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Abstract: Introduction: DNA polymerases are crucial for maintaining genome stability and influencing tumorigenesis.

However, the clinical implications of DNA polymerases in tumorigenesis and their potential as anti-cancer therapy

targets are not well understood. Methods: We conducted a systematic analysis using TCGA Pan-Cancer Atlas data

and Gene Set Cancer Analysis results to examine the expression profiles of 15 DNA polymerases (POLYs) and their

clinical correlations. We also evaluated the prognostic value of POLYs by analyzing their expression levels in relation

to overall survival time (OS) using Kaplan-Meier survival curves. Additionally, we investigated the correlations

between POLY expression and immune cells, DNA damage repair (DDR) pathways, and ubiquitination. Drug

sensitivity analysis was performed to assess the relationship between POLY expression and drug response. Results:

Our analysis revealed that 14 out of 15 POLYs exhibited significantly distinct expression patterns between tumor and

normal samples across most cancer types, except for DNA nucleotidylexotransferase (DNTT). Specifically, POLD1

and POLE showed elevated expression in almost all cancers, while POLQ exhibited high expression levels in all cancer

types. Some POLYs showed heightened expression in specific cancer subtypes, while others exhibited low expression.

Kaplan-Meier survival curves demonstrated significant prognostic value of POLYs in multiple cancers, including

PAAD, KIRC, and ACC. Cox analysis further validated these findings. Alteration patterns of POLYs varied

significantly among different cancer types and were associated with poorer survival outcomes. Significant correlations

were observed between the expression of POLY members and immune cells, DDR pathways, and ubiquitination. Drug

sensitivity analysis indicated an inverse relationship between POLY expression and drug response. Conclusion: Our

comprehensive study highlights the significant role of POLYs in cancer development and identifies them as promising

prognostic and immunological biomarkers for various cancer types. Additionally, targeting POLYs therapeutically

holds promise for tumor immunotherapy.

Introduction

DNA polymerases play a crucial role in maintaining genome
integrity by ensuring accurate DNA replication and repair [1].
Fifteen DNA polymerases have been identified in humans,
with POLα (encoded by POLA1), POLε (encoded by POLE)

and POLδ (encoded by POLD1) primarily involved in DNA
replication processes, whereas POLη (POLH), POLι (POLI),
POLκ (POLK), REV1, POLη (REV3L), POLθ (POLQ), and
POLν (POLN) participate in repairing DNA breaks/lesions
through translesion DNA synthesis (TLS). Dysregulations in
DNA replication or TLS pathways, stemming from mutations,
modifications, or expression changes can drive tumorigenesis
and influence treatment responses, as demonstrated in
numerous studies [2–5].

Alterations in DNA polymerases can promote
carcinogenesis through various mechanisms, such as DNA
damage accumulation, genomic instability, and immune
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abnormalities. DNA Damage Response (DDR) pathways
contain BER (Base Excision Repair), TLS (Translesion DNA
Synthesis), NHEJ (Nonhomologous End-joining), NER
(Nucleotide Excision Repair), MMR (Mismatch Repair), HR
(Homologous Recombination), FA (Fanconi Anemia
Pathway), and CPF (Check Point Factors). Specifically,
POLE and PLOD1 contribute to DNA replication, NER, and
MMR. POLB, POLI, and POLL undertake BER functions,
while POLM is potentially involved in end-joining processes
[1]. Notably, the impacts of deleterious variants in POLE
and POLD1 on MMR-related mutations or pathways appear
to differ. POLE is responsible for synthesizing the leading
strand, while POLD1 is tasked with the lagging strand
synthesis during DNA replication, despite the high
homology of their exonuclease regions [6].

Ubiquitination is a highly conserved post-synthesis
process in mammals, categorized into three main
types: monoubiquitination, multiubiquitination, and
polyubiquitination. These modifications can result in
protein degradation and signal transduction. Conversely,
deubiquitinases (DUBs) reverse ubiquitination by removing
ubiquitin chains, thereby halting the process and preserving
substrate protein expression [7,8]. The interplay between
ubiquitination and deubiquitination is indispensable for
various biological activities [9,10]. However, the
ubiquitination and deubiquitination patterns of these DNA
polymerases across pan-cancer scenarios remain uncharted.

Pathogenic variants in DNA polymerases frequently lead
to abnormal protein expression. For instance, Darwiche et al.
observed elevated POLA1 levels in colorectal cancer tumors
compared to normal tissues and suggested that POLA1
mutations may be linked to drug resistance [11]. Low POLB
expression was correlated with poor survival in oral
squamous cell cancer, exerting its influence by silencing cell
cycles and enhancing cell proliferation, as validated in vitro
[12]. Frequent POLB overexpression was also noted in
colorectal cancer, esophageal carcinoma, and lung
carcinoma, underscoring its association with tumorigenesis
[13–15]. Low expression of POLG was reported to correlate
with worse overall survival (OS) and progression-free
survival (PFS) in gastric cancer [16], while POLD1
mutations and expression status have been implicated in
carcinogenesis and treatment response [17]. Additionally,
the expression of TLS-related polymerases, including POLH,
POLQ, POLK, and REV1, were found to decrease in
myelodysplastic syndrome [18]. Furthermore, theoretical
evidence suggests that the deletion or mutation of DNA
polymerases can induce genomic instability and the
accumulation of neoantigens, ultimately contributing to a
high tumor mutational load. Recent studies have
demonstrated that DNA polymerases play a crucial role in
the tumor immune microenvironment, with implications for
the development of cancer immunotherapies, including
POLE, POLD1, and POLH [19–21]. Nevertheless, further
research is essential to comprehensively grasp the potential
clinical impact of DNA polymerases in tumorigenesis and
their role in the development of anti-cancer treatments.

This study aimed to assess the prognostic significance of
fifteen DNA polymerases (POLYs) across 32 cancer types
using The Cancer Genome Atlas (TCGA). Additionally, we

summarized their variation frequency and subtypes in each
cancer type. We examined the association between POLY
expression and the tumor microenvironment (TME)
through the Gene Set Cancer Analysis (GSCA) database and
explored the links between POLY expression levels, drug
sensitivity, and DDR pathways in a pan-cancer context. To
gain deeper insights into the role of POLYs, we constructed
a ubiquitination network based on the UbiBrowser database.
Our comprehensive analysis of DNA polymerases in pan-
cancer aims to facilitate the identification of POLYs as
potential therapeutic targets.

Methods

Expression profiles of POLYs
The expression profiles of POLYs were scrutinized using the
TIMER web server (https://cistrome.shinyapps.io/timer/), a
comprehensive resource for exploring expression and
immune cell distributions across more than 30 cancer types
[22]. The “DiffExp” module within TIMER was deployed to
scrutinize the differential expression of the 15 DNA
polymerases (POLYs) in tumor tissues compared to their
corresponding normal counterparts across all TCGA
tumors. Gene expression level distributions were represented
using box plots, and the statistical significance of differential
expression was assessed using the Wilcoxon test.

Prognostic analysis of POLYs and their pan-cancer clinical
correlations
To elucidate the intricate relationships among gene expression,
genetic alternations, and prognostic implications in various
cancers, we harnessed the TCGA PanCancer dataset and
acquired TPM values from the GDC Data Portal (https://
gdc.cancer.gov/access-data/gdc-data-portal) and genetic
alternations from published resources (https://gdc.cancer.
gov/about-data/publications/panimmune). Simultaneously,
we collected corresponding clinical data (https://gdc.cancer.
gov/about-data/publications/pancanatlas). The prognostic
analysis of POLYs was conducted concerning overall survival
(OS) and expression/alteration groups using the Kaplan-
Meier method. The correlations between expression and
clinical information including age, gender, and stage were
also assessed using the Wilcoxon test.

Somatic variants of POLYs
Somatic variants of POLYs were explored using the cBio
Cancer Genomics Portal (cBioPortal) (http://www.
cbioportal.org), which provides a web resource for
exploring, visualizing, and analyzing multi-dimensional
cancer genomic data [23,24]. The alteration frequency and
types of POLYs were investigated using the TCGA
PanCancer Atlas Studies, encompassing 10,967 samples
across 32 cancer types. A comprehensive summary for each
POLY type was visually represented through a heatmap
generated with the ggplot2 package [25].

Correlation analysis of POLYs with the tumor
microenvironment and drug sensitivity
We embarked on an exploration of the connections between
POLY expression and tumor environment infiltrations by
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leveraging the Gene Set Cancer Analysis (GSCA, http://
bioinfo.life.hust.edu.cn/GSCA/#/). GSCA integrates over
10,000 multi-dimensional genomic data from TCGA and
over 750 small molecule drugs from the Genomics of Drug
Sensitivity in Cancer (GDSC) and Cancer Therapeutics
Response Portal (CTRP) [26]. Additionally, we scrutinized
the drug sensitivity of the 15 POLYs by assessing the
association between expression levels and drug response.

Ubiquitin/deubiquitylation and POLYs interaction network
UbiBrowser is a comprehensive database for predicting known
and novel ubiquitin ligase (E3)/deubiquitinase (DUB)-
substrate interactions in eukaryotic species [27]. Version 2.0
were employed to analyze E3/DUB-POLYs interactions [28].
Networks were constructed using Cytoscape v3.9.1,
integrating both known and predicted interactions with a
confidence score exceeding 20 as a cutoff [29].

Cell culture
The normal human bronchial epithelial cell line BEAS-2B,
two individual LUAD cell lines (A549 and HCC827), the
normal human esophageal epithelial cell line HEEC, two
ESCA cell lines (EC109 and HYSE-30), the normal human
gastric epithelial cell line GES-1, and two human STAD cell
lines (HGC-27 and AGS) were purchased from Procell
(Wuhan Procell Life Science and Technology Co., Ltd.,
Wuhan, Hubei, China). All cell lines were cultured in
complete medium (containing 10% fetal bovine serum) at
37°C in a 5% CO2 incubator. To passage the cells, they were
detached with 0.25% trypsin digestion every 2–3 days.

Semi-quantitative reverse transcription polymerase chain
reaction (RT-PCR)
Total RNA was extracted from the cultured cells using
TRIzol� reagent (Invitrogen; Thermo Fisher Scientific, Inc.,
Waltham, MA, USA). Then, 1 μg of total RNA was reverse
transcribed into cDNA using M-MLV reverse transcriptase
(Invitrogen, Thermo Fisher Scientific, Inc., Waltham, MA,
USA). SYBR Premix Ex Taq (TaKaRa Biotechnology,
Tokyo, Japan) was used to quantify the mRNA expression
of POLD1, POLE and POLQ. Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was used as an internal reference.
The primer sequences were as follows: POLD1
(NM_001256849) forward: 5′-CAGTGCCAAGGTGGTGTA
TGG-3′, reverse: 5′-CTTGCTGATAAGCAGGTATGGG-3′;
POLE(NM_006231) forward: 5′-TTGCGACCAGAAA
GGGTTGT-3′, reverse: 5′-TGATTTGGCAAGTCCAGA
TCCT-3′; POLQ(NM_199420) forward: 5′-CTGCGTCGGA
GTGGGAAAC-3′, reverse: 5′-CTGTAGGCTTGCATTCTCC
TG-3′; GAPDH forward: 5′-GCACCGTCAAGCTGAGAAC
-3′, reverse: 5′-TGGTGAAGACGCCAGTGGA-3′. The
2−ΔΔCt method was used to calculate the relative
expression levels of the detected genes.

Statistical analysis
A prognostic analysis of POLYs and their relevance to clinical
characteristics in pan-cancer was executed. The prognostic
analysis of POLYs relies on the Kaplan-Meier method,
considering overall survival (OS) and expression/alteration

groups. The expression group was divided into ‘high’ and
‘low’ groups based on the median TPM value from tumor
samples. The alteration groups were categorized as ‘altered’
and ‘wild’ based on the alteration status of POLYs. The
correlations between expression and clinical parameters
such as age, gender, and stage, were investigated using the
Wilcoxon test by comparing the expression values between
different groups (e.g., male vs. female). Survival analysis was
carried out using the Kaplan-Meier method, and
comparisons were made using the unstratified log-rank test.
The Wilcoxon test was used for inter-group data
comparisons. All statistical analyses and data visualization
were performed using R software version v4.0.3, with the
following R packages utilized: ggplot2 v3.4.1, survival v3.4,
and survminer v0.4.9. Statistical significance was considered
at a p-value < 0.05.

Results

Expressions of POLYs in pan-cancer
To unveil the potential contributions of POLYs in cancer, we
analyzed the expression levels of 15 different POLYs using
gene expression data from TIMER across 17 cancer types
(abbreviations listed in Suppl. Table S1). Our results, shown
in Fig. 1, demonstrated that 14 POLYs exhibited
significantly different expression levels between tumor and
normal samples in most cancer types, with the exception of
DNTT (with a median TPM of 0 in most cancers, as
depicted in Suppl. Fig. S1). For instance, higher expression
levels of POLA1 were observed in BRCA (Breast invasive
carcinoma), CHOL (Cholangiocarcinoma), COAD (Colon
adenocarcinoma), ESCA (Esophageal carcinoma), HNSC
(Head and Neck squamous cell carcinoma), LIHC (Liver
hepatocellular carcinoma), LUAD (Lung adenocarcinoma),
LUSC (Lung squamous cell carcinoma), READ (Rectum
adenocarcinoma), and STAD (Stomach adenocarcinoma)
tumor samples, whereas lower expression levels were
observed in those of KIRP (Kidney renal papillary cell
carcinoma), PRAD (Prostate adenocarcinoma), THCA
(Thyroid carcinoma) and UCEC (Uterine Corpus
Endometrial Carcinoma) (Fig. 1A). POLD1 and POLE
showed higher expression in almost all cancers except for
KICH (Kidney Chromophobe) without significance (Figs.
1B, 1C). POLG showcased greater expression in CHOL,
ESCA, HNSC, KICH, KIRC (Kidney renal clear cell
carcinoma), LIHC, LUSC, PRAD, and STAD, while its
expression was comparatively lower in THCA and UCEC
(Fig. 1D). Similarly, POLB exhibited higher expressions in
BLCA (Bladder Urothelial Carcinoma), BRCA, CHOL,
COAD, ESCA, LIHC, LUAD, LUSC, PRAD, READ, STAD
and UCEC, but lower expressions were observed in KIRC,
THCA, and KICH (Fig. 1E). POLL showed heightened
expression in CHOL, COAD, HNSC, KIRC, KIRP, LIHC,
LUAD, PRAD, and READ (Fig. 1F), while POLM displayed
elevated expression in most cancer types except for KICH
and THCA (Fig. 1G). Lower expressions of both REV3L and
REV1 were detected in BLCA, BRCA, KICH, THCA, and
UCEC (Figs. 1H, 1I), whereas POLH exhibited higher
expression in BRCA, CHOL, COAD, ESCA, KIRC, KIRP,
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LIHC, and STAD, with lower expression in KICH and PRAD
(Fig. 1J). Furthermore, POLI and POLK displayed heightened
expressions in CHOL, HNSC, LIHC, STAD, and CHOL,
HNSC, LIHC, and STAD, respectively (Figs. 1K, 1L). Most
notably, POLQ was found to be highly expressed in all
cancers (Fig. 1M). We also observed higher expression of
POLN in CHOL, COAD, LIHC, LUAD, PRAD, READ, and
STAD, whereas lower expression was detected in BRCA,
HNSC, KICH, KIRC, and KIRP (Fig. 1N). Overall, these
findings suggest that POLYs may play different roles in
cancer development.

The association between clinical characteristics, tumor
subtypes, and POLY expression
To explore the clinical relevance of POLYs, we assessed their
gene expression levels in relation to age, gender, and cancer
stage. We categorized all of the cancer types into two groups
based on staging, with one group representing early tumor
stages (I–II) and the other encompassing later tumor stages
(III–IV). Our analysis revealed varying levels of DNA
polymerase expression across different cancer stages.
Notably, 15 genes exhibited significantly higher expressions
in later tumor stages (III–IV) across most cancer types (as

FIGURE 1. (Continued)
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detailed in Suppl. Table S2). Conversely, some genes displayed
higher expressions in early stages (I–II) in specific cancers. For
example, POLB, REV1, REV3L, POLK, and POLI in THCA
(Fig. 2A). Additionally, POLQ and POLD1 showed higher
expressions in later tumor stages (III–IV) of LUAD
(Fig. 2B), while POLL also showed higher expressions in
later tumor stages (III–IV) of HNSC (Fig. 2C). Furthermore,
our analysis found that 15 genes displayed higher expression
in females compared to males in most cancers (Suppl.
Table S2), with the exception of POLL and POLM in
THCA, POLB in COAD, and POLE in BRCA (Fig. 2D).

Prognostic value of POLYs expression in pan-cancer
To explore the prognostic value of POLYs, we evaluated the
relationship between POLYs expression and overall survival
time (OS) using Kaplan-Meier survival curves. Our analysis
encompassed 14 genes (excluding DNTT, with a median
TPM of 0) and their respective levels of significance across
various cancer types (as detailed in Table 1). Notably, POLQ
and POLG exhibited significant prognostic value in over ten
cancer types. In KIRC, Low expression of POLL, POLA1,
POLQ, REV1, REV3L, POLK, and POLH correlated with
improved survival. Conversely, in ACC (Adrenocortical
carcinoma), higher expression of POLL, POLB, POLM,
POLQ, REV1, POLG, POLE, POLD1, and POLI was linked
to extended survival. However, high POLH expression was
associated with worse survival in ACC. Furthermore, high
POLN expression was associated with improved survival in
BRCA, LAML, and DLBC but with worse survival in PAAD.

We further investigated the prognostic risk of these 14
genes using Cox analysis. As depicted in Fig. 3, these genes
acted as a protective factor in most cancers. For instance,
lower REV3L expressions were found to be a protective
factor in BLCA and BRCA. High POLD1 expression was
associated with worse survival in LUAD, LIHC, SARC,

MESO (Mesothelioma), LGG (Brain Lower Grade Glioma),
and ACC. Furthermore, POLE functioned as a low-risk
factor in KIRP, LIHC, SARC, MESO, SKCM (Skin
Cutaneous Melanoma), LGG, ACC, and UVM (Uveal
Melanoma), while POLL represented a high-risk factor in
SARC, KIRC, LGG, and UVM. Finally, high POLA1
expression was linked to improved prognosis in KIRC and
READ, whereas low expression levels of POLQ, POLE, and
POLH were associated with high risks in THYM
(Thymoma) with HR > 8. Overall, our findings suggest that
POLYs have significant prognostic value across diverse
cancer types.

Genetic alterations of POLYs, prognostic value and association
with expression in pan-cancer
To investigate the variation of POLYs across different cancer
types, we leveraged the TCGA PanCancer Atlas cohort,
encompassing 10,953 patients, through cBioPortal. Among
the POLYs, REV3L, POLQ, POLB, and POLE were the most
frequently mutated genes, with a frequency exceeding 4%.
In contrast, POLL, POLM, and DNTT showed the lowest
variation frequency, below 1.5% (Fig. 4A). Subsequent
analysis revealed that mutations in these 15 genes were
predominantly observed in SKCM, STAD, and UCEC, with
POLQ, REV3L, and POLE being the top three (Fig. 4B).
Notably, REV3L showed the highest deep deletion
frequency in DLBC, PRAD, and UVM (Fig. 4C), whereas
POLB and POLH demonstrated the highest amplification
frequency in most cancers, particularly in ESCA and OV
(Fig. 4D). Furthermore, we explored the correlation between
gene alternation and OS, and found that patients carrying
alternations in any POLYs exhibited poorer survival
outcomes in all cancers (Fig. 4E), particularly in BLCA,
KIRC, ACC, and PCPG (Suppl. Fig. S2A). Moreover, we
found that POLM alternations made a significant

FIGURE 1. Differential gene profiles of 15 POLYs except DNTT between tumor and normal samples (A–N). Blue boxplots indicate the
expression level in normal tissues. The red boxplots indicate the expression level in cancer tissues (*p-value < 0.05; **p-value < 0.01; ***p-
value < 0.001).
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contribution to OS (Fig. 4F). Furthermore, we assessed the
expression levels of the 15 genes in correlation with their
respective variation status. Significant differences were
observed in ten genes, including POLD1, POLE, POLG,
POLB, POLM, DNTT, POLH, POLI, POLK, and POLQ

(Suppl. Fig. S2B) when comparing the expressions between
their altered subgroup and wildtype group. In summary, the
findings highlight the significant variability of POLY
alterations across different cancer types, with alterations in
specific POLYs influencing their respective gene expressions.

FIGURE 2. The associations between expression levels of DNA Polymerases and clinical characteristics. (A) Higher expression of POLB,
REV1, REV3L, POLK, and POLI was observed in the early stages (I and II) of THCA. (B) Higher expression of POLQ and POLD1 was
noted in the later stages (III and IV) of LUAD. (C) Higher expression of POLL was detected in the later stages (III and IV) of HNSC. (D)
Higher expressions were found in males, specifically, POLL and POLM in THCA, POLB in COAD, and POLE in BRCA. Statistical
significance was indicated using red asterisks. ***p-value < 0.001; **p-value < 0.01; *p-value < 0.05.
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Association between POLYs expression and the tumor
microenvironment in pan-cancer
The pivotal of the TME in cancer progression, prognosis, and
treatment is widely acknowledged [30,31]. In this study, we
explored the relationship between POLY expression and
immune infiltration, encompassing 18 T-cell subtypes and
six other immune cells, including B cells, NK cells,
monocytes, macrophages, neutrophils, and DC cells (Suppl.
Table S3). Our analysis revealed significant correlations
between 15 POLY members and immune cells across 30
cancer types (Suppl. Fig. S3). Specifically, we checked the
correlations between POLYs and immune factors in ACC,
KIRC, and THYM, which most genes have more prognostic
prediction value. As shown in Fig. 5A, DNTT, POLA1,
POLB, POLD1, POLE, POLG, POLM, and POLQ
demonstrated a robust positive association with B cells (B
cells), CD4_naive (CD4 naïve T cells), CD4_T (CD4 T
cells), CD8_T (CD8 T cells), and Central_memory (Central
memory cells) in THYM, while they exhibited a negative
relationship with Gamma_delta (Gamma delta T cells),
Neutrophils, NK cells, and macrophages. In contrast, POLL,
REV1, and REV3L had strong negative relationships with
CD8 T cells and B cells In THYM but a positive
relationship with nTreg (Natural Tregs), NKT (Natural
killer T cells), and monocytes. In the context of KIRC, the
polymerases POLD1, POLE, POLG, POLH, POLL, POLM,
and POLQ showed a positive correlation with CD8 T,
Cytotoxic (cytotoxic T cell), Exhausted (exhausted T cell),
iTreg (Induced regulatory T cell), infiltration score (Overall

infiltration score of 24 immune cells), Th1 (T helper type 1),
Tfh (T follicular helper cells), nTreg, and negative
correlation with CD4_naïve, neutrophil, and Th17 (T helper
type 17) (Fig. 5B). Notably, ACC displayed different
correlations (Fig. 5C). These results collectively suggest that
POLYs may play diverse roles in regulating the immune
microenvironment in various cancers.

In addition, we examined the relationship between
POLYs and immune subtypes as identified by Thorsson
et al. [32]. As depicted in Fig. 6, the expression of POLYs
exhibited a robust correlation with immune subtypes (C1-
C6) across all cancer types. Our analysis revealed that
POLA1, POLB, POLD1, POLE, POLG, and POLQ were
significantly associated with immune subtype C1 (wound
healing) and C2 (IFN-gamma dominant), while POLH,
POLI, and POLK showed correlations with C3
(inflammatory). REV1 and REV3L were found to be closely
related to C5 (immunological quiet) in pan-cancer. We also
investigated the subtype differences based on 15 genes in
each cancer type (Suppl. Fig. S4) and observed varying
distributions in specific cancer types.

Associating the expression of POLYs with DDR pathways
DDR pathways have a significant impact on cancer therapy
[33,34]. To further comprehend the role of POLYs, we
examined their relationship with DDR pathways. The genes
associated with DDR pathways were sourced from
Scarbrough et al. [35], obtained from MSigDB [36]. As
shown in Suppl. Fig. S5, we observed that the expression of

TABLE 1

Significant correlation between genes and cancer types from KM-analysis based using OS in each cancer

Gene Worse OS (higher group) Worse OS (lower group)

POLL OV (p = 0.0045), LIHC (p = 0.049), THYM (p = 0.035), ACC (p = 0.027) KIRC (p = 0.015), UVM (p < 0.0001),
SARC (p = 0.016)

POLB KICH (p = 0.008), ACC (p = 0.037), MESO (p = 0.01) BLCA (p = 0.017)

POLA1 UCEC (p = 0.044), KIRP (p = 0.031), LIHC (p = 0.032) KIRC (p = 0.02), READ (p = 0.038)

POLM LUAD (p = 0.048), UCEC (p = 0.04), CESC (p = 0.03), LGG (P < 0.0001), ACC
(p = 0.00044)

THYM (p = 0.0015)

POLQ LUAD (p = 0.033), UCEC (p = 0.011), PAAD (p = 0.003), KIRP (p = 0.018), LIHC
(p = 0.0019), MESO (p < 0.0001), LGG (p < 0.0001), KICH (p = 0.023), ACC (p < 0.0001)

THYM (p = 0.005), STAD
(p = 0.0051), KIRC (p = 0.0016)

REV1 LIHC (p = 0.042), BRCA (p = 0.0031), ACC (p = 0.0048) KIRC (p = 0.023)

POLN BRCA (p = 0.014), LAML (p = 0.02), DLBC (p = 0.024) PAAD (p = 0.042)

REV3L BLCA (p = 0.00097), BRCA (p = 0.01) KIRC (p = 0.00087), READ
(p = 0.0087)

POLK LGG (p = 0.0022) KIRC (p = 0.00063)

POLH LUSC (p = 0.025) THYM (p = 0.0094), KIRC
(p = 0.024), ACC (p = 0.0072)

POLG PRAD (p = 0.043), ACC (p = 0.0001) READ (p = 0.036)

POLE KICH (p = 0.011), ACC (p < 0.0001), UVM (p = 0.012), LUAD (p = 0.027), LIHC
(p = 0.018), SARC (p = 0.0025), MESO (p < 0.0001), LGG (p < 0.0001), ACC (p < 0.0001),
UVM (p = 0.012)

THYM (p = 0.0033)

POLD1 LUAD (p = 0.027), LIHC (p = 0.018), SARC (p = 0.0025), MESO (p < 0.0001), LGG
(p < 0.0001), ACC (p < 0.0001)

THYM (p = 0.013)

POLI CESC (p = 0.0074), LGG (p = 0.046), ACC (p = 0.0038) KIRP (p = 0.0072), MESO
(p = 0.0056)
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POLA1, POLB, POLD1, POLE, and POLG exhibited positive
correlation with mutations in eight pathways, including BER
(Base Excision Repair), TLS (Translesion DNA Synthesis),
NHEJ (Nonhomologous End-joining), NER (Nucleotide
Excision Repair), MMR (Mismatch Repair), HR
(Homologous Recombination), FA (Fanconi Anemia
Pathway), and CPF (Check Point Factors). Conversely, the
expression of POLI, POLK, and POLL displayed a negative
correlation with mutations in these six pathways. The
expressions of POLM and REV3L did not exhibit significant
differences in most pathways. Collectively, these findings
suggest that not only well-known genes such as POLD1 and
POLE but also other genes in DNA polymerases may play
critical roles in cancers.

Ubiquitination network of POLYs and E3 ligases/
deubiquitinates (ubiquitin ligase/deubiquitinate-substrate
interactions)
Ubiquitination is a post-translational modification process
involving the attachment of ubiquitin molecules to specific

target proteins. Dysregulation of this modification can lead
to systemic disorders, with the potential to suppress or
activate tumor pathways [37–39]. As shown in Fig. 7A, the
ubiquitination patterns of POLYs differ in known and
predicted ligase. Eleven genes were predicted to interact
with E3 ligase, including REV1, DNTT, POLL, POLM,
POLI, POLB, POLE, POLG, POLQ, POLH, and REV3L. Ten
genes showed multi-ubiquitination shared ligase in different
numbers except REV1 (mono-ubiquitination). POLE,
DNTT, and POLB demonstrated the highest number of
ligases. As for deubiquitinates, only seven genes were
predicted to interact with DUBs and can be divided into
three groups (Fig. 7B). The first group, represented by
DNTT, had the greatest number of DUBs and did not share
DUBs with other genes. In contrast, POLE, POLH, POLQ,
and REV3L constituted as second group, sharing USP7,
while POLL and POLB formed the third group, sharing
USP47. These results demonstrate that POLYs may function
in different groups, each associated with distinct
modifications and interactions.

FIGURE 3. Forest plot for 14 genes in each cancer. Statistical significance is indicated using red asterisks. ***p-value < 0.001; **p-value < 0.01;
*p-value < 0.05.
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Drug sensitivity analysis of POLYs
To gain a deeper understanding of how expression POLYs can
be applied in a clinical setting, we predicted the expressions of
15 genes and their associations with drug sensitivity using the

GSCA database. As shown in Fig. 8, 12 genes exhibited
significant correlations with most drugs, with the exception
being POLL and POLK. These genes were negatively
correlated with most drugs in both databases except 17-

FIGURE 4. Variation summary of POLYs in pan-cancer. (A) Oncoprint representing the occurrence of each gene. (B) Mutation frequency for
genes in each cancer type. (C) Deep deletion frequency for genes in each cancer type. (D) Amplification frequency for genes in each cancer
type. (E) Kaplan-Meier survival curves illustrating the association between gene alterations in POLYs and OS across all cancer types. (F)
Univariate analyses of the association between POLYs and progression-free survival. OS, overall survival.
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AAG, which was positively correlated in the GDSC database.
POLE, POLD1, and POLQ negative relationships were greatly
consistent in both datasets. These findings offer insights into
potential mechanisms of drug resistance mechanisms and
clinical medication. Detailed results of gene-drug correlation
in drug sensitivity analysis are provided in Suppl. Table S4.

Elevated expression of POLD1, POLE and POLQ in various
cancer cell lines
To validate the expression of POLYs in tumor cell lines, we
used RT-PCR to detect the expression levels of POLD1,
POLE, and POLQ in LUAD cell lines A549 and HCC827,
STAD cell lines AGS and HGC-27, ESCA cell lines EC109
and HYSE-30, as well as their corresponding normal cell
lines BEAS-2B, GES-1, and HEEC. The results showed that
compared to their corresponding normal cells, POLD1,
POLE, and POLQ were significantly highly expressed in the
LUAD, STAD and ESCA cell lines (Fig. 9).

Discussion

DNA polymerases play vital roles in maintaining genome
integrity and influencing cancer development. They

contribute to preventing the accumulation of mutations,
which can lead to an increased tumor mutation burden and
ultimately result in cancer development [20,40–42].
Additionally, changes in their expression can disrupt normal
replication processes, leading to mutagenesis and
tumorigenesis [2]. However, the exact role of DNA
polymerases in pan-cancer remains uncertain.

In this study, we investigated the expressions of 15 DNA
polymerases (POLYs) in pan-cancer and identified variations
in their prognostic implications through survival analysis. The
expressions of 14 POLYs, except DNTT, demonstrated
significant differences between normal and tumor samples
in 17 cancers. Most genes, including POLA1, POLG, and
POLM exhibited higher expression in most cancer types.
POLD1 and POLE showed higher expression in all cancers
except KICH. Notably, POLQ exhibited higher expression in
tumor samples across all cancers. POLQ and POLG
consistently displayed significant prognostic value across
multiple cancers. In contrast, other genes acted as either
protective or risk factors, depending on the type of cancer.
For instance, low expression of POLD1 was associated with
worse survival in ACC but better survival in LUAD and
LUSC, consistent with findings by Quail et al. [43].

FIGURE 5. Association between 15 gene expression and tumor micro-environment in (A) THYM (B) KIRC and (C) ACC (Orange: positive
correlation; Blue: negative correlation).

FIGURE 6. Correlation of 15 POLYs gene expression level and immune subtypes in pan-cancer. X axis represents the immune subtype. Y axis
is the log2 (TPM+1) expression of each gene. C1: wound healing; C2: IFN-gamma dominant; C3: inflammatory; C4: lymphocyte depleted; C5:
immunological quiet; C6: TGF-beta dominant.
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Furthermore, higher expression of POLN was linked to
improved prognosis in BRCA, LAML, and DLBC, but worse
survival in PAAD. Reduced expression of REV3L was found
to improve prognosis in BLCA and BRCA. Conversely,
higher expression of POLA1 and POLL was shown to be a
high-risk factor for death in KIRC. Notably, increased
expression of POLQ, POLE, and POLH was associated with
a higher risk of death in THYM. Overall, these results
indicate that POLYs’ expression may serve as effective
prognostic indicators across different types of cancers.

Numerous studies have highlighted the crucial role of
TME in various aspects of tumors, such as proliferation,
metastasis, and immune evasion [43–45]. However, the
exact contribution of DNA polymerases in TME remains
largely unexplored. Although there is evidence suggesting
that some polymerases, including POLD1, may promote B
cell maturation [46], their potential impact on TME has not
been fully elucidated. To address this gap, the correlations
between POLY expression and immune cells in each cancer
were investigated in three cancer types, namely THYM,

FIGURE 7. Ubiquitination network of POLYs and their interactions with E3 ligases and deubiquitinates. (A) E3-POLYs interactions (B)
DUBs-POLYs interactions. POLYs are shown in green color. E3/DUBs are shown in orange. The red line indicates known interactions from
literature and the orange line indicates predicted interactions. The darker the line color is, the stronger the interaction is.
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KIRC, and ACC. Our findings reveal that different types of
POLYs exhibit distinct associations with immune cell
subtypes in each cancer type. For instance, expressions of
eight genes, namely DNTT, POLA1, POLB, POLD1, POLE,
POLG, POLM, and POLQ, positively correlated with B cell,
CD4 naïve, CD8 T, and Central memory cells in THYM,
but negatively correlated with Neutrophils, NK cells and
macrophages. In contrast, different relationships were
observed in KIRC. POLD1, POLE, POLG, POLH, POLL,
POLM, and POLQ showed a positive correlation with
CD8 T, cytotoxic, exhausted, iTreg, infiltration score, Th1,

Tfh, nTreg, but negative correlation with CD4 naïve,
neutrophils and Th17.

The importance of DNA polymerases in DDR pathways
and ubiquitination has been increasingly recognized in
recent years [47–50]. We further analyzed the relationship
between six DDR-related pathways and POLY expression.
We found that the expression of five genes positively
correlated with DDR pathways, including POLA1, POLB,
POLD1, POLE, and POLG, while that of three genes, namely
POLI, POLK, and POLL, negatively correlated with DDR
pathways. Moreover, prior research has demonstrated the

FIGURE 8. Correlation analysis between POLYs expression and drug sensitivity from (A) GDSC and (B) CTRP database (Orange: positive
correlation; Blue: negative correlation; the size of the shape stands for the different FDR scale).
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association of ubiquitination with several DNA polymerases,
such as POLB, POLI, and POLH [51–53]. To gain a
comprehensive understanding of the Ubiquitination-POLYs
landscape, we analyzed both known and predicted E3-
substrate and DUBs-substrate interactions using UbiBrowser.
Subsequently, we constructed a ubiquitination network,
revealing various subgroups. While the relationship between
DNA polymerases and ubiquitination is intricate, we believe
that this network can serve as a valuable resource for future
research. However, additional investigations are warranted to
further advance our understanding of this relationship.

Regarding cancer therapy, drug resistance poses a
significant challenge to successful clinical treatment. TLS-
related DNA polymerases have been identified as
contributing factors to the inefficacy of chemotherapy drugs
and the survival and progression of tumor cells. These
polymerases include Polη, Polι, Polκ, and REV1 [2,54]. In
our analysis, we examined the correlation between POLY
expression and the IC50 of over 750 anti-cancer drugs. Most
drugs exhibited a negative relationship with POLYs

expression, while an increased IC50 for 17-AAg was
associated with upregulated POLYs expression. These
findings underscore the impact of POLY expression on drug
sensitivity and provide insights into drug-POLY interactions
that can inform more effective treatment selection for
patients facing multidrug resistance.

However, it is essential to acknowledge the limitations of
our study. First, our analysis relied upon publicly available
gene expression data, which may inherently contain biases
and limitations. Second, this study did not directly
investigate the functional roles of specific DNA polymerases
in cancer development and progression. Further
experimental studies are required to validate our findings
and elucidate the underlying mechanisms. Additionally, the
correlations observed between DNA polymerase expression
and immune cell infiltration, DDR pathways, and
ubiquitination processes need to be further validated and
explored in functional studies. Lastly, while we analyzed the
correlation between DNA polymerase expression and drug
sensitivity, further research is needed to establish causality

FIGURE 9. Semi-quantitative reverse
transcription polymerase chain reaction
(RT-PCR) detect the expression levels of
POLD1 (A), POLE (B), and POLQ (C) in
LUAD, STAD and ESCA cell lines. Each
sample was tested with three replicates.
**p < 0.01, ***p < 0.001, ****p < 0.0001.
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and explore the potential therapeutic implications of these
associations.

In conclusion, our study provides valuable insights into
the expression patterns and prognostic significance of DNA
polymerases in pan-cancer. We also shed light on the
potential associations between DNA polymerase expression
and immune cell infiltration, DDR pathways, ubiquitination
processes, and drug sensitivity. These findings contribute to
our understanding of the role of DNA polymerases in
cancer and may have implications for the development of
novel therapeutic strategies. Nevertheless, further research is
imperative to validate and expand upon these findings.

Conclusions

Our research offers a comprehensive understanding of the
roles played by DNA polymerases, encompassing the
expression of POLYs and their prognostic significance
across various cancers. These findings suggest that POLYs
have the potential to serve as valuable prognostic
biomarkers in numerous cancer types. Additionally, we
delved into the intricate relationship between immune cells
and each POLY gene, revealing significant correlations
between the TME and gene expression. Notably, we
established associations between DDR pathways and
ubiquitination with POLYs and constructed a
comprehensive ubiquitination network. Furthermore, we
conducted an analysis of drug sensitivity, providing valuable
insights into the applications of POLY expressions in
diverse cancer contexts.
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