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Abstract

Development of novel approaches for regulating the expression of angiotensin-converting
enzyme 2 (ACE2) and transmembrane serine protease 2 (TMPRSS2) is becoming
increasingly important within the context of the ongoing COVID-19 pandemic since these
enzymes play a crucial role in cell infection. In this work we searched for putative ACE2
and TMPRSS2 expression regulation networks mediated by various miRNA isoforms
(isomiR) across different human organs using publicly available paired miRNA/mRNA-
sequencing data from The Cancer Genome Atlas (TCGA) project. As a result, we identi-
fied several miRNA families targeting ACE2 and TMPRSS2 genes in multiple tissues.

In particular, we found that lysine-specific demethylase 5B (JARID1B), encoded by the
KDM5B gene, can indirectly affect ACE2 / TMPRSS2 expression by repressing transcrip-
tion of hsa-let-7e / hsa-mir-125a and hsa-mir-141 / hsa-miR-200 miRNA families which
are targeting these genes.

Introduction

The COVID-19 pandemic caused by the severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) had a dramatic impact on the health of millions of people and became a chal-
lenge for the worldwide health systems [1, 2]. High mortality rate of the infection is generally
due to lung failure induced by the acute respiratory distress syndrome (ARDS) [3]. Further-
more, there are indications that SARS-CoV-2 can affect other organs including the digestive
system [4], kidney [5] and brain [6]. The mechanism of host cell infection by SARS-CoV-2 is
not completely understood and remains an active research topic. However, it became evident
that the key players during the virus entry into the host cell are angiotensin-converting enzyme
2 (ACE2) and transmembrane serine protease 2 (TMPRSS2). Specifically, the interaction of
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these membrane proteins with the viral spike protein (S-protein) is crucial for host-membrane
fusion and endocytosis [7, 8].

MicroRNA (miRNA) is a class of small (about 22 nt long) non-coding RNAs, whose main
function is negative post-transcriptional and translational regulation of gene expression [9]. In
most cases, this regulation is mediated by complementary binding of miRNA to the 3° UTR of
the target mRNA and promoting its degradation and/or translation repression [10, 11]. Further-
more, multiple reports have consistently shown that aberrant miRNA expression is associated
with various pathologies including cancer [12-14], neurological [15, 16] and cardiovascular dis-
eases [17, 18]. Finally, some host- and virus-encoded miRNAs can contribute to the process of
infection by targeting certain mRNAs (both host and viral) [19, 20].

Previous analysis of miRNA sequencing reads showed that miRNAs are usually present in
various isoforms (isomiRs) which differ from each other by 1-3 nucleotides at the 5’- or 3’-ter-
mini of the molecules [21]. Importantly, multiple recent studies confirmed that isomiR expres-
sion profiles can deliver more insights as compared to canonical miRNAs profiles. Thus, in
one recent report, the authors constructed a machine learning algorithm that allowed distin-
guishing thirty two different types of cancer based on the information about presence or
absence of particular isomiRs but not canonical miRNAs [22]. It is also important to note that
two 5’-isomiRs (i.e. isomiRs having different 5’-ends) of the same miRNA can have distinct set
of target mRNAs due to the altered seed region [23, 24].

In this work we explored the landscape of ACE2 and TMPRSS2 regulation mediated by
miRNAs and isomiRs in different human organs using bioinformatic analysis of publicly avail-
able paired miRNA/mRNA-sequencing datasets. We observed negative correlation of various
miRNA and mRNA expressions across a number of samples, what together with the predicted
miRNA-binding domains allowed identifying and quantifying putative miRNA-mediated
targeting of certain mRNAs [25]. These results can facilitate developing novel therapeutic
approaches for preventing coronavirus infections and contribute to the fundamental mecha-
nisms of virus-host interactions.

Results
ACE2 and TMPRSS?2 expression profiles across different organs

In order to examine expression profiles of ACE2 and TMPRSS2 in human tissues we used
publicly available data from The Cancer Genome Atlas (TCGA; https://www.cancer.gov/tcga)
which provides information on mRNA and miRNA expression in tumor as well as adjacent
normal tissues for a variety of organs. Specifically, we collected data from 541 samples in

total (11 different organs). We found that both enzymes were highly expressed in all analyzed
tissues, see Fig 1 (numerical characteristics are listed in S1 Table). Thus, ACE2 showed the
highest expression rate in the colon, kidney, stomach and liver, while in other organs its aver-
age expression level was 2-5 log, units less and stayed at approximately the same level. The
TMPRSS2 expression was higher as compared to ACE2 almost in all analyzed tissues (average
log,(fold change) = 3.18) reaching its peak in the prostate.

Landscape of interactions between isomiRs and ACE2 / TMPRSS2

To identify the putative interactions between isomiRs and ACE2 / TMPRSS2 genes in particu-
lar tissues we have applied the two-step procedure. Firstly, we used TargetScan software to
generate a list of miRNAs that could potentially bind to the 3° UTR of target mRNAs. Next,
we have performed a correlation analysis to identify highly expressed isomiRs having signifi-
cant negative correlation with ACE2 / TMPRSS2 gene expression levels in each organ. As a
result, we designated 10 and 23 isomiRs which could potentially target ACE2 and TMPRSS2,
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Fig 1. Distribution of ACE2 and TMPRSS?2 expression in human organs. A: ACE2. B: TMPRSS2.

https://doi.org/10.1371/journal.pone.0235987.9001

respectively. The highest number of ACE2 targeting isomiRs were found in kidney (6 isomiRs)
and lung (3 isomiRs) tissues, while in the case of TMPRSS2 the highest number of regulating
isomiRs were expressed in esophagus (11 isomiRs), stomach (8 isomiRs) and breast (6 iso-
miRs) cells (Fig 2, correlations and p-values are presented in S2 Table).
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Fig 2. IsomiRs regulating ACE2 and TMPRSS2. A: ACE2. B: TMPRSS2. Color of each cell indicates the expression level of isomiR. A cell is empty
(white) if isomiR is not targeting the corresponding gene.

https://doi.org/10.1371/journal.pone.0235987.9002
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Fig 3. Joint distribution of significant hsa-miR-125a-5p / ACE2 and hsa-miR-199-5p / TMPRSS?2 interactions in different organs. Light blue
regions correspond to 95% confidence intervals.

https://doi.org/10.1371/journal.pone.0235987.9003

The largest intersection corresponded to isomiRs regulating TMPRSS2 gene expression in
esophagus and stomach (4 common isomiRs). Interestingly, some miRNAs (including hsa-
miR-23b-3p, hsa-miR-335-3p and hsa-miR-452-5p) were expressed as both 5’ -isomiRs (+1, -1
and +3 nucleotides respectively) and canonical forms. Furthermore, we identified two ACE2 /
TMPRSS?2 regulating miRNAs to be expressed in more than two tissues. The latter included
hsa-miR-125a-5p (targeting ACE2 in esophagus, kidney and lung), as well as hsa-miR-199a-5p
(regulating expression of TMPRSS2 in liver, stomach and uterine corpus, see Fig 3).

To further explore the interplay between different isomiRs and the corresponding mRNAs
we have focused on genes hosting miRNAs in their introns. In total, we found 14 out of 33
isomiRs to be encoded within the introns in the sense orientation (see Table 1). Interestingly,
hsa-miR-125a-5p (targeting ACE2 in lung, kidney and esophagus) and hsa-let-7e-5p (targeting
TMPRSS2 in stomach and esophagus) were found to be encoded within the same intron of the
SPACAG6 gene.

Lysine-specific demethylase 5B regulates ACE2 and TMPRSS2 through
repression of let-7e / miR-125a and miR-141 / miR-200 activity

In order to determine the other players involved in the interplay between hsa-let-7e-5p / hsa-
miR-125a-5p and ACE2 / TMPRSS2 genes we searched for proteins regulating the transcrip-
tion of those miRNAs using literature-curated interaction databases. Thus, lysine-specific
demethylase 5B (JARID1B, encoded by the KDM5B gene) had been previously shown to
repress the transcription of hsa-let-7e / hsa-mir-125a miRNAs and miR-200 family (including
miR-141, miR-200a, miR-200b, miR-200c and miR-429) by promoting H3K4me3 histone
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Table 1. Intronic sense pre-miRNAs and their host genes.

pre-miRNA Host gene
hsa-mir-335 MEST
hsa-mir-139 PDE2A
hsa-let-7e, hsa-mir-125a SPACA6
hsa-mir-23b AOPEP
hsa-let-7{-2, hsa-mir-98 HUWEI1
hsa-mir-28 LPP
hsa-miR-9-1 Clorf61
hsa-mir-149 GPC1
hsa-mir-204 TRPM3
hsa-miR-664a RAB3GAP2

https://doi.org/10.1371/journal.pone.0235987.t001

mark demethylation within the regulatory regions of miRNAs, thereby facilitating epigenetic
repression of their transcription. The latter leads to the increase of ACE2 and TMPRSS2 genes
expression since hsa-miR-125a-5p together with miRNAs from miR-200 family targets 3> UTR
of ACE2 mRNA while hsa-let-7e-5p targets 3° UTR of the TMPRSS2. As a result, JARID1B epi-
genetic activity can indirectly regulate expression of ACE2 and TMPRSS2. The scheme of this
interaction network is illustrated in Fig 4.

H3K4me3 Demethylation

\ ~
ig JARID1B ig
Aﬂ‘. 2&.......
Transcriptional
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Fig 4. Scheme of the interaction network consisting of JARID1B, let-7e / miR-125a and miR-141 / miR-200 miRNA families
and ACE2 / TMPRSS2 enzymes.

https://doi.org/10.1371/journal.pone.0235987.9004
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Expression of JARID1B is neccesary for ACE2 and TMPRSS2 expression in
the majority of human cells

To explore putative interactions between JARID1B and ACE2 / TMPRSS2 genes more deeply
we analyzed publicly available single-cell RNA sequencing (scRNA-seq) data obtained from
certain human organs (annotated and deposited by Sungnak et al. [26]). In general, the expres-
sion of all three genes was relatively low in most cell types which led to a high dropout rate.
Specifically, the mean dropout rate (i.e. the ratio of the number of cells with no JARID1B,
ACE2 or TMPRSS?2 aligned reads to the total number of cells) across all cell types was 87.9%
for KDM5B, 99.1% for ACE2 and 93.2% for TMPRSS2. Thus, a correlation between the
expression of genes forming an arbitrary pair at a single-cell level is strongly biased due to a
large fraction of cells with no reads.

To overcome the issue caused by high dropout rates we calculated the mean expression of
each gene for all cell types from the explored datasets (see S3 Table). The latter was followed
by a binarization of the obtained expression profiles. Specifically, a gene was considered
“expressed” in a given cell type if its average expression in this cell type was greater than the
first quartile of expressions across all cell types. As a result, the ACE2 gene was expressed in
114 out of 272 analyzed cells, while 100 cell types (87.7% of total) also expressed KDM5B. This
observation indicates that the expression of KDM5B gene could be necessary for ACE2 expres-
sion (binomial test p = 2.2 x 1077) in the majority of cells. A similar conclusion can be done
for KDM5B and TMPRSS2 genes since 135 out of 159 cell types (84.9%) expressing TMPRSS2
also expressed KDM5B (binomial test p = 1.61 x 1077).

Finally, we identified the cell types where expression levels of KDM5B, ACE2 and
TMPRSS2 genes were higher than the corresponding upper quartiles (Table 2). Interestingly,
the list of cell types having high expression levels of the aforementioned genes included: nasal
cells (ciliated and secretory), bronchial cells (ciliated, secretory and basal) as well as ciliated
and alveolar cells of lung parenchyma.

Table 2. Cell types with high levels of KDM5B, ACE2 and TMPRSS2 expression.

Organ Cell type KDM5B ACE2 TMPRSS2
Nasal Ciliated 0.85 (96.7%) 0.12 (97.1%) 0.74 (95.2%)
Nasal Secretory 0.92 (97.4%) 0.13 (97.4%) 0.52 (91.5%)

Lung parenchyma Type 2 alveolar 0.32 (87.5%) 0.03 (90.1%) 1.02 (97.8%)
Prostate Club 0.30 (86.0%) 0.01 (79.0%) 1.00 (97.4%)
Pancreas Ductal 0.52 (92.3%) 0.01 (82.0%) 0.65 (94.5%)
Bronchi Secretory 0.72 (94.5%) 0.07 (95.2%) 0.37 (88.2%)
Bronchi Ciliated 0.66 (93.8%) 0.03 (90.4%) 0.45 (90.1%)
Rectum Progenitor 0.26 (80.1%) 0.02 (89.7%) 0.69 (94.9%)
Testis Spermatogonial stem cell 0.81 (96.3%) 0.04 (92.6%) 0.08 (79.4%)

Lung parenchyma Ciliated 0.40 (89.3%) 0.03 (91.2%) 0.44 (89.7%)
Bronchi Basal 0.75 (95.2%) 0.04 (92.3%) 0.07 (78.3%)
Prostate Hillock 0.26 (80.5%) 0.01 (77.2%) 0.54 (92.3%)
Rectum Enteriendocrine 0.33 (87.9%) 0.04 (93.8%) 0.32 (86.8%)
Kidney Epithelial progenitor cell 0.24 (77.6%) 0.02 (86.0%) 0.25 (84.6%)

Gene expression estimates are presented as log,-transformed counts per ten thousand mapped reads averaged across all cells of a given type. The values in brackets
indicate the corresponding percentile of the expression distribution across all cell types. The rows of a table are sorted according to mean expression of KDM5B, ACE2
and TMPRSS2 genes.

https://doi.org/10.1371/journal.pone.0235987.t1002
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Discussion

In this work, we explored potential interactions between miRNAs and ACE2 / TMPRSS2
genes in various human organs. Along with the crucial role of both enzymes during SARS-
CoV / SARS-CoV-2 entry into the cell, ACE2 and its targeting miRNAs have been also shown
to affect the development of acute respiratory distress syndrome (ARDS). Thus, previous stud-
ies have indicated the critical role of ACE2 in acute lung injury, since ACE2 deficiency in the
lungs enhanced the ARDS pathogenesis [27]. It was further shown that ACE2 gene becomes
downregulated in the lungs during SARS-CoV infection [28], while another research team
reported strong upregulation of hsa-miR-200c-3p / hsa-miR-141-3p cluster upon avian influ-
enza virus H5N1 infection, presumably induced by viral proteins [29]. Interestingly, hsa-miR-
200c-3p and hsa-miR-141-3p can directly target 3> UTR of ACE2 mRNA, since transfection of
HEK?293T cells with the corresponding miRNA mimics and inhibitors resulted in significant
decrease or increase of ACE2 expression, respectively [29]. These results indicate the putative
link between the viral infection and consecutive ARDS development caused by downregula-
tion of ACE2 in the lung tissues. Furthermore, miRNA overexpression and knockdown experi-
ments performed on HK-2 renal tubular epithelial cells indicated that hsa-miR-125b (which
belongs to the same miRNA family as hsa-miR-125a) directly targets ACE2 mRNA [30].

Using the literature-curated interaction database we have found strong indications that the
JARID1B gene can repress let-7e / miR-125a as well as miR-200 families presumably via epige-
netic mechanisms. Thus, Mitra et al. [31] have previously provided experimental evidence that
the JARID1B gene represses transcription of the let-7e and miR-125a by promoting H3K4me3
demethylation. Specifically, stRNA-mediated knockdown of JARID1B in MCF-7 and T47D
cells led to a several-fold increase in expression of both miRNAs, while simultaneous ChIP
analysis confirmed the H3K4 demethylation of the corresponding regulatory DNA sequences.
In another report, Enkhbaatar et al. [32] showed that JARID1B represses transcription of miR-
200 family by a similar mechanism. Specifically, the overexpression of JARID1B in lung cancer
cell line A549 resulted in 3-fold decrease of miR-200a and miR-200c expression while JAR-
ID1B knockdown led to 1.5-fold increase of their steady-state levels. Subsequent ChIP assay
showed putative changes in the H3K4me3 methylation of the corresponding DNA regions.
Therefore, our results go in accordance with the experimental data showing the existence
of regulatory network involving let-7e / miR-125a / miR-200 families, histone demethylase
JARID1B as well as ACE2 / TMPRSS?2, and further suggest a new way for regulating ACE2
expression. Furthermore, our single-cell RNA sequencing data analysis strongly supports the
existence of such interactions in other cells, and indicates that in the majority of human cells
ACE2 and TMPRSS?2 are not expressed without JARID1B. In particular, high expression levels
of JARID1B, ACE2 and TMPRSS2 in human respiratory epithelium cells intimate that further
investigation of the identified regulatory network could expand our understanding of the viral
infection pathogenesis.

The potential interactions between ACE2 and histone modifiers such as HAT1, HDAC2,
and JARID1B in the lung has been previously shown by Pinto and co-authors [33]. Further-
more, Gordon D. et al. suggested the inhibition of histone deacetylase 2 (HDAC2) to be used as
a promising strategy for COVID-19 therapy [34]. Specifically, the authors described high-confi-
dence interaction between HDAC2 protein and the main viral protease Nsp5, supposing that
Nsp5 may inhibit HDAC2 transport into the nucleus thereby altering its functional activity. In
addition, they suggest testing certain HDAC2 repressors including Valproic acid and Apicidin
since targeting HDAC2 can result in antiviral activity. Interestingly, Valproic acid was also
shown to directly inhibit JARID1B in human embryonic kidney cells (HEK 293) [35] and H9
human embryonic stem cells (H9 hESC) [36]. Thus, repression of histone modifiers can adjust
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the cell response to viral infection by engaging a complex regulatory mechanism involving
ACE2 and TMPRSS2 genes. However, additional experiments are required to confirm the
impact of the described network as well as drugs targeting the above mentioned enzymes.

Several miRNAs identified in this work have been previously reported to contribute to the
viral infection process as well. Thus, nucleocapsid protein of the human coronavirus OC43
(HCoV-0OC43) had been shown to bind to hsa-miR-9-5p, a prominent negative regulator of
the transcription factor NF-kB [37]. The latter results in NF-xB activation and consequent
alteration of the innate immune response. Finally, Mallick B. et al. [38] have shown that hsa-
miR-98-5p targets 3° UTR of SARS-CoV Spike protein in bronchoalveolar stem cells. The
authors further hypothesized that such interactions can be used by the virus to evade fast elimi-
nation by the immune system.

While several other miRNAs had been also reported to be aberrantly expressed during the
coronavirus infection, they were not among the putative regulators of ACE2 or TMPRSS2
genes identified in this work. For instance, using deep sequencing of mouse lung miRNome
upon SARS-CoV infection Peng and co-authors [39] showed that hsa-let-7f-5p, hsa-miR-
139-3p, hsa-miR-139-5p were up-regulated directly after the infection in lung cells. A similar
miRNA-seq experiment was performed on RNA isolated from Calu-3 human lung adenocarci-
noma cells infected by MERS-CoV [40]. Four other miRNAs were aberrantly expressed,
including down-regulated hsa-miR-98-5p as well as up-regulated hsa-miR-125a-5p, hsa-miR-
125b-5p and hsa-miR-141-3p. Importantly, due to the structural similarity between MERS-
CoV / SARS-CoV and SARS-CoV-2, we hypothesize that the described mRNA/miRNA inter-
actions may contribute to maintenance of ACE2 / TMPRSS2 expression levels during corona-
virus infection, thus regulating the infection process.

Materials and methods
Public RNA sequencing data

Paired RNA-seq / miRNA-seq data of the TCGA project was downloaded from GDC portal
(https://portal.gdc.cancer.gov/) in *. FPKM-UQ.txt and *.mirbase21.isoforms.quantification.
txt tables formats. The data included samples from several tissues: 19 for bladder (TCGA-
BLCA), 104 for breast (TCGA-BRCA), 8 for colon (TCGA-COAD), 11 for esophagus
(TCGA-ESCA), 127 for kidney (TCGA-KICH, TCGA-KIRC, TCGA-KIRP), 50 for liver
(TCGA-LIHC), 58 for lung (TCGA-LUAD, TCGA-LUSC), 52 for prostate (TCGA-PRAD),

32 for stomach (TCGA-STAD), 58 for thyroid (TCGA-THCA) and 22 for uterine corpus
(TCGA-UCEQ). Fragments per kilobase of transcript per million mapped reads upper quartile
(FPKM-UQ) scale [41] was used to quantify mRNA expression, while reads normalized by
upper quartile (R-UQ) were used as an isomiR expression scale, all values were log,-trans-
formed. The expression of a 5’-isomiRs was calculated as a combined (summed up) value of
expression of all isomiRs having the same 5’-end genomic coordinate according to miRBase
v21 [42]. The transcripts having zero coverage in more than half of the analyzed samples for
each tissue type were discarded. IsomiR nomenclature from [43] was used: number after a ver-
tical bar denotes offset from 5’-end in the direction from 5’- to 3’-end. For example, hsa-miR-
21-5p|+1 denotes isomiR which differs from the canonical form by the absence of one nucleo-
tide from the 5’-end of the molecule.

IsomiR / miRNA analysis

TargetScan v7.2 software [44] was used to predict the isomiRs potentially targeting 3> UTR of
ACE2 and TMPRSS?2 genes. The entries having weighted context++ score below 0.8 quantile
were removed from the downstream analysis. For each tissue type we calculated Spearman
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correlation coefficient between the expression of ACE2 / TMPRSS2 genes and the isomiRs pre-
dicted by TargetScan which were highly expressed in considered samples (20% of isomiRs
with the highest median expression). The -0.3 correlation coefficient threshold and 0.05 p-
value threshold were applied on the obtained values. Hierarchical clustering of isomiRs across
tissues was done using Jaccard metric.

The list of intragenic miRNAs and their host genes was constructed by the following
procedure:

1. The list of miRNAs with their genomic coordinates (hsa.gff3 file from miRBase v21) was
converted into BED format.

2. Human genome annotation was downloaded from Ensemble v97 (Homo_sapiens.
GRCh38.97.chr.gff3 file for GRCh38.p12 version) [45]. This file was further split into gene
and exon annotations. The resulting annotation files were converted into BED format.

3. The list of miRNAs was intersected with lists of genes and exons separately using bedtools
intersect v2.26.0 [46]. Finally, exonic miRNAs were excluded from the intragenic miRNA
list and the entries from different strands were filtered out from the resulting files.

TransmiR v2.0 [47] literature-curated database was used to extract information on protein-
miRNA regulatory interactions.

Single-cell RNA sequencing data analysis

Annotated scRNA-seq files were downloaded from https://www.covid19cellatlas.org/ in *.
h5ad format, see S3 Table for the list of file names and putative organs. Raw count values were
normalized by the sum of counts in each cell and scaled using 10* factor. Obtained values were
log,-transformed.

Software utilized

All code was written in Python 3 programming language with extensive use of Pandas [48]
and NumPy [49] modules. Statistical analysis was performed using the SciPy [50]. Single-cell
RNA sequencing data was processed using the Scanpy [51]. Plots were constructed using the
Matplotlib / Seaborn [52]. All used data and source codes have been made available on GitHub
(https://github.com/s-a-nersisyan/miRNA_ACE2_TMPRSS2).

Supporting information

S1 Table. Statistical summary of ACE2 and TMPRSS2 distribution in different organs.
(XLSX)

S2 Table. Correlation analysis of isomiR-ACE2/TMPRSS?2 interactions.
(XLSX)

§3 Table. Cell type level scRNA-seq expression data.
(XLSX)

Author Contributions

Conceptualization: Stepan Nersisyan, Maxim Shkurnikov, Andrey Turchinovich, Evgeny
Knyazev, Alexander Tonevitsky.

Data curation: Stepan Nersisyan, Maxim Shkurnikov.

PLOS ONE | https://doi.org/10.1371/journal.pone.0235987  July 29, 2020 9/12


https://www.covid19cellatlas.org/
https://github.com/s-a-nersisyan/miRNA_ACE2_TMPRSS2
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0235987.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0235987.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0235987.s003
https://doi.org/10.1371/journal.pone.0235987

PLOS ONE

RNA-seq reveals regulatory mechanisms of ACE2 and TMPRSS2

Formal analysis: Stepan Nersisyan, Andrey Turchinovich.

Investigation: Stepan Nersisyan, Maxim Shkurnikov, Evgeny Knyazev, Alexander Tonevitsky.

Methodology: Stepan Nersisyan, Maxim Shkurnikov, Andrey Turchinovich.

Software: Stepan Nersisyan.

Supervision: Maxim Shkurnikov, Alexander Tonevitsky.

Visualization: Stepan Nersisyan.

Writing - original draft: Stepan Nersisyan, Andrey Turchinovich.

Writing - review & editing: Stepan Nersisyan, Maxim Shkurnikov, Andrey Turchinovich,

Evgeny Knyazev, Alexander Tonevitsky.

References

1.

10.

11.

12.

13.

14.

15.

ZhouF,YuT,DuR, Fan G, Liu Y, Liu Z, et al. Clinical course and risk factors for mortality of adult inpa-
tients with COVID-19 in Wuhan, China: a retrospective cohort study. Lancet. 2020; 395(10229):1054—
1062. https://doi.org/10.1016/S0140-6736(20)30566-3 PMID: 32171076

Remuzzi A, Remuzzi G. COVID-19 and ltaly: what next? Lancet. 2020; 395(10231):1225-1228. https:/
doi.org/10.1016/S0140-6736(20)30627-9 PMID: 32178769

Xu Z, ShilL, Wang Y, Zhang J, Huang L, Zhang C, et al. Pathological findings of COVID-19 associated
with acute respiratory distress syndrome. Lancet Respir Med. 2020; 8(4):420—422. https://doi.org/10.
1016/52213-2600(20)30076-X PMID: 32085846

PanL, MuM, Yang P, SunY, Wang R, Yan J, et al. Clinical Characteristics of COVID-19 Patients With
Digestive Symptoms in Hubei, China: A Descriptive, Cross-Sectional, Multicenter Study. Am J Gastro-
enterol. 2020;. https://doi.org/10.14309/ajg.0000000000000620

ChengY, Luo R, Wang K, Zhang M, Wang Z, Dong L, et al. Kidney disease is associated with in-hospi-
tal death of patients with COVID-19. Kidney Int. 2020;. https://doi.org/10.1016/j.kint.2020.03.005

Baig AM, Khaleeq A, Ali U, Syeda H. Evidence of the COVID-19 Virus Targeting the CNS: Tissue Distri-
bution, Host-Virus Interaction, and Proposed Neurotropic Mechanisms. ACS Chem Neurosci. 2020; 11
(7):995-998. https://doi.org/10.1021/acschemneuro.0c00122 PMID: 32167747

Hoffmann M, Kleine-Weber H, Schroeder S, Kruger N, Herrler T, Erichsen S, et al. SARS-CoV-2 Cell
Entry Depends on ACE2 and TMPRSS2 and Is Blocked by a Clinically Proven Protease Inhibitor. Cell.
2020; 181(2):271-280. https://doi.org/10.1016/j.cell.2020.02.052 PMID: 32142651

Lukassen S, Chua RL, Trefzer T, Kahn NC, Schneider MA, Muley T, et al. SARS-CoV-2 receptor ACE2
and TMPRSS?2 are primarily expressed in bronchial transient secretory cells. EMBO J. 2020; p.
e€105114. https://doi.org/10.15252/embj.20105114 PMID: 32246845

Hobert O. Gene regulation by transcription factors and microRNAs. Science. 2008; 319(5871):1785—
1786. https://doi.org/10.1126/science.1151651 PMID: 18369135

Nilsen TW. Mechanisms of microRNA-mediated gene regulation in animal cells. Trends Genet. 2007;
23(5):243-249. https://doi.org/10.1016/j.tig.2007.02.011 PMID: 17368621

Turchinovich A, Tonevitsky AG, Cho WC, Burwinkel B. Check and mate to exosomal extracellular
miRNA: new lesson from a new approach. Front Mol Biosci. 2015; 2:11. https://doi.org/10.3389/fmolb.
2015.00011 PMID: 25988178

Reddy KB. MicroRNA (miRNA) in cancer. Cancer Cell Int. 2015; 15:38. https://doi.org/10.1186/s12935-
015-0185-1 PMID: 25960691

Galatenko VV, Galatenko AV, Samatov TR, Turchinovich AA, Shkurnikov MY, Makarova JA, et al.
Comprehensive network of miRNA-induced intergenic interactions and a biological role of its core in
cancer. Sci Rep. 2018; 8(1):2418. https://doi.org/10.1038/s41598-018-20215-5 PMID: 29402894

Maltseva DV, Galatenko VV, Samatov TR, Zhikrivetskaya SO, Khaustova NA, Nechaev IN, et al. miR-
Nome of inflammatory breast cancer. BMC Res Notes. 2014; 7:871. https://doi.org/10.1186/1756-0500-
7-871 PMID: 25471792

Nelson PT, Wang WX, Rajeev BW. MicroRNAs (miRNAs) in neurodegenerative diseases. Brain Pathol.
2008; 18(1):130-138. https://doi.org/10.1111/j.1750-3639.2007.00120.x PMID: 18226108

PLOS ONE | https://doi.org/10.1371/journal.pone.0235987  July 29, 2020 10/12


https://doi.org/10.1016/S0140-6736(20)30566-3
http://www.ncbi.nlm.nih.gov/pubmed/32171076
https://doi.org/10.1016/S0140-6736(20)30627-9
https://doi.org/10.1016/S0140-6736(20)30627-9
http://www.ncbi.nlm.nih.gov/pubmed/32178769
https://doi.org/10.1016/S2213-2600(20)30076-X
https://doi.org/10.1016/S2213-2600(20)30076-X
http://www.ncbi.nlm.nih.gov/pubmed/32085846
https://doi.org/10.14309/ajg.0000000000000620
https://doi.org/10.1016/j.kint.2020.03.005
https://doi.org/10.1021/acschemneuro.0c00122
http://www.ncbi.nlm.nih.gov/pubmed/32167747
https://doi.org/10.1016/j.cell.2020.02.052
http://www.ncbi.nlm.nih.gov/pubmed/32142651
https://doi.org/10.15252/embj.20105114
http://www.ncbi.nlm.nih.gov/pubmed/32246845
https://doi.org/10.1126/science.1151651
http://www.ncbi.nlm.nih.gov/pubmed/18369135
https://doi.org/10.1016/j.tig.2007.02.011
http://www.ncbi.nlm.nih.gov/pubmed/17368621
https://doi.org/10.3389/fmolb.2015.00011
https://doi.org/10.3389/fmolb.2015.00011
http://www.ncbi.nlm.nih.gov/pubmed/25988178
https://doi.org/10.1186/s12935-015-0185-1
https://doi.org/10.1186/s12935-015-0185-1
http://www.ncbi.nlm.nih.gov/pubmed/25960691
https://doi.org/10.1038/s41598-018-20215-5
http://www.ncbi.nlm.nih.gov/pubmed/29402894
https://doi.org/10.1186/1756-0500-7-871
https://doi.org/10.1186/1756-0500-7-871
http://www.ncbi.nlm.nih.gov/pubmed/25471792
https://doi.org/10.1111/j.1750-3639.2007.00120.x
http://www.ncbi.nlm.nih.gov/pubmed/18226108
https://doi.org/10.1371/journal.pone.0235987

PLOS ONE

RNA-seq reveals regulatory mechanisms of ACE2 and TMPRSS2

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Sheinerman KS, Umansky SR. Circulating cell-free microRNA as biomarkers for screening, diagnosis
and monitoring of neurodegenerative diseases and other neurologic pathologies. Front Cell Neurosci.
2013; 7:150. https://doi.org/10.3389/fncel.2013.00150 PMID: 24058335

Thum T, Gross C, Fiedler J, Fischer T, Kissler S, Bussen M, et al. MicroRNA-21 contributes to myocar-
dial disease by stimulating MAP kinase signalling in fibroblasts. Nature. 2008; 456(7224):980—984.
https://doi.org/10.1038/nature07511 PMID: 19043405

Care A, Catalucci D, Felicetti F, Bonci D, Addario A, Gallo P, et al. MicroRNA-133 controls cardiac
hypertrophy. Nat Med. 2007; 13(5):613-618. https://doi.org/10.1038/nm1582 PMID: 17468766

Veksler-Lublinsky I, Shemer-Avni Y, Kedem K, Ziv-Ukelson M. Gene bi-targeting by viral and human
miRNAs. BMC Bioinformatics. 2010; 11:249. https://doi.org/10.1186/1471-2105-11-249 PMID:
20465802

Bruscella P, Bottini S, Baudesson C, Pawlotsky JM, Feray C, Trabucchi M. Viruses and miRNAs: More
Friends than Foes. Front Microbiol. 2017; 8:824. https://doi.org/10.3389/fmicb.2017.00824 PMID:
28555130

Morin RD, O’Connor MD, Griffith M, Kuchenbauer F, Delaney A, Prabhu AL, et al. Application of
massively parallel sequencing to microRNA profiling and discovery in human embryonic stem cells.
Genome Res. 2008; 18(4):610-621. https://doi.org/10.1101/gr.7179508 PMID: 18285502

Telonis AG, Magee R, Loher P, Chervoneva |, Londin E, Rigoutsos I. Knowledge about the presence or
absence of miRNA isoforms (isomiRs) can successfully discriminate amongst 32 TCGA cancer types.
Nucleic Acids Res. 2017; 45(6):2973—-2985. https://doi.org/10.1093/nar/gkx082 PMID: 28206648

Mercey O, Popa A, Cavard A, Paquet A, Chevalier B, Pons N, et al. Characterizing isomiR variants
within the microRNA-34/449 family. FEBS Lett. 2017; 591(5):693-705. https://doi.org/10.1002/1873-
3468.12595 PMID: 28192603

Magee RG, Telonis AG, Loher P, Londin E, Rigoutsos I. Profiles of miRNA Isoforms and tRNA Frag-
ments in Prostate Cancer. Sci Rep. 2018; 8(1):5314. https://doi.org/10.1038/s41598-018-22488-2
PMID: 29593348

Guo H, Ingolia NT, Weissman JS, Bartel DP. Mammalian microRNAs predominantly act to decrease
target mRNA levels. Nature. 2010; 466(7308):835-840. https://doi.org/10.1038/nature09267 PMID:
20703300

Sungnak W, Huang N, Becavin C, Berg M, Queen R, Litvinukova M, et al. SARS-CoV-2 entry factors
are highly expressed in nasal epithelial cells together with innate immune genes. Nat Med. 2020; 26
(5):681-687. https://doi.org/10.1038/s41591-020-0868-6 PMID: 32327758

Imai Y, Kuba K, Rao S, Huan Y, Guo F, Guan B, et al. Angiotensin-converting enzyme 2 protects from
severe acute lung failure. Nature. 2005; 436(7047):112—116. https://doi.org/10.1038/nature03712
PMID: 16001071

Kuba K, Imai Y, Rao S, Gao H, Guo F, Guan B, et al. A crucial role of angiotensin converting enzyme 2
(ACEZ2) in SARS coronavirus-induced lung injury. Nat Med. 2005; 11(8):875-879. https://doi.org/10.
1038/nm1267 PMID: 16007097

LiuQ, Du J, Yu X, Xu J, Huang F, Li X, et al. miRNA-200c-3p is crucial in acute respiratory distress syn-
drome. Cell Discov. 2017; 3:17021. https://doi.org/10.1038/celldisc.2017.21 PMID: 28690868

Huang YF, Zhang Y, Liu CX, Huang J, Ding GH. microRNA-125b contributes to high glucose-induced
reactive oxygen species generation and apoptosis in HK-2 renal tubular epithelial cells by targeting
angiotensin-converting enzyme 2. Eur Rev Med Pharmacol Sci. 2016; 20(19):4055-4062. PMID:
27775793

Mitra D, Das PM, Huynh FC, Jones FE. Jumonji/ARID1 B (JARID1B) protein promotes breast tumor
cell cycle progression through epigenetic repression of microRNA let-7e. J Biol Chem. 2011; 286
(47):40531-40535. https://doi.org/10.1074/jbc.M111.304865 PMID: 21969366

Enkhbaatar Z, Terashima M, Oktyabri D, Tange S, Ishimura A, Yano S, et al. KDM5B histone demethy-
lase controls epithelial-mesenchymal transition of cancer cells by regulating the expression of the
microRNA-200 family. Cell Cycle. 2013; 12(13):2100-2112. https://doi.org/10.4161/cc.25142 PMID:
23759590

Pinto BG, Oliveira AE, Singh Y, Jimenez L, Goncalves AN, Ogava RL, et al. ACE2 expression is
increased in the lungs of patients with comorbidities associated with severe COVID-19. medRxiv.
2020;. https://doi.org/10.1101/2020.03.21.20040261 PMID: 32511627

Gordon DE, Jang GM, Bouhaddou M, Xu J, Obernier K, O’'Meara MJ, et al. A SARS-CoV-2-human pro-
tein-protein interaction map reveals drug targets and potential drug-repurposing. bioRxiv. 2020;.

Ganai SA, Kalladi SM, Mahadevan V. HDAC inhibition through valproic acid modulates the methylation
profiles in human embryonic kidney cells. J Biomol Struct Dyn. 2015; 33(6):1185-1197. https://doi.org/
10.1080/07391102.2014.938247 PMID: 25012937

PLOS ONE | https://doi.org/10.1371/journal.pone.0235987  July 29, 2020 11/12


https://doi.org/10.3389/fncel.2013.00150
http://www.ncbi.nlm.nih.gov/pubmed/24058335
https://doi.org/10.1038/nature07511
http://www.ncbi.nlm.nih.gov/pubmed/19043405
https://doi.org/10.1038/nm1582
http://www.ncbi.nlm.nih.gov/pubmed/17468766
https://doi.org/10.1186/1471-2105-11-249
http://www.ncbi.nlm.nih.gov/pubmed/20465802
https://doi.org/10.3389/fmicb.2017.00824
http://www.ncbi.nlm.nih.gov/pubmed/28555130
https://doi.org/10.1101/gr.7179508
http://www.ncbi.nlm.nih.gov/pubmed/18285502
https://doi.org/10.1093/nar/gkx082
http://www.ncbi.nlm.nih.gov/pubmed/28206648
https://doi.org/10.1002/1873-3468.12595
https://doi.org/10.1002/1873-3468.12595
http://www.ncbi.nlm.nih.gov/pubmed/28192603
https://doi.org/10.1038/s41598-018-22488-2
http://www.ncbi.nlm.nih.gov/pubmed/29593348
https://doi.org/10.1038/nature09267
http://www.ncbi.nlm.nih.gov/pubmed/20703300
https://doi.org/10.1038/s41591-020-0868-6
http://www.ncbi.nlm.nih.gov/pubmed/32327758
https://doi.org/10.1038/nature03712
http://www.ncbi.nlm.nih.gov/pubmed/16001071
https://doi.org/10.1038/nm1267
https://doi.org/10.1038/nm1267
http://www.ncbi.nlm.nih.gov/pubmed/16007097
https://doi.org/10.1038/celldisc.2017.21
http://www.ncbi.nlm.nih.gov/pubmed/28690868
http://www.ncbi.nlm.nih.gov/pubmed/27775793
https://doi.org/10.1074/jbc.M111.304865
http://www.ncbi.nlm.nih.gov/pubmed/21969366
https://doi.org/10.4161/cc.25142
http://www.ncbi.nlm.nih.gov/pubmed/23759590
https://doi.org/10.1101/2020.03.21.20040261
http://www.ncbi.nlm.nih.gov/pubmed/32511627
https://doi.org/10.1080/07391102.2014.938247
https://doi.org/10.1080/07391102.2014.938247
http://www.ncbi.nlm.nih.gov/pubmed/25012937
https://doi.org/10.1371/journal.pone.0235987

PLOS ONE

RNA-seq reveals regulatory mechanisms of ACE2 and TMPRSS2

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Krug AK, Kolde R, Gaspar JA, Rempel E, Balmer NV, Meganathan K, et al. Human embryonic stem
cell-derived test systems for developmental neurotoxicity: a transcriptomics approach. Arch Toxicol.
2013; 87(1):123-143. https://doi.org/10.1007/s00204-012-0967-3 PMID: 23179753

Lai FW, Stephenson KB, Mahony J, Lichty BD. Human coronavirus OC43 nucleocapsid protein binds
microRNA 9 and potentiates NF-kB activation. J Virol. 2014; 88(1):54—65. https://doi.org/10.1128/JVI.
02678-13 PMID: 24109243

Mallick B, Ghosh Z, Chakrabarti J. MicroRNome analysis unravels the molecular basis of SARS infec-
tion in bronchoalveolar stem cells. PLoS ONE. 2009; 4(11):e7837. https://doi.org/10.1371/journal.pone.
0007837 PMID: 19915717

Peng X, Gralinski L, Ferris MT, Frieman MB, Thomas MJ, Proll S, et al. Integrative deep sequencing
of the mouse lung transcriptome reveals differential expression of diverse classes of small RNAs in
response to respiratory virus infection. mBio. 2011; 2(6). https://doi.org/10.1128/mBio.00198-11

Zhang X, Chu H, Wen L, Shuai H, Yang D, Wang Y, et al. Competing endogenous RNA network profil-
ing reveals novel host dependency factors required for MERS-CoV propagation. Emerg Microbes
Infect. 2020; 9(1):733-746. https://doi.org/10.1080/22221751.2020.1738277 PMID: 32223537

Bullard JH, Purdom E, Hansen KD, Dudoit S. Evaluation of statistical methods for normalization and dif-
ferential expression in mMRNA-Seq experiments. BMC Bioinformatics. 2010; 11:94. https://doi.org/10.
1186/1471-2105-11-94 PMID: 20167110

Kozomara A, Birgaoanu M, Griffiths-Jones S. miRBase: from microRNA sequences to function. Nucleic
Acids Res. 2019; 47(D1):D155-D162. https://doi.org/10.1093/nar/gky1141 PMID: 30423142

Telonis AG, Loher P, Jing Y, Londin E, Rigoutsos |. Beyond the one-locus-one-miRNA paradigm: micro-
RNA isoforms enable deeper insights into breast cancer heterogeneity. Nucleic Acids Res. 2015; 43
(19):9158-9175. https://doi.org/10.1093/nar/gkv922 PMID: 26400174

Agarwal V, Bell GW, Nam JW, Bartel DP. Predicting effective microRNA target sites in mammalian
mRNAs. Elife. 2015; 4. https://doi.org/10.7554/eLife.05005

Cunningham F, Achuthan P, Akanni W, Allen J, Amode MR, Armean IM, et al. Ensembl 2019. Nucleic
Acids Res. 2019; 47(D1):D745-D751. https://doi.org/10.1093/nar/gky1113 PMID: 30407521

Quinlan AR, Hall IM. BEDTools: a flexible suite of utilities for comparing genomic features. Bioinformat-
ics. 2010; 26(6):841-842. https://doi.org/10.1093/bioinformatics/btq033 PMID: 20110278

Tong Z, Cui Q, Wang J, Zhou Y. TransmiR v2.0: an updated transcription factor-microRNA regulation
database. Nucleic Acids Res. 2019; 47(D1):D253-D258. https://doi.org/10.1093/nar/gky 1023 PMID:
30371815

McKinney W. Data structures for statistical computing in Python. Proceedings of the 9th Python in sci-
ence conference. 2010; p. 56-61.

van der Walt S, Colbert SC, Varoquaux G. The NumPy array: a structure for efficient numerical compu-
tation. Comput Sci Eng. 2011; 13(2):22—-30. https://doi.org/10.1109/MCSE.2011.37

Virtanen P, Gommers R, Oliphant TE, Haberland M, Reddy T, Cournapeau D, et al. SciPy 1.0: funda-
mental algorithms for scientific computing in Python. Nat Methods. 2020; 17(3):261-272. https://doi.
org/10.1038/s41592-019-0686-2 PMID: 32015543

Wolf FA, Angerer P, Theis FJ. SCANPY: large-scale single-cell gene expression data analysis.
Genome Biol. 2018; 19(1). https://doi.org/10.1186/s13059-017-1382-0 PMID: 29409532

Hunter JD. Matplotlib: a 2D graphics environment. Comput Sci Eng. 2007; 9(3):90-95. https://doi.org/
10.1109/MCSE.2007.55

PLOS ONE | https://doi.org/10.1371/journal.pone.0235987  July 29, 2020 12/12


https://doi.org/10.1007/s00204-012-0967-3
http://www.ncbi.nlm.nih.gov/pubmed/23179753
https://doi.org/10.1128/JVI.02678-13
https://doi.org/10.1128/JVI.02678-13
http://www.ncbi.nlm.nih.gov/pubmed/24109243
https://doi.org/10.1371/journal.pone.0007837
https://doi.org/10.1371/journal.pone.0007837
http://www.ncbi.nlm.nih.gov/pubmed/19915717
https://doi.org/10.1128/mBio.00198-11
https://doi.org/10.1080/22221751.2020.1738277
http://www.ncbi.nlm.nih.gov/pubmed/32223537
https://doi.org/10.1186/1471-2105-11-94
https://doi.org/10.1186/1471-2105-11-94
http://www.ncbi.nlm.nih.gov/pubmed/20167110
https://doi.org/10.1093/nar/gky1141
http://www.ncbi.nlm.nih.gov/pubmed/30423142
https://doi.org/10.1093/nar/gkv922
http://www.ncbi.nlm.nih.gov/pubmed/26400174
https://doi.org/10.7554/eLife.05005
https://doi.org/10.1093/nar/gky1113
http://www.ncbi.nlm.nih.gov/pubmed/30407521
https://doi.org/10.1093/bioinformatics/btq033
http://www.ncbi.nlm.nih.gov/pubmed/20110278
https://doi.org/10.1093/nar/gky1023
http://www.ncbi.nlm.nih.gov/pubmed/30371815
https://doi.org/10.1109/MCSE.2011.37
https://doi.org/10.1038/s41592-019-0686-2
https://doi.org/10.1038/s41592-019-0686-2
http://www.ncbi.nlm.nih.gov/pubmed/32015543
https://doi.org/10.1186/s13059-017-1382-0
http://www.ncbi.nlm.nih.gov/pubmed/29409532
https://doi.org/10.1109/MCSE.2007.55
https://doi.org/10.1109/MCSE.2007.55
https://doi.org/10.1371/journal.pone.0235987

