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LETTER TO TH E EDITOR

An integrated genetic-epigenetic analysis shed light on the
mechanisms linking coronavirus disease 2019 (COVID-19)
and cancer

Dear editor,
The Coronavirus disease 2019 (COVID-19) is an emerg-
ing disease caused by severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) infection [1,2]. It has spread
rapidly across the world and caused a global health emer-
gency. As of 10 February 2021, COVID-19 has caused
2,333,446 deaths worldwide. The majority of COVID-19
deaths had comorbidities including cancer [1,2]. Notably,
a recent study suggested that cancer was the only inde-
pendent risk factor for death of COVID-19 patients among
common comorbidities [3]. Moreover, cancer patients
are more susceptible to SARS-CoV-2 infection than non-
cancer individuals due to their specific immunosuppres-
sive state [3]. Despite the links between COVID-19 and
cancer, the genetic and epigenetic mechanisms underly-
ing these links remain unclear. Thus far, only genetic
and epigenetic variants within three COVID-19 receptors,
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angiotensin-converting enzyme 2 (ACE2), transmembrane
serine protease 2 (TMPRSS2), and cathepsin L (CTSL),
have been investigated in cancers [4]. However, the major-
ity of COVID-19-related genetic and epigenetic variants
still remain uninvestigated. Here, we performed a system-
atic genetic-epigenetic analysis to explore themechanisms
underlying the links between COVID-19 and cancer.
To decipher the potential mechanisms, we first

identified COVID-19-susceptible single nucleotide
polymorphisms (COVID-19-SNPs) and then assessed
genetic-epigenetic links between COVID-19 and cancer
using COVID-19-SNPs and (1) CpGmethylation or (2) gene
transcription/translation data (Figure 1a). To identify
COVID-19-SNPs, we selected SNPs from two genome-wide
association studies (GWAS) of COVID-19 and then filtered
SNPs having a P value threshold of 1.0 × 10–5. There
were 265 and 184 COVID-19-SNPs identified from the
two GWAS studies, respectively (Figure 1b). Since the
two GWAS studies were performed in large sample sizes
(both n > 3,000), we merged the two sets of SNPs and ulti-
mately identified 426 COVID-19-SNPs (Supplementary
Table S1). The detailed data analysis process for this study
is described in Supplementary Materials and Methods.
To investigate the molecular dependencies between

COVID-19 and cancer using COVID-19-SNPs and methy-
lation data, we first investigated interplays between
COVID-19-SNPs and CpGs in various cancers. Across 23
cancer types in the Cancer Genome Atlas (TCGA), eight
CpGs associated with COVID-19-SNPs were identified as
methylation quantitative trait loci corresponding CpGs
(mQTL-CpGs) in 17 types of cancer with a threshold
of false discovery rate (FDR) < 0.05 and |r| ≥ 0.3 (Fig-
ure 1c, Supplementary Table S2). Amongst them, three
mQTL-CpGs (cg21620969, cg18089519, and cg01741372)
were positively correlated with COVID-19-SNP risk alleles
in multiple cancers, whereas the remaining mQTL-CpGs
were negatively correlated. Subsequently, we identified
methylation changes in mQTL-CpGs between tumor and
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normal tissues. To obtainmQTL-CpGs that aremore likely
to capture marked cancer pathogenesis and to be devoid of
mQTL-CpGs that show environmentally induced variabil-
ity, we selected mQTL-CpGs with significant methylation
changes greater than 10% in tumors versus normal tissues,
since environmentally induced methylation changes
rarely surpass 10%. Based on this approach, we yielded
three mQTL-CpGs: cg01741372 in breast invasive carci-
noma (BRCA), esophageal carcinoma (ESCA), head and
neck squamous cell carcinoma (HNSC), kidney renal
papillary cell carcinoma (KIRP), lung squamous cell carci-
noma (LUSC), and uterine corpus endometrial carcinoma
(UCEC); cg16320329 in kidney renal clear cell carcinoma
(KIRC); and cg18089519 in KIRC (Figure 1d, Supplemen-
tary Table S3). cg01741372 and cg18089519 had higher
methylation levels while cg16320329 had lower methyla-
tion levels in tumors versus normal tissues. Collectively,
based on the directions of correlations demonstrated
above, the positive correlation between COVID-19-SNP
risk alleles and multiple cancer pathogenesis might be
mediated by CpG methylation (Figure 1e).
Interestingly, all three identified mQTL-CpGs showed

significant methylation changes between tumor and nor-
mal tissues in the major subtypes (i.e. KIRC and KIRP) of
renal cell carcinoma (RCC), which is the most common
(85%)malignant kidney tumor. Thismight suggest a poten-
tialmechanismunderlying the links of COVID-19 andRCC
observed in a previous epidemiological study [5]. The three
mQTL-CpGs were separately located in gene body regions
of NS3 binding protein (NS3BP), FYVE and coiled-coil
domain autophagy adaptor 1 (FYCO1), and transaldolase
1 (TALDO1) (Supplementary Tables S3 and S4). NS3BP
and TALDO1 are associated with chronic kidney disease,
which is a risk factor for both RCC incidence and COVID-
19 mortality [6]. Additionally, TALDO1 encodes a rate-
limiting enzyme involved in the pentose phosphate path-
way and shows increased levels in SARS-CoV-2-infected
cells [7]. The pentose phosphate pathway contributes to

various biological processes, including the ribonucleotide
supplying for SARS-CoV-2 replication and carcinogene-
sis [7]. FYCO1 encodes a Rab7 adapter protein involved in
autophagy, which is linked to SARS-CoV-2 infection and
tumor development [8]. Specifically, autophagy substan-
tially controls immune responses by regulating the produc-
tion of cytokines and the functions of immune cells [8]. The
immune system demonstrates complex interactions with
kidney tumors, and its dysfunction can make it harder to
fight the coronavirus infection [1,2]. Collectively, methyla-
tion changes in these genes might be associated with spe-
cific biological functions and suggested as a mediator link-
ing COVID-19 and RCC.
To explore the molecular dependencies between

COVID-19 and cancer using COVID-19-SNPs and gene
transcription/translation data, we initially identified
genes correlated with COVID-19-SNPs in transcription
levels (Figure 1a). Through a database analysis, 13 genes
were identified (FDR < 0.05; Supplementary Figure
S1a, Supplementary Table S5). Next, we tested their
differential levels at both transcription and translation
between tumor and normal tissues to ensure transcrip-
tional changes leading to translational changes. Amongst
the 13 candidate genes, ribosomal protein lateral stalk sub-
unit P2 (RPLP2) showed significantly higher expression
levels in tumor tissues of KIRC and lung adenocarcinoma
(LUAD) (FDR < 0.05; Supplementary Figure S1b
and c, Supplementary Table S6). Given that RPLP2
transcription levels in KIRC and LUAD could be elevated
by the COVID-19-SNP risk allele, the positive correlation
between COVID-19-SNP risk alleles and the pathogenesis
of KIRC and LUAD could also likely be mediated by
gene transcription/translation besides CpG methylation
(Supplementary Figure S1d).
LUAD is the most frequent cancer type among these

COVID-19 patients with malignancies. Furthermore, lung
cancer patients had a higher incidence of COVID-19 and a
greater risk of mortality from COVID-19 compared to the

F IGURE 1 The association study of coronavirus disease 2019-susceptible single nucleotide polymorphisms
(COVID-19-SNPs) and CpGmethylation levels in cancers. (a) The pipeline of the two association studies for exploring the potential
mechanisms. These studies investigated the associations of COVID-19-SNPs with (1) CpG methylation levels and (2) transcription/translation
levels in cancers. mQTL-CpG, methylation quantitative trait loci corresponding CpG. eQTL-gene, expression quantitative trait loci
corresponding gene. (b) Identification of COVID-19-SNPs from two Genome-Wide Association Studies (GWAS). The Ellinghaus dataset
includes significant SNPs (P < 1.0 × 10–5) found from the COVID-19 GWAS study based on Spanish and Italian cohorts. The COVID-19 Host
Genetics Initiative (HGI) dataset includes significant SNPs (P < 1.0 × 10–5) found from the COVID-19 GWAS meta-analysis by the COVID-19
Host Genetics Initiative. (c) A heatmap of associations between COVID-19-SNPs and CpG methylation across 23 types of cancer, colored by
the effect size. Non-significant associations were colored in white. Since different COVID-19-SNPs may associate with the same CpG site, we
only showed the best-associated COVID-19-SNP for each CpG. (d) Boxplots summarizing methylation differences of each CpG between
tumor and normal tissues. BRCA, Breast invasive carcinoma. ESCA, Esophageal carcinoma. HNSC, Head and neck squamous cell carcinoma.
KIRC, Kidney renal clear cell carcinoma. KIRP, Kidney renal papillary cell carcinoma. LUSC, Lung squamous cell carcinoma. UCEC, Uterine
corpus endometrial carcinoma. (e) The positive correlation between COVID-19-SNP risk alleles and cancer pathogenesis could be mediated
by CpG methylation, underlying a potential mechanism of the links between COVID-19 and cancer.
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general population [1]. Here we demonstrated the elevated
transcription and translation levels of RPLP2 in LUADs,
which is consistent with a previous study (Supplemen-
tary Table S4) [9]. RPLP2 is related to the poor overall
survival of LUAD patients [9]. Moreover, RPLP2 encodes a
ribosomal protein involved in ribosome biogenesis, which
can influence innate immune responses to virus infection
and shows a hyperactive state in COVID-19 patients [10].
Collectively, it could be reasonable to suggest a media-
tion role of RPLP2 expression in linking COVID-19 and
LUAD.
We conclude that methylation or transcription/transla-

tion levels of four genes served as themolecular dependen-
cies underlying the positive links between COVID-19 and
multiple cancers, especially RCC and LUAD. These find-
ings were based on association studies on a large dataset
from TCGA, and further biological experiments are still
needed to confirm the proposed mechanisms.
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