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A B S T R A C T   

An urgent question of coronavirus disease 2019 (COVID-19) is population variation in susceptibility to SARS- 
CoV-2 infection and symptom severity. We explore the expression profiles of SARS-CoV-2 host genes, their 
population variations, associated genetic variants, age- and sex-dependency in normal individuals. SARS-CoV-2 
host genes are provisionally defined as the human genes that are experimentally validated or bioinformatically 
predicted to interact with SARS-CoV-2 proteins. Genes exhibiting most variable expression include ACE2, 
CLEC4G, CLEC4M, CD209 (interact with the SARS-CoV-2 spike protein); REEP6 (a receptor accessory protein 
expressed in the olfactory epithelium); SLC27A2 and PKP2 (inhibit virus replication); and PTGS2 (mediates fever 
response). SNP rs4804803, associated with SARS severity, affects expression of CLEC4G and CD209. Genetic 
variants of proteases associated with SARS-CoV-2 entry (TMPRSS2, CTSB, and CTSL) are strongly associated with 
their expression variation, suggesting a genetic contribution to phenotypic variations in multiple organs upon 
virus attack. The most significant age-dependent gene is ACE2, the cellular receptor of SARS-CoV-2. Others 
include TGF-β family member GDF15, mediating inflammation, and VKORC1, possibly explaining vitamin K 
deficiency in COVID-19. TIMM10 and ERGIC1 exhibit significant sex differences. In summary, our results show 
genetic and multiple biological variables may underlie the population variation in SARS-CoV-2 infection and 
symptom severity.   

1. Introduction 

The pandemic outbreak of coronavirus disease 2019 (COVID-19) 
caused by SARS-CoV-2 infection has affected more than 32 million 
people globally, with an average fatality rate of 3.0% (https://cor 
onavirus.jhu.edu/map.html, as of September 25, 2020). The disease 
manifested through a broad spectrum attacking multiple tissue organs 
[1–5]. Besides respiratory symptoms (e.g., cough and pneumonia), some 
COVID-19 patients experience gastrointestinal (GI) symptoms (e.g., loss 
of appetite, nausea, vomiting, diarrhea, and abdominal pain) and/or 
neurological symptoms (e.g., loss of smell and taste, muscle weakness, 
tingling or numbness in hands and feet, dizziness, confusion, delirium, 
seizures, and stroke). Symptom severity varies widely among patients. 

We do not yet know why or how SARS-CoV-2 infections lead to this 
wide range of outcomes. A large proportion of people who tested posi-
tive for SARS-CoV-2 infection were asymptomatic [6–8]. Even for 
symptomatic patients, reported illnesses ranged from very mild cold-like 

symptoms to severe illness and death [6,9]. Anecdotal evidence suggests 
not all people exposed to SARS-CoV-2 were infected. While the sources 
of these variations are undoubtedly multifactorial, one possibility lies 
with genetic variants and variable gene expression of host cells. 

It is essential to know the causes of variations among the normal 
population regarding an individual’s intrinsic susceptibility of being 
infected, their responses to virus infection, and disease progression. It is 
also critical to understand the mechanisms underlying tissues’ variable 
vulnerability to SARS-CoV-2 virus attack. Knowledge about these vari-
ations will not only help develop effective prophylactic and therapeutic 
strategies but may also inform epidemiological and economic policies. 
Medical tests can be better developed to accommodate these variations 
in monitoring virus transmission and disease pathology, which helps 
guide mitigation and treatment options. 

No effective treatment has been approved by FDA for COVID-19 as 
yet, though five treatments were authorized for emergency use and more 
than 590 drug development programs are in planning stages 
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(https://www.fda.gov/drugs/coronavirus-covid-19-drugs/coronavi 
rus-treatment-acceleration-program-ctap, as of September 25, 2020). 
Low-dose radiation therapy for COVID-19 pneumopathy was examined 
and may be worth investigating in the clinical setting [10]. There is an 
urgent need to pinpoint possible drug candidates amid the outbreak 
because vaccines will likely take over a year to develop. An effective 
drug could interfere with the SARS-CoV-2 life cycle. Since the virus hi-
jacks host molecules for fusion, replication, packaging and release, tar-
geted perturbation of virus host genes would be a reasonable strategy to 
slow and/or stop virus infection and disease development. 

In this study, we investigate the expression profiles of known and 
predicted SARS-CoV-2 human host genes in tissues from the normal 

population. Host genes include those interacting with SARS-CoV-2 
proteins in human cells [11] https://www.proteinatlas.org/humanpr 
oteome/sars-cov-2 and other predicted interactors based on homology 
with SARS [12] http://korkinlab.org/wuhan. Gordon et al. cloned and 
expressed 26 of the 29 SARS-CoV-2 proteins in human cells. Human 
proteins physically associated with each of the SARS-CoV-2 proteins 
were identified through affinity-purification mass spectrometry. They 
identified 332 human cell proteins and provisionally named these pro-
teins the SARS-CoV-2 host proteins. Srinivasan et al. applied an inte-
grated bioinformatics approach to identify SARS-CoV-2 host proteins 
based on structural genomics and interactomics. Although the function 
these interactions regarding viral activity will need to be validated, they 

Fig. 1. Expression profiles of SARS-CoV-2 host genes 
across different normal tissues. (A) Heatmap of host 
gene expression across tissues. We obtained the 
expression level of each gene in each sample quan-
tified by GTEx RNA-seq. We then calculated the 
average expression level across multiple samples of 
the same tissue. The color warmness in the heatmap 
represents the expression level, as shown in the color 
scale. Hierarchical clustering based on average link-
age was performed for both genes (columns) and 
tissues (rows). (B) t-SNE visualization of tissues based 
on their expression profiles of host genes. (For 
interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of 
this article.)   
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serve a reasonable starting point to understand virus-host interactions. 
Here, we provisionally called all these proteins the SARS-CoV-2 host 
proteins. 

We reasoned that individual expression variation of SARS-CoV-2 
host genes may contribute to the variability of host response to SARS- 
CoV-2 and therefore a wide range of outcomes from no symptoms to 
death. Tissue expression variability of SARS-CoV-2 host genes may also 
underlie the different vulnerability of tissue organs to SARS-CoV-2 at-
tacks. To understand population and tissues expression variation of 
SARS-CoV-2 host genes, we comprehensively analyzed the large-scale 
tissue transcriptome data in the Genotype-Tissue Expression (GTEx) 
project [13] https://gtexportal.org/. GTEx aims to characterize genetic 
effects on gene expression variation across different individuals (>900) 
and a variety of healthy tissues (>50). It provides genotype data and 
transcriptome data of multiple tissues from the same individuals. We 
examined host gene expression variation in this population and identi-
fied associated genetic variants. We derived tissue similarity in relation 
to the lung to understand tissue vulnerability based on the expression of 
SARS-CoV-2 host genes. Our results would help understanding the 
variation of individuals’ susceptibility to SARS-CoV-2. 

2. Results 

2.1. Tissue expression of SARS-CoV-2 host genes in the normal 
population 

Herein, ‘normal’ means non-diseased tissues profiled by GTEx. We 
studied tissue expression of SARS-CoV-2 host genes in the normal pop-
ulation using transcriptomics data from non-diseased tissue sites pro-
filed by GTEX. Unbiased clustering separated all profiled tissues into 
three groups (Fig. 1A). Whole blood stands alone and is distinct from 
other tissues. Brain, heart, muscle, liver and pancreas belong to one 
cluster. Lung and others belong to the third cluster. The t-SNE visuali-
zation based on expression of SARS-CoV-2 host genes shows a similar 
grouping of tissues (Fig. 1B). 

To further understand the differences among tissues for SARS-CoV-2 
infection, we identified tissue-distinctive genes whose expression in that 
tissue displayed a minimum of 2-fold change compared to all other tis-
sues. That is, the distinctive tissue exhibits the largest (or smallest) 
expression among all tissues with a difference ≥ 1 (log2 scale) from the 
second largest (or smallest) expression. In summary, we found 41 host 
genes exhibiting tissue-distinctive high expression and 37 tissue- 
distinctive low expression (Table S1). 

High expression of host genes in the lung may underlie lung’s unique 
susceptibility to SARS-CoV-2. SFTPD is particularly highly expressed in 
the lung (Fig. 2). It is involved in the innate immune response, and 
protects the lung against inhaled microorganisms and chemicals [14]. 

Fig. 2. Expression profiles of important SARS-CoV-2 host genes.  
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Based on the Human Protein Atlas (HPA) [15], we confirmed SFTPD 
protein is highly expressed in pneumocytes of lung. SFTPD is predicted 
to interact with the spike protein of SARS-CoV-2 [12]. Given its 
distinctly high expression in the lung, future studies can prioritize 
SFTPD to understand its role in the lung’s unique susceptibility and 
innate immune response to COVID-19. 

Although SARS-CoV-2 can be detected in blood, the positive rate was 
only 1% [16]. By contrast, bronchoalveolar lavage fluid exhibited a 
positive rate as high as 93% [16], suggesting that blood cells are not the 
common infection target. We found 33 of 420 host genes were lowly 
expressed specifically in the blood, representing 89% (33/37) of 
tissue-distinctive lowly expressed genes, and establishing blood as the 
most distinctive tissue from the lung. COL6A1 displays the most 
tissue-distinctive low expression (>8-fold change compared to other 
tissues, Fig. 2). COL6A1 encodes a collagen chain to maintain tissue 

integrity [14]. On the other hand, three genes (DEDD2, IL17RA, LCP1) 
are highly expressed in the blood. Whether the distinctive expression of 
these 36 genes in the blood spares blood cells from SARS-CoV-2 attack is 
an interesting question for experimental validation. 

Male sex hormones are significantly changed with SARS-CoV-2 
infection [17]. We found 16 of 420 genes are highly expressed in the 
testis, including ACE2, the cellular receptor of SARS-CoV-2 (Fig. 2). 
ACE2 is also highly expressed in the small intestine. We examined HPA 
data and confirmed the selective membranous ACE2 protein expression 
in testis, intestinal tract, renal tubules, and gallbladder. These data 
suggest an enhanced risk of infecting male gonads and gastrointestinal 
tissues compared to other tissues in Covid-19 patients. 

SARS-CoV-2 entry-associated proteases include TMPRSS2, CTSB, and 
CTSL. GTEx expression profiles show that TMPRSS2 is distinctively high 
in the prostate (Fig. 2). HPA confirms the selective protein expression of 

Fig. 3. Splicing profiles of cassette exons belonging 
to SARS-CoV-2 host genes across different normal 
tissues. (A) Heatmap of the average inclusion ratios 
(PSI) of cassette exons. Hierarchical clustering was 
performed on 298 cassette exons which exhibited PSI 
ranges of at least 10 across tissues (kidney.medulla 
excluded) and less than five missing ratios due to 
insufficient junction reads. (B) t-SNE visualization 
based on the average inclusion ratios of the 298 
cassette exons. (C) t-SNE visualization based on the 
aggregated inclusion ratios of cassette exons. We 
pooled junction reads from samples of the same tis-
sue to calculate the aggregated inclusion ratios. A 
total of 371 cassette exons exhibited ranges of at least 
10 for aggregated PSI across tissues (kidney.medulla 
excluded) and less than five missing ratios due to 
zero junction reads. Missing values (0.6% for B and 
0.1% for C) were imputed as the mean inclusion ratio 
across all tissues for a specific cassette exon.   
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TMPRSS2 in the prostate, gastrointestinal tract, kidney, and pancreas. 
CTSB is distinctively expressed in the thyroid but is generally expressed 
in all other tissues. HPA protein data also show CTSB protein expression 
in many tissues. CTSL is not particularly distinctive in any tissue based 
on the threshold (≥2-fold changes). These data suggest that TMPRSS2 
expression is less ubiquitous than CTSB and CTSL and would be a more 
selective target to limit SARS-CoV-2 entry. 

Caspases play an important role in the host cell death [18]. Although 
they are not on in the provisional host gene list, we profiled their 
expression across tissues (Fig. S1) and found that their expression levels 
in the lung were relatively high. Therefore, lung cells may succumb to 
cell death due to high caspase levels. 

2.2. Alternative splicing patterns of SARS-CoV-2 host genes in tissues of 
normal population 

We studied alternative splicing of the SARS-CoV-2 host genes. 
GENCODE (V26) [19] annotates 944 host gene cassette exons (i.e., an 
internal exon included in some transcripts but skipped in others). We 
determined their alternative splicing levels using PSI (percent-splice-
d-in, in the range of 0–100, see Methods). Among them, 298 cassette 
exons exhibiting (maxPSI− minPSI) ≥ 10 across tissues were used for 
clustering analysis. The splicing pattern in the lung is the most similar to 
those in adipose, breast, sexual organs, spleen, and gastrointestinal tract 
tissues including stomach, colon, and small intestine (Fig. 3). Notably, 
some COVID-19 patients experienced digestive symptoms and weight 
loss. The overall similarity of gene expression and splicing patterns be-
tween lung, adipose, and gastrointestinal tissues may underlie their 

Fig. 4. Population variation in expression and splicing of SARS-CoV-2 host genes. (A) Expression of top 15 genes with the largest coefficient of variation (CV) in the 
lung. Expression levels are at log2 (TPM+1). Genes with average TPM <1.0 were excluded. (B) Inclusion ratios (PSI) of top 15 cassette exons sorted by their 
interquartile ranges (IQR) in the lung. Baits are those SARS-CoV-2 proteins tested in Gordon et al. 
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common tissue vulnerability to SARS-CoV-2. 
We determined tissue-distinctive alternative exons whose PSI in the 

distinctive tissue is larger (or smaller) than those in all other tissues by 
10 or more. We found 18 testis-distinctive cassette exons, 10 in the 
skeletal muscle, one in the cerebellum, one in the cerebellar hemisphere, 
and one in the pancreas (Table S1). The biological significance of these 
differential splicing events is unknown and need further experimental 
studies. 

2.3. Population variation in expression and splicing of SARS-CoV-2 host 
genes 

We explored expression variation of SARS-CoV-2 host genes in the 
normal population. We ranked the host genes by their coefficient of 
variation (CV, i.e., stochasticity) of expression levels in the lung across 
individuals after excluding seven lowly expressed host genes (average 
TPM (transcript per million) < 1). The top 15 host genes are presented in 
Fig. 4A along with their CV (top panel) and gene expression values 
(bottom panel). 

The stochasticity of SARS-CoV-2 receptor ACE2 is high (ranked 6th). 
Although no data are available to correlate ACE2 expression with 
COVID-19 susceptibility and symptom severity, low ACE2 expression 
probably limits virus entry into host cells resulting in a different 
outcome from those with high ACE2 expression. ALB displays the largest 
lung expression stochasticity in the population. ALB acts as a carrier 
protein for a wide range of endogenous molecules, including hormones, 
fatty acids, and metabolites, as well as exogenous drugs [14]. The role of 
ALB in COVID-19 has yet to be reported. 

Among the top six genes, CLEC4G, CLEC4M, and ACE2, interact with 
the spike (S) proteins and presumably regulate SARS-CoV-2 entry. 
CLEC4M (also known as DCSIGNR, CD209L) is a glycoprotein with a 
high affinity for HIV gp120 and has been shown to function as another 
receptor for SARS coronavirus to mediate virus entry [20,21]. Given the 
similarity of the S proteins between SARS and SARS-CoV-2, and that 
both viruses can use the same cellular receptor (ACE2), CLEC4M likely 
mediates SARS-CoV-2 entry, though this awaits experimental validation. 
CLEC4G (also known as LSECtin) is a C-type lectin domain protein also 
predicted to interact with the S protein of SARS, and was proposed as an 
attachment factor enhancing virus infection [22]. 

Another variably expressed gene (ranked 14th) is CD209. CD209, 
predicted to interact with the S protein, is involved in the innate immune 
system and recognizes numerous pathogens ranging from parasites to 
viruses such as Ebola and SARS [14]. Interestingly, a genetic variant 
(rs4804803) located in the promoter region of CD209 is associated with 
SARS severity [23]. We found this variant affects CD209 expression (see 
below), further suggesting the contribution of genetic and expression 
variations to disease severity. 

REEP6 (ranked the 11th) was predicted to interact with the mem-
brane protein M, another structural protein of SARS-CoV-2. REEP6 is a 
receptor accessory protein, whose gene family members have been 
shown to enhance cell surface expression of G protein-coupled receptors 
(e.g., odorant receptors, and taste receptors) [24,25]. Human mutations 
in REEP6 cause retinitis pigmentosa [26]. Interestingly, REEP6 appears 
to be specifically expressed in the supporting cells of the olfactory 
epithelium [24]. Whether SARS-CoV-2 affects the function of these 
supporting cells leading to temporary loss of smell would be an inter-
esting topic for future studies. 

Seven genes, including SLC27A2, PKP2, and PTGS2, interact with 
non-structural proteins. Interestingly, interferon alpha-mediated upre-
gulation of SLC27A2 has been shown to suppress Dengue virus [27]. 
PKP2 interferes with the polymerase complex of influenza A viruses 
thereby inhibiting virus replication [28]. PTGS2 (COX2) is the major 
prostaglandin synthase catalyzing the rate-limiting step of prostaglandin 
production in response to injury and inflammation [29]. Prostaglandins 
are hormones of diverse function [30]. For example, prostaglandin E 
acts on the hypothalamus to trigger fever as a systemic response to 

infection [31,32]. Prostaglandins also function as vasodilators and 
inhibit platelet aggregation [33]; blood clotting has emerged as a serious 
complication of COVID-19 [34,35]. In summary, our results identified 
host genes exhibiting the highest expression variabilities among normal 
population. Their known and presumptive functions in mediating virus 
entry as well as in cellular and hormonal responses suggest their 
important roles underlying individual variability in response to 
SARS-CoV-2 infection. 

We then determined population variation of host gene alternative 
splicing events. We ranked them by the interquartile range since the 
percent spliced-in (PSI) is between 0 and 100. The top 15 ranked cassette 
exons (of 14 genes) exhibit a large range of PSI among individuals 
(Fig. 4B). For example, the medium PSI of one ACADM cassette exon is 
88 but in some individual the PSI is as low as 19. Another example is a 
cassette exon of ACSL3, whose PSI is as high as 75–100 in certain 
samples, but the medium is 25. ACADM interacts with structural protein 
M. It encodes the medium-chain specific acyl-Coenzyme A dehydroge-
nase to catalyze the initial step of the mitochondrial fatty acid beta- 
oxidation pathway [14]. Defects in this gene cause MCADD disease 
characterized by hepatic dysfunction, fasting hypoglycemia, encepha-
lopathy, and sudden infant death syndrome (SIDS)-like illness [36]. 
ACSL3 interacts with a nonstructural protein, and is an isozyme of the 
long-chain fatty-acid-coenzyme A ligase family. It plays a key role in 
lipid biosynthesis and fatty acid degradation [14]. 

2.4. Genetic variants associated with expression variation of SARS-CoV-2 
host genes 

The variation of expression levels can be attributed to nearby genetic 
variants, which is the principal of expression quantitative trait loci 
(eQTL) studies. We therefore explored the extent to which SARS-CoV-2 
host gene expression variation is associated with common genetic var-
iants in the population. As defined by the GTEx project, if a gene has at 
least one nearby SNP that is significantly associated with expression 
differences of that gene, the gene is called an eGene. We found all but 
one SARS-CoV-2 host genes can be classified as an eGene in at least one 
tissue (Table S2). In the lung, 238 are qualified as eGenes (Fig. 5). 

SARS-CoV-2 host genes have eQTLs in more tissues than other 
protein-coding genes (an average of 19 vs 16 tissues, p = 3.3 × 10− 6, 
Wilcoxon test). When compared with all other genes, including non- 
coding genes, the difference is even larger and more significant (an 
average of 19 vs 8 tissues, p < 2.2 × 10− 16, Wilcoxon test). In other 
words, common genetic variants in the population tend to perturb 
expression levels of SARS-CoV-2 host genes in more tissues than regular 
human protein-coding genes, suggesting a genetic contribution to 
phenotypic variations in multiple organs upon virus attack. 

For example, ACE2 has effective common variants in 20 tissues, 
although not in the lung. All three SARS-CoV-2 entry associated pro-
teases (TMPRSS2, CTSB, and CTSL) have effective common variants in 
the lung. Among them, CTSB is an eGene in 34 tissues; CTSL in 17 tis-
sues; and TMPRSS2 in 5 tissues. The lung-distinctive gene SFTPD has 
effective common variants in 43 tissues including the lung. 

SNP rs4804803, located in the promoter region of CD209 and asso-
ciated with SARS severity, is an effective genetic variant for expression 
of CD209 in the esophagus (muscularis). It is also an effective genetic 
variant for expression of the nearby gene CLEC4G in the skin (sun 
exposed, lower leg). As previously mentioned, both CD209 and CLEC4G 
were predicted to interact with the spike protein of SARS-CoV-2. 

2.5. Age and sex differences in SARS-CoV-2 host gene expression in the 
normal population 

Age and sex are two known variables affecting vulnerabilities to 
Covid-19. Children and young people (<45 years old) show a lower 
chance of developing symptoms and, if they do, exhibit less severe 
symptoms than older people [37–39]. Men appear to at a higher risk for 
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severe symptoms and death than women [40]. We therefore checked the 
possible sex and age dependency of SARS-CoV-2 host gene expression in 
normal lung tissues (total 578 samples, 515 of them with complete co-
variate information). We fit a regression model between gene expression 
versus sex, age, top five genotyping principal components, sequencing 
platform and protocol, and expression confounding factors corrected by 

Probabilistic Estimation of Expression Residuals (PEER) [41]. Note that 
GTEx projects only include people over 20 years old and stratify age in 
six groups every 10 years (’20–29’, ‘30–39’, …., ‘70–79’). 

We found TIMM10 and ERGIC1 exhibit significant sex differences (P 
< 0.0005 and FDR<0.1, Fig. 6A), with females expressing TIMM10 and 
ERGIC1 higher than males (the log2 scale TPM in females are 0.09 or 

Fig. 5. Tissues in which SARS-CoV-2 host genes are eGenes. The host genes have common genetic variants nearby to affect their expression levels in the green 
highlighted tissues. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 6. Sex- (A) or age-dependent (B) expression for SARS-CoV-2 host genes. The expression changes were derived from the coefficients of fitted regression models. 
Expression levels are at log2 (TPM+1). FDR <0.1 was used as the cutoff for the multiple comparison adjustment. *****P ≤ 0.00005; ****P ≤ 0.0005; ***P ≤ 0.001; 
and **P ≤ 0.005. 
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0.06 higher than those in males when keeping all other covariates un-
changed). Note that the average log2 scale TPM values of TIMM10 and 
ERGIC1 are 5.2 and 5.9, respectively. TIMM10 is essential for mito-
chondria function as it acts as a chaperon protein to transport mito-
chondrial inner membrane proteins through the outer membrane and 
across the intermembrane space [42]. ERGIC1 is a membrane protein in 
the endoplasmic reticulum (ER) and Golgi that may control the secretory 
pathway [43]. It is conceivable that higher expression of these essential 
genes in females contributes to mitochondria integrity and homeostasis 
of protein secretion in combating virus infection. 

Eight SARS-CoV-2 genes exhibit significant age effect (P < 0.005 and 
FDR<0.1, Fig. 6B). The most significant age-dependent gene is ACE2 (P 
= 2.2 × 10− 5, R2 = 0.55). The average log2 scale TPM of ACE2 is 1.16. 
When ages advance every 10 years, the log2 scale TPM of ACE2 increases 
by 0.01. This small but statistically significant age-dependent expression 
increase in ACE2 may contribute to the higher prevalence of COVID-19 
in elderly people. 

GDF15 also exhibits increasing expression with ages (Fig. 6B). 
GDF15 is a secreted ligand of the TGF-beta superfamily [44]. Increased 
protein levels of GDF15 are associated with disease states such as tissue 
hypoxia, inflammation, acute injury, and oxidative stress [45]. Uncon-
trolled inflammation (cytokine storm) is often observed in rapidly 
deteriorating COVID-19 patients who are over-represented in aged 
population [46,47]. 

Genes decreasing expression with age includes VKORC1 (Fig. 6B). 
VKORC1 encodes the vitamin K epoxide reductase enzyme necessary for 
vitamin K biosynthesis [14]. Functional vitamin K insufficiency is more 
prevalent among elderly people and those with hypertension, type 2 
diabetes, chronic kidney disease, and cardiovascular disease [48]. Dof-
ferhoff et al. found that vitamin K was reduced in COVID-19 patients and 
was associated with poor prognosis [49]. Low levels of vitamin K are 
associated with coagulopathy [50], and coagulopathy is prevalent in 
severe COVID-19 [51]. Concomitant administration of heparin and 
vitamin K have therefore been proposed to benefit COVID-19 patients 
[49]. Our finding of age-dependent expression of VKORC1 provides 
direct insights to these COVID-related symptoms and proposed remedy. 

2.6. Diseases related to SARS-CoV-2 host genes 

We used DisGeNet [52], a public disease database, to understand the 
pathological relevance of SARS-Cov-2 host genes and infer their func-
tional importance in general. DisGeNet integrates gene-disease associ-
ations from literature and a group of public data sources. Our search 
identified 365 out of 420 host genes that were related to 5181 diseases or 
phenotypes. We found SARS-CoV-2 host genes are more likely associated 
with diseases than other human protein-coding genes (odds ratio = 2.13 
(95% C.I. 1.59–2.88), p = 2.3 × 10− 8, Fisher’s exact test). When 
comparing with all other human genes including non-coding ones, the 
odds ratio is 16.56 (95% C.I. 12.44–22.43, p < 2.2 × 10− 16, Fisher’s 
exact test), indicating the functional importance of SARS-CoV-2 host 
genes. 

Among the 5181 disease terms, 18 were enriched with SARS-Cov-2 
host genes (FDR ≤0.05, enriched with ≥4 host genes, Table 1). As ex-
pected, the ranked 1st disease is SARS. Interestingly, Alzheimer’s dis-
ease ranked 4th, indicating malfunction of SARS-Cov-2 host genes could 
be related to Alzheimer’s disease phenotypes. Notable neurologic fea-
tures of severe COVID-19 illness include encephalopathy, prominent 
agitation and confusion, and diffuse corticospinal tract signs [53]. 

3. Discussion 

In this study, we explored the transcriptome landscape of SARS-CoV- 
2 host genes in the normal population. We focused on tissue and pop-
ulation variation of gene expression to provide immediate insight to 
variable susceptibility to and manifestations of COVID-19. Particularly, 
the expression and splicing of SARS-CoV-2 host genes in normal lung 

tissue are probably associated with the chances of infection and symp-
tom severity. 

Distinctive gene expression associated with vulnerable tissues may 
shed light on the cellular response to SARS-CoV-2 infection. For 
example, we found SFTPD is highly expressed in the lung and predicted 
to interact with the spike protein of SARS-CoV-2, which warrants im-
mediate attention for study of its role in COVID-19. On the other hand, 
blood, much less vulnerable to the infection, exhibits an expression 
profile substantially distinct from the one in the lung. The differentially 
expressed genes would more likely explain the variation in tissue 
vulnerability than ubiquitously expressed genes. Tissue-distinctive 
alternative splicing adds another layer of regulation and variation that 
may contribute to tissue vulnerability and interactions with SARS-CoV-2 
virus. 

The wide-spread eQTLs affecting SARS-CoV-2 host gene expression 
in the normal population show the extent to which genetic variants 
contribute to expression variation (and hence to variations in disease 
manifestation). Our results indicate a potential value of eQTL analysis of 
COVID-19. Large scale genotypes and/or transcriptome data of COVID- 
19 patients, when made available in the future, will further refine the 
analyses and better identify genetic underlying of the susceptibility to 
COVID-19. For example, Ellinghaus et al. [54] performed a genome wide 
association study for severe COVID-19 with respiratory failure and 
identified two genetic markers: rs11385942 and rs657152. We checked 
the GTEx resource and found that rs11385942 is associated with the 
splicing variation of the host gene FYCO1. This may help to interpret the 
reported disease association for SNP rs11385942. 

Some SARS-CoV-2 host genes show sex or age dependency. Inter-
estingly, ACE2 exhibits the strongest age effect, however, when 

Table 1 
List of diseases enriched with SARS-CoV-2 host genes. FDR ≤0.05, enriched with 
≥4 host genes. P-values were calculated based on hypergeometric tests.  

Disease Host gene 
count 

Total gene 
count 

P FDR 

Severe Acute Respiratory 
Syndrome 

11 80 1.2 ×
10− 6 

0.0038 

Muscle Spasticity 23 337 1.5 ×
10− 6 

0.0038 

Contracture 15 162 2.7 ×
10− 6 

0.0042 

Alzheimer’s Disease 70 1853 3.2 ×
10− 6 

0.0042 

Flexion contracture 13 133 6.8 ×
10− 6 

0.0071 

Contracture of joint 13 137 9.4 ×
10− 6 

0.0081 

Respiratory Failure 15 182 1.1 ×
10− 5 

0.0082 

Presenile dementia 21 342 2.1 ×
10− 5 

0.014 

Congenital contractural 
arachnodactyly 

15 194 2.4 ×
10− 5 

0.014 

Flexion contractures of joints 12 132 3.2 ×
10− 5 

0.016 

Dementia 22 395 5.9 ×
10− 5 

0.028 

Osteosarcoma of bone 37 862 6.8 ×
10− 5 

0.029 

Global developmental delay 43 1068 7.6 ×
10− 5 

0.030 

Ehlers-Danlos Syndrome 10 103 8.3 ×
10− 5 

0.031 

Osteosarcoma 38 923 1.3 ×
10− 4 

0.043 

Amelanotic Skin Melanoma 4 13 1.4 ×
10− 4 

0.043 

Infection 24 479 1.4 ×
10− 4 

0.043 

Optic Atrophy 19 335 1.5 ×
10− 4 

0.043  
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excluding the PEER factors in the regression, the age effect is insignifi-
cant (P = 0.62). PEER factors represent hidden determinants of 
expression variability including batch effects, experimental con-
founders, and systemic gene expression effect (e.g., simultaneous acti-
vation of many genes by a major pathway or transcription factor). 
Removal of these confounding factors derives a more accurate assess-
ment of the age effect. 

Beyond age and sex effects, people with underlying medical condi-
tions constitute a higher-risk population to COVID-19. It would be 
interesting to examine the effect of common comorbidities on the 
expression of SARS-CoV-2 host genes in the same age and sex group, and 
to cross reference disease-dependent gene expression markers, if any, 
with the age- and sex-dependent COVID-19-associated gene expression. 

Our analysis is based on the provisional list of human genes inter-
acting with SARS-Cov-2 proteins. We caution that further investigation 
is needed to validate biological functions of these interactions. 

4. Methods 

4.1. Assembly of SARS-CoV-2 host genes 

The list of provisional SARS-CoV-2 host genes were downloaded 
from the Human Protein Atlas website (https://www.proteinatlas.org/h 
umanproteome/sars-cov-2, as of April 10, 2020, based on [11]) as well 
as those inferred by [12] (http://korkinlab.org/wuhan). A total of 420 
genes were assembled and all of them are protein coding. They were 
related to the GENCODE annotation (v26) [19]. A total of 944 cassette 
exons were derived from gene annotation. They are internal exons 
included in some but not all transcripts of a gene. 

4.2. GTEx data analysis 

RNA-seq data which were profiled in normal tissue samples were 
downloaded from the GTEx portal (V8) (https://www.gtexportal.org/). 
Specifically, we downloaded gene TPM values and converted them to 
log2 (TPM+1). Average gene expression values were calculated based on 
samples from the same tissue. 

We also downloaded exon-exon junction read counts to calculate 
inclusion ratios for cassette exons. We required at least 20 inclusive 
junction reads (sum of upstream and downstream inclusive junction 
reads) or 10 exclusive junction reads to obtain a valid inclusion ratio. 
The PSI (percent-spliced-in) index was calculated as 0.5×inclusive 
junction reads/(0.5×inclusive junction reads + exclusive junction 
reads) ×100 to represent the inclusion ratio in percent. To calculate the 
average PSI of a cassette exon for a tissue, we required at least five 
samples passing the coverage threshold mentioned above, otherwise we 
assigned a ‘NA’ for that tissue. We then focused on 298 cassette exons 
which exhibited a PSI range of at least 10 (maxPSI− minPSI ≥ 10) across 
all tissues (kidney.medulla was excluded due to insufficient read 
coverage in the splicing analysis) and less than five ‘NA’ values. For t- 
SNE visualization, ‘NA’ values (0.6%) were imputed as the average in-
clusion ratio of a cassette exon across different tissues. In addition to the 
approach with qualified samples, we also obtained the aggregated in-
clusion ratio for a cassette exon in a tissue by pooling all junction reads 
from samples of the same tissue. A total of 371 cassette exons exhibited 
ranges of at least 10 in aggregated PSI across tissues (kidney.medulla 
excluded) and less than five ‘NA’ values due to zero mapped junction 
reads (0.1% missing values). The t-SNE visualization results were similar 
for these two approaches. 

The lists of eGenes with qval ≤0.05 for cis-eQTL for were down-
loaded from GTEx. The downloaded covariates for lung expression 
analysis include the top 5 genotyping principal components, 60 
expression confounding factors identified using the Probabilistic Esti-
mation of Expression Residuals (PEER) method [41], sequencing plat-
form, sequencing protocol, sex, and age. There are 395 lung samples 
from males and 183 lung samples from females. The age distribution is: 

33 samples for age 20–29, 40 samples for age 30–39, 93 samples for age 
40–49, 200 samples for age 50–59, 190 samples for age 60–69, and 22 
samples for age 70–79. Among the 578 samples, 515 have the complete 
covariate information available (i.e., with genotypes). For those 515 
samples fitted in regression models, there are 349 males and 166 fe-
males; 33, 36, 82, 187, 162, 15 samples for each of the six age groups, 
respectively. 

The 52 tissues considered in GTEx include: Adipose.Subcutaneous 
(Adipose-1), Adipose.Visceral.Omentum (Adipose-2), AdrenalGland 
(Adrenal), Artery.Aorta (Artery-1), Artery.Coronary (Artery-2), Artery. 
Tibial (Atery-3), Bladder, Brain.Amygdala (Brain-1), Brain.Ante-
riorcingulatecortex.BA24 (Brain-2), Brain.Caudate.basalganglia (Brain- 
3), Brain.CerebellarHemisphere (Brain-4), Brain.Cerebellum (Brain-5), 
Brain.Cortex (Brain-6),Brain.FrontalCortex.BA9 (Brain-7), Brain.Hip-
pocampus (Brain-8), Brain.Hypothalamus (Brain-9), Brain.Nucleu-
saccumbens.basalganglia (Brain-10), Brain.Putamen.basalganglia 
(Brain-11), Brain.Spinalcord.cervical.c1 (Brain-12), Brain.Substantiani-
gra (Brain-13),Breast.MammaryTissue (Breast),Cervix.Ectocervix (Cer-
vix-1),Cervix.Endocervix (Cervix-2),Colon.Sigmoid (Colon-1),Colon. 
Transverse (Colon-2), Esophagus.GastroesophagealJunction (Esoph-
agus-1), Esophagus.Mucosa (Esophagus-2), Esophagus.Muscularis 
(Esophagus-3), FallopianTube, Heart.AtrialAppendage (Heart-1), Heart. 
LeftVentricle (Heart-2), Kidney.Cortex (Kidney-1), Kidney.Medulla 
(Kidney-2),Liver, Lung, MinorSalivaryGland (M.salivary.G), Muscle. 
Skeletal (Muscle), Nerve.Tibial, Ovary, Pancreas, Pituitary, Prostate, 
Skin.NotSunExposed.Suprapubic (Skin-1), Skin.SunExposed.Lowerleg 
(Skin-2), SmallIntestine.TerminalIleum (S.intestine), Spleen, Stomach, 
Testis, Thyroid, Uterus, Vagina, WholeBlood (W.Blood). 

4.3. Other data analysis 

Gene-disease associations were downloaded from the DisGeNet 
database (v6) [52] https://www.disgenet.org/. The DisGeNet database 
integrates human gene-disease associations from multiple source data-
bases including curated and inferred associations. 

All statistical analyses were performed in R (3.6.1). P-values are two- 
sided unless specified. 
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