a 
novel perspective on accurately assessing sensitivity to chemo-
radiotherapy in patients with rectal cancer and developing drugs to 
overcome therapy resistance.

Conclusions

ZNF37A is an effective modulator of chemoradiotherapy response in 
rectal cancer. ZNF37A enhances the sensitivity of CRC to chemo-
radiotherapy by downregulating its transcription level after binding to 
the promoter region of TNFRSF6B, resulting in an elevated proportion of 
apoptotic rectal cancer cells after chemoradiotherapy. These findings 
have significant theoretical implications and potential clinical applica-
tion for elucidating the molecular mechanism of chemoradiotherapy 
resistance in rectal cancer and for providing individualized clinical 
therapy.
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