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Comorbidities in COVID-19 patients often worsen clinical conditions and
may represent death predictors. Here, the expression of five genes, known
to encode coronavirus receptors/interactors (ACE2, TMPRSS2, CLEC4M,
DPP4 and TMPRSS11D), was investigated in normal and cancer tissues,
and their molecular relationships with clinical comorbidities were investi-
gated. Using expression data from GENT2 databases, we evaluated gene
expression in all anatomical districts from 32 normal tissues in 3902 indi-
viduals. Functional relationships with body districts were analyzed by
cHILIBOT. We performed DisGeNet, GENEMANIA and DAVID analyses to
identify human diseases associated with these genes. Transcriptomic expres-
sion levels were then analyzed in 31 cancer types and healthy controls from
approximately 43 000 individuals, using GEPIA2 and GENT2 databases.
By performing receiver operating characteristic analysis, the area under the
curve (AUC) was used to discriminate healthy from cancer patients.
Coronavirus receptors were found to be expressed in several body districts.
Moreover, the five genes were found to associate with acute respiratory
syndrome, diabetes, cardiovascular diseases and cancer (i.e. the most fre-
quent COVID-19 comorbidities). Their expression levels were found to be
significantly altered in cancer types, including colon, kidney, liver, testis,
thyroid and skin cancers (P < 0.0001); AUC > 0.80 suggests that
TMPRSS2, CLEC4M and DPP4 are relevant markers of kidney, liver, and
thyroid cancer, respectively. The five coronavirus receptors are related to
all main COVID-19 comorbidities and three show significantly different
expression in cancer versus control tissues. Further investigation into their
role may help in monitoring other comorbidities, as well as for follow-up
of patients who have recovered from SARS-CoV-2 infection.

The COVID-19 pandemic is now affecting almost all
countries. Patients with severe clinical conditions are
often affected by other pathologies, the most frequent
being diabetes, coronary heart diseases, cerebrovascu-
lar diseases [1] and cancer [2]. SARS-CoV-2 virus

Abbreviations

directly affects mainly the lung tissues and the higher
respiratory tract. Nevertheless, besides the lungs and
lung fluids, SARS-CoV-2 has been found in body dis-
tricts such as feces (approximately 30% of cases) and
in the blood (1% of cases) [3]. Furthermore, acute

ACE2, angiotensin converting enzyme 2; AUC, area under the curve; CLEC4M, C-type lectin domain family 4 member M; DPP4, dipeptidyl
peptidase 4; HCV, hepatitis C virus; ROC, receiver operating characteristic, TMPRSS11D, transmembrane protease serine 11D; TMPRSS2,

transmembrane protease serine 2.
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kidney injury, proteinuria and hematuria were found
to be associated with the death of COVID-19 patients
[4] and other organs, such as the intestine, testis and
kidney, have been proposed as possible transmission
routes [5]. Previous studies have demonstrated the
large diffusion of other coronavirus strains (i.e. SARS-
CoV) throughout almost the entire body [6]. In the
present study, we focused on the molecular bases pos-
sibly underlying the comorbidities observed in SARS-
CoV-2 infection. We investigated the genes involved as
receptors or main interactors of SARS-CoV-2 and sim-
ilar coronaviruses responsible for SARS and MERS.
Specifically, ACE2, TMPRSS2, CLEC4M, DPP4 and
transmembrane protease serine 11D (TMPRSS11D)
were analyzed by assessing their RNA expression
levels in different body districts and in different cancer
types. Angiotensin converting enzyme 2 (ACE2) is a
carboxypeptidase that converts angiotensin I to angio-
tensin 1-9 and angiotensin II to angiotensin 1-7. It is
recognized as the receptor of SARS-CoV and SARS-
CoV-2 viruses [7]. Transmembrane protease serine 2
(TMPRSS2) is a serine protease up-regulated by
androgen hormones; it is involved in the infection pro-
cess of many viruses, including coronaviruses, acting
on the spike proteins and on ACE2, facilitating virus-
cell membrane fusion [8,9]. CLEC4M, DPP4 and
TNPRSS11D are reported to be receptors or interac-
tors of other coronaviruses. Although their receptor-
activity for SARS-CoV-2 has not been demonstrated
to date, numerous evidence is available demonstrating
their role in related coronaviruses. C-type lectin
domain family 4 member M (CLEC4M) is a mem-
brane protein involved as an attachment site of many
viruses, including SARS; it is a receptor with pathogen
recognition capability toward several parasites and
viruses and has cell adhesion properties. It is a known
attachment receptor for Ebola virus, hepatitis C virus
(HCV), human coronavirus 229E and SARS coron-
avirus, amongst others [10]. Dipeptidyl peptidase 4
(DDP4) is a serine exopeptidase, corresponding to the
T-cell activation antigen CD26. It is a glycoprotein
membrane receptor involved in T-cell activation, with
peptidase enzymatic activity. It is known as the MERS
receptor [11]. TMPRSS11D is a serine protease, active
on ACE2 as well as on viral spike proteins. It cleaves
and activates the spike glycoprotein of human coron-
avirus 229E (HCoV-229E), facilitating its cell entrance
[12-13]. Such molecules are strongly involved in sev-
eral biological functions and in the present study their
associations with human diseases, as well as their tran-
scription expression levels, were assessed in 31 different
human cancer types compared to healthy controls,
from approximately 43 000 individuals.
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Results

Expression level of coronavirus receptors/
interactors in normal tissues

The transcriptomic expression levels of the five recep-
tors/interactors of SARS-CoV-2 and other human
coronaviruses were investigated in the human body
districts. Specifically, ACE2, TMPRSS2, CLEC4M,
DPP4 and TMPRSSI1D expression levels in normal
tissues were derived from the GENT2 database
(http://gent2.appex.kr/gent2), containing data from
about 28 000 controls and cancer subjects (angiotensin
converting enzyme 2; for further details on tissues and
numerosity, see Table S1). Interestingly, the five coro-
naviruses receptors were found to be expressed in
almost any anatomical district. Expression in normal
tissues was analyzed in more detail compared to differ-
ential expression in cancer types, as reported below.
Ubiquitous expression was confirmed by an additional
analysis carried out via the Human Protein Atlas
(https://www.proteinatlas.org/), showing both protein
and RNA expression in all body districts (Fig. S1).
The almost ubiquitous expression of coronavirus
receptors led us to hypothesize that their biological
action may affect many organs and tissues. To investi-
gate this hypothesis, a cHILIBOT analysis was carried
out (http://www.chilibot.net/). The presence of interac-
tive relationships was analyzed by measuring co-occur-
rence of the given keywords in the same sentence
within the manuscript’s abstract. Table 1 shows that
most anatomical districts share interactive relation-
ships with ‘coronavirus’ word. Districts such as colon,
liver, testis, lung and kidney show the highest relation-
ships with coronavirus, as reported in Table 1, and
also show the highest RNA expression levels in many
cases (Fig. S1).

Human diseases associated with ACE2,
TMPRSS2, CLEC4M, DPP4 and TMPRSS11D

Table 2 highlights diseases associated with ACE2,
TMPRSS2, CLEC4M, DPP4 and TMPRSSIID,
according to the widely used DisGeNET database
(https://www.disgenet.org). Such genes were found to
strongly associate with several human diseases, includ-
ing the most frequently observed COVID-19 comor-
bidities, such as severe acute respiratory syndrome,
diabetes, and heart and kidney diseases. Interestingly,
a few cancer types (namely prostate, breast and ovary
cancers), as well as tumor progression, carcinogenesis
and metastasis, were found to be associated with these
genes. Infections other than coronavirus were found to
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Table 1. Functional relationships of coronavirus with anatomic
districts. Analysis performed according to cHiLBOT relates to the
most relevant and numerous functional interactions reported in
PubMed abstracts. Strength of the relationship is measured by the
number of supporting references. ' ¥ ' corresponds to more
than 30 references supporting the relationship; ‘»#»*' corresponds
to between 15 and 30 references supporting the relationship; and
v»' corresponds to less than 15 references supporting the
relationship. —, no references. The ‘only interactive relationship’
filter was active.

Presence of an Presence of an

interactive interactive
relationship with relationship with
Body the word Body the word
district ‘coronavirus’ district ‘coronavirus’
Lung el Rectum v
Brain el Stomach 17
Heart Ve Thyroid I
Liver el Tonsil 17
Colon el Salivary 17
gland
Skin el Endocrine 17
Kidney el Bladder 17
Small el Tongue 17
intestine
Blood el Prostate 17
Trachea e Uterus -
Spleen el Pleura -
Lymph el Esophagus -
node
Testis el Parathyroid -
Thymus el Gallbladder -
Ovary 2 Placenta -
Breast e Cervix -
Duodenum 12 Adrenal -
gland
Pancreas I

be associated with these genes, namely influenza, HIV,
HCYV and trypanosomiasis infections.

As a further investigation, we used a gene-enrich-
ment approach by selecting, for each of the five genes,
a list of the 20 most related genes. The five lists were
combined and investigated with the DAVID
(https://david.nciferf.gov) and Genetic  Association
Database (https://maayanlab.cloud/Harmonizome/data
set/GAD + High + Level + Gene-Disease + Associations)
to detect gene—disease relationships. The combination
of the five genes ACE2, TMPRSS2, CLEC4M, DPP4
and TMPRSS11D with the 20 genes most related to
each of these genes (i.e. 5 + 100) shows a significant
relationship with the diseases classes as reported in
Fig. 1. The disease class showing the best association
is IMMUNE?’, related to 45 genes in the list, with high
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significance (P = 3.24 x 1077). Relevant associations
were also found with ‘REPRODUCTION’, ‘AGING’
and ‘CANCER’ disease classes.

The analysis has been also performed for the five
separate lists, and the results confirm the evidence
from the DisGenNET analysis (a complete list of dis-
eases associated with the five separate lists os provided
in Table S2).

Expression of ACE2, TMPRSS2, CLEC4M, DPP4
and TMPRSS11D in 31 human cancer types

Given the strong relationships found with different
cancer types, we then focused our analysis on the
expression level of these genes in a large number of
different cancer types, by analyzing transcriptomic
datasets. Table 3 reports cancer types showing signifi-
cantly (P < 0.0001) different RNA expression com-
pared to appropriate healthy control tissues. The
analysis was carried out via the GEPIA2 database
(http://gepia2.cancer-pku.cn/#index), containing RNA
expression data from 14 768 patients classified in 31
cancer types and normal controls (further details on
cancer types and the number of subjects are provided
in Table S1). Validation of such analysis was carried
out on an independent database, namely GENT2, con-
taining data from 28 228 patients stratified in 21 can-
cer types and normal controls (Table S1). Table 3
shows the presence of significant differential expression
in cancer versus normal controls in several cases.
Namely, ACE2 has validated significant differential
expression in colon, kidney, testicular and thyroid can-
cers; TMPRSS2 has validated significant differential
expression in breast, colon, head and neck, kidney,
lung, skin and uterus cancers; CLEC4M has validated
significant differential expression in liver, lung and
ovary cancers; DPP4 has validated significant differen-
tial expression in breast, kidney, blood, skin, stomach
and thyroid cancers; and TNPRSS11D has validated
significant different expression in lung cancer. Figure 2
shows the most relevant differential expression and the
corresponding area under the curve (AUC) according
to receiver operating characteristic (ROC) analysis of
TMPRSS2 (Fig. 2A), CLEC4M (Fig. 2B) and DPP4
(Fig. 2C), respectively. The AUC > 0.80 shown by
TMPRSS2, CLEC4M and DPP4 suggests that these
genes may act as effective molecular markers for kid-
ney, liver and thyroid cancers. Combining data taken
regarding expression levels in normal tissues and from
cancer types with a validated differential expression
versus the corresponding normal tissues (Table 3) led
to an interesting observation, as summarized in Fig. 3:
the normal tissues where such genes have the highest
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Table 2. Diseases associated with genes interactors of coronavirus. Strength of association is measured by the number of supporting
references, according to the DisGeNET database. ‘»' indicates one to nine peer-reviewed studies reporting the association and ‘"
indicates 10 or more peer-reviewed studies reporting the association.

ACE2 TMPRSS2 CLEC4M DPP4 TMPRSS11D

Diabetes/obesity/diabetic nephropathy 1 e
Severe acute respiratory syndrome/middle east respiratory disease 12 17 17
Congestive heart failure/atherosclerosis/aortic valve insufficiency 12 = 17
Prostate cancer [ 7
Hypertensive disease 12
Kidney disease 1
von Willebrand disease, type 1/venous thromboembolism 17 17 17
Carcinogenesis/metastatization/tumor progression v 7 17
Infection/influenza/ I 7
Colorectal cancer 7 17
African trypanosomiasis I
Ovarian cancer 17
Breast cancer I
HIV infection
Hepatitis C
Familial lichen amyloidosis I
Disease classes
3.24€-07
e e s S St |
Immune a5
; 0.010
Reproduction I 17
0.035
e T e —]
Cancer as
5w 0.042
Normalvariation 11
Pharmacogenomic I
. 0.169
Aging I 14
0.197
I S ——————
Renal o
8 0.214
Infection I
24
0.293
===
Psych 55
0.818

Cardiovascular I

5 10 15 20 25 30 35 40 45 50

o

Fig. 1. The GAD disease classes associated with the overall list of 105 genes. Numbers on the right indicate the P-value (Bonferroni Sidéak
P-value according to the DAVID manual) and the number of genes involved, according to DAVID analysis. The dash line separates classes
with a significance below the threshold (P < 0.05: ‘Immune’, ‘Reproduction’, ‘Cancer’ and ‘Normalvariation’) from classes with a significance
above the threshold. ‘Normalvariation’ is the name of one of the 18 sets of genes associated with diseases in genome-wide association
studies and other genetic association datasets from the GAD High Level Gene-Disease Associations dataset. More details about diseases
classes and genes included are available at the GAD link: https://maayanlab.cloud/Harmonizome/dataset/GAD+High+Level+Gene-Disease+
Associations.
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Table 3. Transcriptomic analyses: differential gene expression of coronavirus receptors/interactors in cancer versus normal tissues. ‘v’
indicates a significant change in cancer versus healthy controls observed in the GEPIA2 database and ‘»#»*' indicates significant change in
cancer versus controls observed in the GEPIA2 database and validated in the GENT2 database. Empty cells indicate no significant difference
observed in the GEPIA2 database. Significance threshold: P < 0.0001.

Cancer type (GEPIA2 database)

ACE2

TMPRSS2 CLEC4M DPP4 TMPRSS11D

Adrenocortical carcinoma

Bladder urothelial carcinoma

Breast invasive carcinoma

Cervic squamous cell carcinoma/endocervical adenocarcinoma
Cholangiocarcinoma

Colon adenocarcinoma

Lymphoid neoplasm diffuse large B-cell lymphoma
Esophageal carcinoma

Glioblastoma multiforme

Head and neck squam cell carcinoma
Kidney chromophobe

Kidney renal clear cell carcinoma
Kidney renal papillary cell carcinoma
Acute myeloid leukemia

Brain lower grade glioma

Liver hepatocellular carcinoma

Lung adenocarcinoma

Lung squamous cell carcinoma

Ovarian serous cystadenocarcinoma
Pancreatic adenocarcinoma
Pheochromocytoma and paraganglioma
Prostate adenocarcinoma

Rectum adenocarcinoma

Sarcoma

Skin cutaneous melanoma

Stomach adenocarcinoma

Testicular germ cell tumor

Thyroid carcinoma

Thymoma

Uterine corpus endometrium carcinoma
Uterine carcinosarcoma

I\\\§‘\\\\\§|\|\
I
I
I

e - - -

expression levels match with cancer types where these
genes show a validated differential expression (red col-
umns in Fig. 3). This is evident for ACE2, TMPRSS2,
CLEC4M and DPP4, as depicted in Fig. 3.

Discussion

The present study investigated the hypothesis that
specific molecular bases may underlie the observed
comorbidities of COVID-19, specifically involving
coronavirus receptors/interactors. Molecular expres-
sion analyses and gene—disease association analyses
were carried out to investigate the role coronavirus
interactors may play in such comorbidities. We fol-
lowed a methodology based on gene expression analy-
ses and validation, which was previously shown to be

FEBS Open Bio 10 (2020) 2363-2374 © 2020 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.

an effective approach in cancer markers investigations
[14-16]. Five molecules known to be involved in coro-
navirus infection were investigated: ACE2, TMPRSS?2,
CLEC4M, DPP4 and TMPRSS11D.

Additional molecules have been proposed to control
virus entry [17]. Figure 3 and Fig. S1 show that the
expression of such molecules is not limited to body
infection sites; rather, they appear to be almost ubiqui-
tously expressed in all body districts at both RNA and
protein levels. This observation parallels the data
reported in Table 1 indicating that coronavirus shares
interactive relationships with many body districts,
including the small intestine, lung, heart, kidney, testis,
ovary and breast, where receptors are highly expressed.
Furthermore, Fig. 1 and Table 2 report several human
diseases and disease classes associated with ACE2,
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TMPRSS2 CLECAM DPP4
A O Kidney normal B Kidney cancer B O Liver normal B Liver Cancer c O Thyroid normal @ Thyroid cancer
a4 a M ~ 14
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E 4 : £ 4 E 4 H
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‘E. 2 . 2 g . 5 2 ° ]
0 0 0
100 100+
80 A 80+ ° 9
g’ 60 ?_-S 604 g 60
s AUC =0.81 = -~ s AUC =0.90
5.2 P < 0.0001 g 4 AUC =067 g%
o £ » P < 0.0001 ] P< 0.00!_)1
20 (2251 patients) 2 (1281 patients) 2 (1374 patients)
o¥ x - : * ) o¥ . - 5 r , 0 r T - - .
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100% — Specificity% 100% — Specificity% 100% — Specificity%

Fig. 2. Differential expression in cancer versus normal tissues. Top: Differential RNA expression in cancer versus controls for TMPRSS2 (A),
CLEC4M (B) and DPP4 (C) retrieved from the GENT2 database in kidney, liver and thyroid cancers, respectively. Bottom: ROC analysis
carried out on data corresponding to the top panels. Boxes are obtained using exceL and report the median value, quartiles and outliers.

TMPRSS2, CLEC4M, DPP4 and TMPRSS11D. Many
diseases reported in Fig. 1 and Table 2 are frequent
COVID-19 comorbidities, namely hypertension, dia-
betes, cardiovascular diseases, respiratory system dis-
ease, kidney diseases and cancers [18,19,2], suggesting
that their occurrence in COVID-19 patients may be
pathogenetically related to the molecules regulating
virus entry. Kidney comorbidity, hypertension and dia-
betes mellitus have been suggested as death predictors
in coronavirus patients [20,21]. According to the high
expression values of ACE2, TMPRSS2, CLEC4M,
DDP4 and TMPRSS11D in the normal skin compart-
ment indicated in Fig. 3, as well as the large interactive
relationships with skin tissue reported in Table 1, we
may hypothesize comorbidity signs in coronavirus
patients at the skin level. Indeed, this has been con-
firmed in a very recent study highlighting dermatologi-
cal manifestations in approximately 20% of COVID-19
patients [22]. We focused the present study on cancer
comorbidity in COVID-19 patients, which was recently

shown to reach a rate of up to 11% [23]. The Istituto
Superiore di Sanita, an institution of the Italian Min-
istry of Health, has recently reported the percentage of
the most common co-existing diseases in COVID-19
patients [24], showing that 19.5% of COVID-19
deceased patients had active cancers in the preceeding
5 years. Ongoing studies are investigating the severity
of clinical conditions in COVID-19 patients with respect
to the underlying comorbidities; case fatality rates are
under investigation, and almost all COVID-19-related
deaths (i.e. 94%) occur in patients with underlying con-
ditions [25] and, according to the John Hopkins ABX
Guide [26] “... people with comorbidities appear more
likely to develop an infection and severe symptoms and
be at risk for death’. Although the numbers analyzed
are now relatively small, observations are being
reported regarding the frequency and severity of cancer
co-occurrence in COVID-19 patients. A recent study
carried out on 5688 COVID-19 patients [27] reports 334
patients with cancer (6% of the total), mostly with

Fig. 3. Sites of normal expression are reported, sorted from the highest to the lowest RNA expression level. Sites where the expression in
cancer conditions is significantly changed are highlighted in red. ACE2: three out of the four sites showing the highest expression in normal
tissues match with cancer types where ACE2 expression is significantly changed. TMPRSS2: three out of the five sites showing the
highest expression in normal tissues match with cancer types where TMPRSS2 expression is significantly changed. CLEC4M: two of the
four sites showing the highest expression in normal tissues match with cancer types where CLEC4M expression is significantly changed.
DPP4: one of the two sites showing the highest expression in normal tissues match with cancer types where DPP4 expression is

significantly changed. Data are expressed as the mean + SD.
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breast cancer, prostate cancer, lung cancer, urothelial
cancer and colon cancer (57, 56, 23, 18 and 16 patients,
respectively). COVID-19 patients with cancer had more
severe conditions (i.e. were intubated more frequently
than non-cancer patients, especially older patients; rela-
tive risk = 1.76). The investigation of a larger number
of COVID-19 patients is required to correlate the sever-
ity of clinical conditions with cancer type and cancer
stage.

Here, we highlight the relevant association of
TMPRSS2 with prostate cancer. TMPRSS2 is an
androgen-regulated gene that helps coronavirus entry
into cells. Several studies propose that TMPRSS2 is a
prostate cancer marker, as fused with the ERG gene.
We then hypothesize that coronavirus infection,
related at least in part to TMPRSS2 expression, might
be associated with prostate cancer risk to some extent.
Furthermore, the analyses carried out have revealed
that different cancer types, as well as carcinogenesis
and cancer metastasis, are associated with such five
genes; in our opinion this may explain, at least in part,
why cancer is reported as one of the main comorbidi-
ties in coronavirus infection [28,2], namely hematologi-
cal malignancies, colorectal cancer and lung cancer
[29]. We speculate that the frequent cancer co-occur-
rence in COVID-19 patients may not be a casual or
age-related event; rather, it may associate with the
specific expression patterns of SARS-Cov-2 receptors
in the kidney, prostate, testis, thyroid, skin and other
organs. Surprisingly, combining data from Fig. 3 and
from Table 3 led us to observe that differential expres-
sion in cancers occurs mostly in body districts where
these genes are highly expressed. Such correspondence
is highlighted as red bars in Fig. 3: ACE2 is highly
expressed in the gallbladder, testis, kidney and colon
normal tissues (1st, 2nd, 3rd and 4th in rank) and con-
sistently shows significant different expression in
cholangiocarcinoma, testis, kidney and colon cancers
(i.e. in the corresponding body districts). Similarly,
TMPRSS2 shows the highest expression in colon, kid-
ney and lung normal tissues (1st, 4th and S5th in rank)
and consistently shows a significant different expres-
sion in colon, kidney and lung cancers. Similarly,
CLEC4M shows high expression levels in liver and
ovary normal tissues (1st and 4th in rank) and has dif-
ferential expression in liver and ovary cancers. Finally,
DDP4 is highly expressed in kidney (2nd in rank) and
has significant differential expression in kidney cancer.
We found relevant and significant changes in the
expression of three genes, namely TMPRSS2,
CLEC4M and DPP4. In more detail, a significant
reduction of TMPRSS2 and CLEC4M in kidney and
liver cancers, as well as a significant increase of DPP4
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in thyroid cancer, was highlighted. The AUC was
> (0.81, and so it is relevant to propose these as possi-
ble molecular markers for further investigation.

We propose the molecular basis explaining why
COVID-19 patients may have high risk of showing (at
present or developing in the future) diseases such as
diabetes, cardiovascular diseases and different cancer
types. The COVID-19 outbreak remains in progress at
the time of the present study, and epidemiological
studies that are carried out with respect to the med-
ium- to long-term follow-up of such patients will con-
firm (or not) such a hypothesis. However, at this time,
some clinical evidence is emerging. Kawasaki disease is
a rare systemic vasculitis; its frequency in the past
3 months has demonstrated a 30-fold increase in an
Italian region showing a very high rate of COVID-19
diffusion. According to a recent study [30] a significant
association of Kawasaki disease with SARS-CoV-2
has been observed. Kawasaki disease has been pro-
posed as being related to coronavirus infection,
although this is still a debatable issue [31], whereas a
genetic association of Kawasaki disease with ACE
gene polymorphism has been confirmed [32] and the
role of ACE2 in vasculitis and the control of endothe-
lial wall physiology is known [33]. In addition, mice
transgenic for human ACE2 show signs of vasculitis
[34]. Furthermore, TMPRSS11D has been indicated as
possible target gene of miRNAs, comprising biomark-
ers of Kawasaki disease [35], further linking SARS-
Cov-2 receptors to Kawasaki disease.

One additional observation should be highlighted:
gender and age are known to play a key role as risk-
or protective-factors in the most serious and lethal
forms of COVID-19 patients. Indeed, COVID-19 epi-
demiology reveals that men and the elderly are largely
more seriously affected than women and younger
patients/children [36]. Noteworthy, the genes under
investigation in the present study appear to be strongly
related to the endocrine axis (disease class named
‘REPRODUCTION’ in Fig. 2) and to aging (disease
class named ‘AGING’ in Fig. 2). Thus, we hypothesize
that the functional connections of coronavirus recep-
tors with prostate cancer and the ‘AGING’ and
‘REPRODUCTION’ disease classes may at least in
part underlie the age and sex epidemiological features
of COVID-19 patients. As a final note, the disease
class that best associates to the molecular network of
the five coronavirus genes is IMMUNE’ (Fig. 2). It is
not surprising that molecules related to the virus entry
associate with this class, although this finding underlies
these molecules as potential triggers of both immune-
related viral infections and other diseases, such as
endocrine-related and cancer-related diseases.
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According to the results of the present study, we
suggest the tissue expression of these coronaviruses
receptors/interactors, as well as their association with
specific diseases and differential expression in cancer
types, may represent, at least in part, the molecular
basis of COVID-19 comorbidities. We propose that
further investigation of these molecules may help con-
trolling COVID-19 comorbidities or may improve the
follow-up of patients who have recovered from this
infection. The possible occurrence of still unrecognized
comorbidities is also suggested.

A molecular approach somewhat comparable to the
one proposed in the present study, although limited to
ACE2 and TMPRSS2 receptors, has been published
during the submission process of our study [37].

Conclusions

According to the large tissues distribution of coronavirus
receptors, as well as their association with different dis-
eases and the highly significant differential expression in
cancer types, we propose, for the first time, that coron-
avirus receptors are molecularly related to the most fre-
quent COVID-19 comorbidities, including cancers.

Materials and methods

Expression data in normal tissues

The expression level of ACE2, TMPRSS2, CLEC4M,
DPP4 and TMPRSSI1D in 32 human normal tissues was
derived from the GENT2 database [38]. Transcriptomic
data from this database are derived from the NCBI GEO
database (https://www.ncbi.nlm.nih.gov/geo/) obtained by
the Affymetrix U133A and U133Plus2 microarray plat-
forms (Thermo Fisher Scientific, Waltham, MA, USA).
Table S1 reports the number of healthy controls as well as
the number of cancer patients investigated in the present
study taken from the GENT2 database [38].

Investigating functional relationship with body
districts

cHILIBOT analysis [39] measures the co-occurrence of the
chosen keywords in the same sentence, within PubMed-in-
dexed manuscripts, allowing to distinguish between interac-
tive (stimulatory or inhibitory)
relationships. The tool named ‘relationships between two
lists” was used in the present study. The first list contained
the word ‘coronavirus’; the second list contained the words
depicting all body districts. The search was carried out on
22 March 2020; the ‘show only interactive relationships’ fil-
activated. The strength of the interactive

and non-interactive

ter was
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relationships was measured as function of number of
PubMed-indexed references supporting it. The default set-
up conditions were used, which stops when the analysis
identifies 30 supporting abstracts.

Investigating gene association with human
diseases

Association of the five genes to human diseases was investi-
gated exploiting different complementary approaches. The
first analysis was carried out via the DisGeNET database,
a large genes collection involved in human diseases; it
allows the identification of genes associated with human
diseases and their comorbidities [40]. An additional analysis
was carried out using GENEMANIA (https://genemania.org)
[41]. Each gene was singularly analyzed to obtain a list of
20 genes most related to it. GENEMANIA selects the related
genes on the basis of protein—protein and protein-DNA
interactions, common pathways, reactions, gene and pro-
tein expression data, protein domains, and phenotypic
screening profiles, using publicly available databases. The
five lists (each composed of 1 + 20 genes) were analyzed
singularly and combined using DAVID Bioinformatics
Resources, version 6.8 [42,43], looking for gene-annotation
enrichment analysis of gene—diseases association. The
Genetic Association Database [44]) was used to identify
diseases and disease classes associated with each list of
genes and their combination.

Gene expression levels in cancer types

Gene expression levels of the five genes were investigated in
two public cancer-expression databases. Analyses were first
carried out via the GEPIA2 database [45]. Boxplot analysis
was carried out with a significance cut-off of P < 0.0001 in
cancers versus TCGA and GTEx normal samples. Valida-
tion was carried out via the GENT2 database (http://ge
nt2.appex.kr/gent2) [38] with a significance threshold of
P <0.001. Data from about 49 000 healthy and cancer
individuals were analyzed in more than 30 different cancer
types. More details on the cancer types investigated and the
number of patients and controls present in the GEPIA2
and GENT?2 databases are provided in Table S1.

Ethical statement

The data analyzed in the present study are all derived from
anonymous public databases, with no ethical concerns.

Statistical analysis

ROC analysis was carried out on the expression levels of the
five genes in the cancer types and healthy controls, available
from the GENT2 database. AUC was computed with ROC
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analysis, a commonly used method to perform binary classi-
fication. In this case, the two classes were ‘healthy controls’
on the one side, and ‘kidney cancer’ or ‘liver cancer’ or ‘thy-
roid cancer’ on the other. AUC measures the ability of the
classifier to effectively distinguish the two classes, ranging
from 0.5 (corresponding to 50% ability, i.e. by chance) to 1
(corresponding to 100% ability to distinguish healthy con-
trols from cancer individuals). AUC was calculated using
PRISM, version 6.01 (GraphPad Software Inc., La Jolla, CA,
USA). P <0.001 was considered significantly different,
unless specified. Boxes and whiskers graphs were obtained
using EXCEL (Microsoft Corp., Redmond, WA, USA).

Acknowledgements

Technological support from the facility for Complex
Protein Mixture (CPM) Analysis at ISS, Rome, Italy,
is kindly acknowledged. The research activity of
Angelo Facchiano is partly supported by ELIXIR IT
infrastructure. Antonio Facchiano was supported by
Italian MOH RC 2019 line 3.4.

Conflict of interests

The authors declare that they have no conflicts of
interest.

Author contributions

Antonio Facchiano, Francesco Facchiano and Angelo
Facchiano contributed to study conceptualization,
writing and analysis. Antonio Facchiano and Fran-
cesco Facchiano contributed to the methodology.
Antonio Facchiano and Angelo Facchiano contributed
to study validation. Antonio Facchiano contributed to
funding acquisition.

Data accessibility

Data and details of the analyses are available from the
corresponding author upon reasonable request.

References

1 Fang L, Karakiulakis G and Roth M (2020) Are
patients with hypertension and diabetes mellitus at
increased risk for COVID-19 infection? Lancet Respir
Med 8, e21.

2 Remuzzi A and Remuzzi G (2020) COVID-19 and
Italy: what next? Lancet 395, 1225-1228.

3 Yajun Y, Wang N and Ou X (2020) Caution should be
exercised for the detection of SARS-CoV-2, especially in
the elderly. J Med Virol 92, 1641-1648.

A. Facchiano et al.

4 Cheng Y, Ran Luo R, Wang K, Zhang M, Wang Z,
Dong L, Li J, Yao Y, Ge S and Xu G (2020) Kidney
disease is associated with in-hospital death of patients
with COVID-19. Kidney Intern 97, 829-838.

5 Chen Y, Guo Y, Pan Y and Zhao ZJ (2020) Structure
analysis of the receptor binding of 2019-nCoV. Biochem
Biophys Res Commun 525, 135-140.

6 Ding Y, He L, Zhang Q, Huang Z, Che X, Hou J,
Wang H, Shen H, Qiu L, Li Z, Geng J, Cai J, Han H,
Li X, Kang W, Weng D, Liang P and Jiang S (2004)
Organ distribution of severe acute respiratory syndrome
(SARS) associated coronavirus (SARS-CoV) in SARS
patients: implications for pathogenesis and virus
transmission pathways. J Pathol 203, 622-630.

7 Li R, Qiao S and Zhang G (2020) Analysis of
angiotensin-converting enzyme 2 (ACE2) from different
species sheds some light on cross-species receptor usage
of a novel coronavirus 2019-nCoV. J Infect 80, 469—
496.

8 Shirato K, Kawase M and Matsuyama S (2018) Wild-type
human coronaviruses prefer cell-surface TMPRSS2 to
endosomal cathepsins for cell entry. Virology 517, 9-15.

9 Hoffmann M, Kleine-Weber H, Schroeder S, Kriiger N,
Herrler T, Erichsen S, Schiergens TS, Herrler G, Wu
NH, Nitsche A, Miiller MA, Drosten C and Pohlmann
S (2020) SARS-CoV-2 cell entry depends on ACE2 and
TMPRSS?2 and Is blocked by a clinically proven
protease inhibitor Cell 181, 271-280.e8.

10 Li H, Tang NL, Chan PK, Wang CY, Hui DS, Luk C,
Kwok R, Huang W, Sung JJ-Y, Kong Q-P and Zhang
Y-P (2008) Polymorphisms in the C-type lectin genes
cluster in chromosome 19 and predisposition to severe
acute respiratory syndrome coronavirus (SARS-CoV)
infection. J Med Genet. 45, 752-758.

11 Raj VS, Mou H, Smits SL, Dekkers DH, Miiller MA,
Dijkman R, Muth D, Demmers JAA, Zaki A, Fouchier
RAM et al. (2013) Dipeptidyl peptidase 4 is a
functional receptor for the emerging human
coronavirus-EMC. Nature 495, 251-254.

12 https://www.genecards.org/cgi-bin/carddisp.pl?gene =
TMPRSS11D&keywords=TMPRSS11d

13 Zumla A, Chan J, Azhar EI, Hui DS and Yuen KY
(2016) Coronaviruses - drug discovery and therapeutic
options. Nat Rev Drug Discov 15, 327-347.

14 D’Arcangelo D, Giampietri C, Muscio M, Scatozza F,
Facchiano F and Facchiano A (2018) WIPI1, BAGI,
and PEX3 autophagy-related genes are relevant
melanoma markers. Oxid Med Cell Longev 2018, 1-12.

15 D’Arcangelo D, Scatozza F, Giampietri C, Marchetti P,
Facchiano F and Facchiano A (2019) Ion channel
expression in human melanoma samples: in silico
identification and experimental validation of molecular
targets. Cancers (Basel) 11, 446.

16 Giampietri C, Tomaipitinca L, Scatozza F and
Facchiano A (2020) Expression of genes related to

2372 FEBS Open Bio 10 (2020) 2363-2374 © 2020 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.


https://www.genecards.org/cgi-bin/carddisp.pl?gene=TMPRSS11D&keywords=TMPRSS11d
https://www.genecards.org/cgi-bin/carddisp.pl?gene=TMPRSS11D&keywords=TMPRSS11d

A. Facchiano et al.

17

18

19

20

21

22

23

24

25

26

27

28

FEBS Open Bio 10 (2020) 2363-2374 © 2020 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.

lipid-handling may underlie the "obesity paradox" in
melanoma: a public database-based approach. JMIR
Cancer 6, €16974.

Ou X, Liu Y, Lei X, Li P, Mi D, Ren L, Guo L, Guo
R, Chen T, Hu J et al. (2020) Characterization of spike
glycoprotein of SARS-CoV-2 on virus entry and its
immune cross-reactivity with SARS-CoV. Nat Commun
11, 1620.

Yang J, Zheng Y, Gou X, Pu K, Chen Z, Guo Q, Ji R,
Wang H, Wang Y and Zhou Y (2020) Prevalence of
comorbidities in the novel Wuhan coronavirus
(COVID-19) infection: a systematic review and meta-
analysis. Int J Infect Dis 94, 91-95.

Alruthia Y, Somily AM, Alkhamali AS, Bahari OH,
AlJuhani RJ, Alsenaidy M and Balkhi B (2019)
Estimation of direct medical costs of middle east
respiratory syndrome coronavirus infection: a single-
center retrospective chart review study. Infect Drug
Resist 12, 3463-3473.

Al-Baadani AM, Elzein FE, Alhemyadi SA, Khan OA,
Albenmousa AH and Idrees MM (2019) Characteristics
and outcome of viral pneumonia caused by influenza
and Middle East respiratory syndrome-coronavirus
infections: A 4-year experience from a tertiary care
center. Ann Thorac Med 14, 179-185.

Morra ME, Van Thanh L, Kamel MG, Ghazy AA,
Altibi AMA, Dat LM, Thy TNX, Vuong NL, Reda
Mostafa MR, Ahmed SI ez al. (2018) Clinical outcomes
of current medical approaches for Middle East
respiratory syndrome: A systematic review and meta-
analysis. Rev Med Virol 28, ¢1977.

Recalcati S (2020) Cutaneous manifestations in
COVID-19: a first perspective. J Eur Acad Dermatol
Venereol 34, €212—e213.

Zheng Z, Peng F, Xu B, Zhao J, Liu H, Peng J, Li Q,
Jiang C, Zhou Y, Liu S et al. (2020) Risk factors of
critical & mortal COVID-19 cases: a systematic
literature review and meta-analysis. J Infect 81, e16—25.
https://www.epicentro.iss.it/coronavirus/bollettino/Re
port-COVID-2019_20_marzo_eng.pdf

Baum SG (2020) How Comorbidities Affect COVID-19
Severity in the U.S. NEJM Journal Watch. https://
www.jwatch.org/na51296/2020/04/03/how-comorbiditie
s-affect-covid-19-severity-us

Auwaerter PG (2020) Coronavirus COVID-19 (SARS-
Cov-2). https://www.hopkinsguides.com/hopkins/view/
Johns_Hopkins_ ABX_Guide/540747/all/Coronavirus_
COVID_19__SARS CoV_2

Miyashita H, Mikami T, Chopra N, Yamada T,
Chernyavsky S, Rizk D and Cruz C (2020) Do patients
with cancer have a poorer prognosis of COVID-19? An
experience in New York City. Ann Oncol 31, 1088-1089
Kim KH, Tandi TE, Choi JW, Moon JM and Kim MS
(2017) Middle East respiratory syndrome coronavirus
(MERS-CoV) outbreak in South Korea, 2015:

29

30

31

32

33

34

35

36

37

38

39

40

Coronavirus receptor expression in cancer

epidemiology, characteristics and public health
implications. J Hosp Infect 95, 207-213.

Jazieh AR, Alenazi TH, Alhejazi A, Al Safi F and Al
Olayan A (2020) Outcome of oncology patients infected
with coronavirus. JCO Glob Oncol 6, 471-475.
Verdoni L, Mazza A, Gervasoni A, Martelli L, Ruggeri
M, Ciuffreda M, Bonanomi E and D’Antiga L (2020)
An outbreak of severe Kawasaki-like disease at the
Italian epicentre of the SARS-CoV-2 epidemic: an
observational cohort study. Lancet 395, 1771-

1778.

Senior K (2007) Cause of Kawasaki syndrome
uncertain again. Lancet Infect Dis 7, 12.

Shim YH, Kim HS, Sohn S and Hong YM (2006)
Insertion/deletion polymorphism of angiotensin
converting enzyme gene in Kawasaki disease. J Korean
Med Sci 21, 208-211.

Sardu C, Gambardella J, Morelli MB, Wang X,
Marfella R and Santulli G (2020) Hypertension,
thrombosis, kidney failure, and diabetes: is COVID-
19 an endothelial disease? A comprehensive
evaluation of clinical and basic evidence. J Clin Med
9, 1417.

Yang XH, Deng W, Tong Z, Liu YX, Zhang LF, Zhu
H, Gao H, Huang L, Liu YL, Ma CM et al. (2007)
Mice transgenic for human angiotensin-converting
enzyme 2 provide a model for SARS coronavirus
infection. Comp Med 57, 450-459.

Zhang X, Xin G and Sun D (2018) Serum exosomal
miR-328, miR-575, miR-134 and miR-671-5p as
potential biomarkers for the diagnosis of Kawasaki
disease and the prediction of therapeutic outcomes of
intravenous immunoglobulin therapy. Exp Ther Med
16, 2420-2432.

Verity R, Okell LC, Dorigatti I, Winskill P, Whittaker
C, Fu H, Dighe A, Griffin JT, Baguelin M, Bhatia S
et al. (2020) Estimates of the severity of coronavirus
disease 2019: a model-based analysis. Lancet Infect Dis
20, 669-677.

Cai C, Ahmed OA, Shen H and Zeng S (2020) Which
cancer type has the highest risk of COVID-19 infection?
J Infect 81, 647-679.

Park SJ, Yoon BH, Kim SK and Kim SY (2019)
GENT2: an updated gene expression database for
normal and tumor tissues. BMC Med Genomics 12
(Suppl 5), 101.

Chen H and Sharp BM (2004) Content-rich biological
network constructed by mining PubMed abstracts.
BMC Bioinformatics 5, 147.

Pinero J, Bravo A, Queralt-Rosinach N, Gutiérrez-
Sacristdn A, Deu-Pons J, Centeno E, Garcia-Garcia J,
Sanz L and Furlong LI (2017) DisGeNET: a
comprehensive platform integrating information on
human disease-associated genes and variants. Nucleic
Acids Res 45, D833-D839.

2373


https://www.epicentro.iss.it/coronavirus/bollettino/Report-COVID-2019_20_marzo_eng.pdf
https://www.epicentro.iss.it/coronavirus/bollettino/Report-COVID-2019_20_marzo_eng.pdf
https://www.jwatch.org/na51296/2020/04/03/how-comorbidities-affect-covid-19-severity-us
https://www.jwatch.org/na51296/2020/04/03/how-comorbidities-affect-covid-19-severity-us
https://www.jwatch.org/na51296/2020/04/03/how-comorbidities-affect-covid-19-severity-us
https://www.hopkinsguides.com/hopkins/view/Johns_Hopkins_ABX_Guide/540747/all/Coronavirus_COVID_19__SARS_CoV_2
https://www.hopkinsguides.com/hopkins/view/Johns_Hopkins_ABX_Guide/540747/all/Coronavirus_COVID_19__SARS_CoV_2
https://www.hopkinsguides.com/hopkins/view/Johns_Hopkins_ABX_Guide/540747/all/Coronavirus_COVID_19__SARS_CoV_2

Coronavirus receptor expression in cancer

41 Warde-Farley D, Donaldson SL, Comes O, Zuberi K,
Badrawi R, Chao P, Franz M, Grouios C, Kazi F,
Lopes CT et al. (2010) The GeneMANIA prediction
server: biological network integration for gene
prioritization and predicting gene function. Nucleic
Acids Res 38, W214-W220.

42 Huang DW, Sherman BT and Lempicki RA (2009)
Systematic and integrative analysis of large gene lists
using DAVID Bioinformatics Resources. Nature Protoc
4, 44-57.

43 Huang DW, Sherman BT and Lempicki RA (2009)
Bioinformatics enrichment tools: paths toward the
comprehensive functional analysis of large gene lists.
Nucleic Acids Res 37, 1-13.

44 Becker KG, Barnes KC, Bright TJ and Wang SA
(2004) The genetic association database. Nat Genet 36,
431-432.

45 Tang Z, Kang B, Li C, Chem T and Zhang Z (2019)
GEPIA2: an enhanced web server for large-scale
expression profiling and interactive analysis. Nucleic
Acids Res 47, W556-W560.

Supporting information

Additional supporting information may be found
online in the Supporting Information section at the end
of the article.

A. Facchiano et al.

Fig. S1. Protein and RNA expression in different body
districts. NX stands for ‘Normalized eXpression’,
according to Human Protein Atlas (HPA) database.
Table S1. Cancer classification and individuals in each
cancer category in the GEPIA2 and GENT2 data-
bases. Cancer types are classified with different names
in the two databases. For example, GEPIA2 classifies
three different kidney cancer types, whereas GENT?2
indicates only one general kidney cancer classification.
Also, GEPIA2 has two distinct classifications for colon
and rectum carcinomas, whereas GENT2 has one gen-
eric colon cancer group. The paired classifications indi-
cated were used to validate GEPIA2 data in the
GENT?2 database.

Table S2. DAVID/Genetic Association Database
(GAD) analysis for the five genes with related genes
obtained by GENEMANIA analysis. The list of GAD dis-
eases associated with each of the five genes is reported
below. In the case of ACE2, the list has been restricted
to the top 25 diseases.
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