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Single-cell transcriptome analysis of the novel coronavirus
(SARS-CoV-2) associated gene ACE2 expression in normal and
non-obstructive azoospermia (NOA) human male testes
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Being infected by SARS-CoV-2 may cause damage to multiple organs in patients, such as the lung, liver and heart. Angio-
tensin-converting enzyme 2 (ACE2), reported as a SARS-CoV-2 receptor, is also expressed in human male testes. This
suggests a potential risk in human male reproductive system. However, the characteristics of ACE2-positive cells and the
expression of other SARS-CoV-2 process-related genes are still worthy of further investigation. Here, we performed single-
cell RNA seq (scRNA-seq) analysis on 853 male embryo primordial germ cells (PGCs) and 2,854 normal testis cells to assess
the effects of the SARS-CoV-2 virus on the male reproductive system from embryonic stage to adulthood. We also collected
and constructed the sScRNA-seq library on 228 Sertoli cells from three non-obstructive azoospermia (NOA) patients to assess
the effects at disease state. We found that ACE2 expressing cells existed in almost all testis cell types and Sertoli cells had
highest expression level and positive cells ratio. Moreover, 4CE2 was also expressed in human male PGCs. In adulthood, the
level of ACE?2 expression decreased with the increase of age. We also found that ACE2 positive cells had high expressions of
stress response and immune activation-related genes. Interestingly, some potential SARS-CoV-2 process-related genes such as
TMPRSS2, BSG, CTSL and CTSB had different expression patterns in the same cell type. Furthermore, ACE2 expression level
in NOA donors’ Sertoli cells was significantly decreased. Our work would help to assess the risk of SARS-CoV-2 infection in
the male reproductive system.
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INTRODUCTION

Since COVID-19, caused by SARS-CoV-2, was discovered
in December 2019, more than 2,400,000 people have been
infected and over 165,000 people died worldwide as of April
20, 2020. SARS-CoV-2 as a subgenus Sarbecovirus of the
genus Betacoronavirus showed similar receptor-binding
domain structure with SARS-CoV, and it may use ACE2 as a
receptor (Lu et al., 2020).

ACE?2 has been reported to be expressed in several systems
such as the respiratory system, digestive system, cardiovas-
cular system and urinary system (Zou et al., 2020). In normal
mice, there is no gender difference in ACE2 activity between
the heart and lungs, but ACE2 activity in male kidneys is
higher than that in female kidneys (Liu et al., 2010). The
difference may be due to the secretion of E2 in females (Liu
et al., 2010). This suggests that ACE2 may have different
expression patterns in male and female gonads. The ex-
pression of ACE?2 in testis cells at the single cell level has
been found mainly concentrated in spermatogonia, Sertoli
cells and Leydig cells (Shen, 2020; Wang and Xu, 2020). The
ratio of ACE?2 expressing spermatogonia to all spermatogo-
nia is similar to that in type II alveolar epithelial cells (AT2)
and these ACE2 expressing cells are enriched in viral re-
production pathway (Wang and Xu, 2020). ACE?2 has also
been reported selectively expressed by adult Leydig cells and
may play a crucial role in regulating steroidogenesis (Dou-
glas et al., 2004). In NOA patients, the mRNA expression
levels of ACE2 and MAS are decreased, suggesting that these
genes may be associated with male infertility (Reis et al.,
2010). In addition, previous studies have shown that
TMPRSS2 (Hoffmann et al., 2020), CD147 (Wang et al.,
2020), and CatB/L (Hoffmann et al., 2020) are also important
for SARS-CoV-2 virus to invade host cells.

To further understand the expression pattern and function
of ACE?2 positive cells between normal and NOA human
male testes as well as the influence of COVID-19 on male
reproductive system, we used almost 4,000 spermatogenesis
single cells for in-depth analysis from multiple aspects and
dimensions.

RESULTS

The expression pattern of ACE2 in all stages of
spermatogenic cells and testis somatic cells

We used published scRNA-seq data, including seven ob-
structive azoospermia (OA) donors and two normal donors
in a total of 2,854 single cells, to analyze ACE2 expression
pattern in human male testis cells (Wang et al., 2018). We
identified the cell types based on the known testis cell
markers and divided all cells into 14 clusters of spermato-
genic cells and three types of testis somatic cells (Figure 1A,
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Figure S1 in Supporting Information). ACE2 expressing cells
could be found in almost all cell types except two types of
spermatid cells (Figure 1B).

Subsequently, we calculated the percentage of ACE2 ex-
pressing cells in each cluster. Previous study used the ratio of
ACE? expressing AT2 cells in all AT2 cells (1.40%+0.4%) as
a reference to assess the risk of COVID-19 to different cell
types (Wang and Xu, 2020). Based on this ratio we found that
spermatogonial stem cells (SSC), differentiating spermato-
gonia (Diff.ing SPG), leptotene spermatocytes typel (L1),
leptotene spermatocytes type 3 (L3), zygotene spermatocytes
(Z), diplotene spermatocytes (D), spermatocyte 7 (SPC7),
spermatids stage 1 (S1) and three types of testis somatic cells
might be susceptible for SARS-CoV-2 infection. Notably,
more than 90% Sertoli cells expressed ACE?2 (Figure 1D). In
all ACE2 expressing cells, Sertoli cells accounted for the
largest proportion (Figure 1C). This suggested that the testis
somatic cells, especially Sertoli cells, might be more sus-
ceptible than germ cells for SARS-CoV-2 infection
(P<2.22x107"°).

To analyze whether the age can influence ACE2 expression
in human male testes, we compared ACE?2 positive cells ratio
and expression level between these two normal donors of
different age (30 and 60, respectively) and human male
PGCs. From our data we found that ACE?2 positive cells ratio
and expression level were higher in the 30-year-old normal
donor than those in the 60-year-old normal donor (P=0.013).
ACE?2 was also expressed in human male PGCs, and the
average expression level in PGCs was lower than that in the
30-year-old donor (P=0.022) (Figure 1E). This suggested
that ACE?2 expression level might be associated with age.

Different ACE2-expression-level cells in each cell type

Though some SSC and Sertoli cells (ST) were 4CE2-posi-
tive cells, ACE?2 expression levels were strikingly different.
To better understand the characteristics of 4ACE2-unequal
cells, we divided ACE2 expressing cells into five classes
based on ACE2 expression level (Class A (0,20], Class B
(20,100], Class C (100,150], Class D (150,300], Class E
(300,1200]) (Figure 2A). We found that although some
spermatogenic cells expressed ACE?2, the level of ACE2
expression was low, and some cells in testis somatic cells had
a relatively higher ACE2 expression level (Figure 2B).
Therefore, we next focused on the top 4CE2 expressing cell
cluster, testis Sertoli cells, and found that there were more
than 75% Class E in Sertoli cells, higher than that in the other
testis cell types (P:1.2X10715). This phenomenon suggested
that Sertoli cells might be more vulnerable to SARS-CoV-2
infection.

We performed gene ontology (GO) analysis to investigate
the gene functions of different ACE2 expressing classes.
From up-regulated genes, disease related signal pathways
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Figure 1 ACE?2 expression pattern and the ratio of ACE2-positive cells in normal testis cells. A, T-distributed stochastic neighbor embedding (t-SNE) plot
of all normal 2,854 single cells in the previous paper. Different colors represent different cell types. B, The expression levels (TPM) of ACE?2 in all cell types.
C, Cell type distribution ratio of ACE2-positive cells. Different colors represent different cell types. D, ACE2-positive cells ratio in each cell type. E, ACE2-
positive cells ratio and ACE2 average expression levels (TPM) in different age groups.

were enriched such as “viral gene expression” and “in-
fectious disease” in Class B, “infectious disease”, “viral
mRNA translation” and “neutrophil mediated immunity” in
Class C, “viral gene expression”, “viral mRNA translation”
and “platelet activation, signaling and aggregation” in Class
D, and “viral mRNA translation”, “response to wounding”
and “autophagy” in Class E. It showed that ACE2 expressing
classes were not only related to viral infection but also im-
mune response (Figure 2C).

To further investigate the function of ACE?2 in male testes,
we analyzed the common up-regulated genes. In all these
highly expressed genes, there were only 28 genes commonly
up-regulated in all four classes (Figure 2D). Then we focused

on the functions of these genes which were highly expressed
in all four classes. There were 16 genes related to “cellular
responses to stress”, and others were related to “adhesion of
symbiont to host”, “leukocyte activation involved in immune
response”, “ROS metabolic process”, “homeostasis” and
“cell growth arrest” (Figure 2E). Genes with the same ex-
pression trend as that of ACE2 were identified with “vaso-
constriction” and “regulation of reproductive process”
functions (Figure 2F). These indicated that ACE2 function in
human male testes may be related to immune and stress re-
sponse.

Then we analyzed 4ACE2-associated network genes (gene
list downloaded from genecards.org) expression level in six
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Figure 2 Different ACE2 expression levels in normal human male testis cells. A, Violin plot of five classes with different ACE2 expression levels. B, Five
classes composition distribution in all ACE2-positive cell types. C, Gene ontology terms of different classes. D, Venn plot of intersection genes in different
classes. E, Heatmap of intersection genes in all classes. Class F represents A CE2-negative cells; Class A represents cells with ACE2 expression in the range of
0 to 20; Class B represents cells with ACE2 expression in the range of 20 to 100; Class C represents cells with ACE2 expression in the range of 100 to 150;
Class D represents cells with 4CE2 expression in the range of 150 to 300; Class E represents cells with 4CE2 expression levels greater than 300. F, Lineplots
of increasing genes. Class F represents ACE2-negative cells; Class A represents cells with 4CE2 expression in the range of 0 to 20; Class B represents cells
with ACE?2 expression in the range of 20 to 100; Class C represents cells with ACE2 expression in the range of 100 to 150; Class D represents cells with ACE2
expression in the range of 150 to 300; Class E represents cells with ACE2 expression levels greater than 300.
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classes (Figure S2A in Supporting Information). CAT,
CHRNAI10, AAMP, CHRNBI, HTR3C, ISYNAI and CALM1
had high expression levels in Class E. Interestingly, we found
AAMP was associated with non-small cell lung cancer
(Backhaus et al., 2017) and ISYNAI was closely associated
with lung squamous cell carcinoma (Koguchi et al., 2016).
Then we analyzed the ACE inhibitor pathway genes ex-
pression level. REN and ATP6AP2 were highly expressed in
Class E (Figure S2B in Supporting Information). These two
genes were related to mesangial cells around blood vessels in
kidneys (Williamson et al., 2017). These ACE?2 associated
genes had different expression pattern when ACE2 expres-
sion changes.

From the GO term analysis in differentially expressed
genes (DEGs) in different classes of Sertoli cells from nor-
mal data (Figure S2C in Supporting Information), we found
some immune and virus-related pathways were enriched in
up-regulated Class D and E, such as “host interactions of
HIV factors” in Class D and “myeloid leukocyte mediated
immunity” in Class E.

From differentially expressed genes in F, B, D and E
classes of Sertoli cells, we found some genes had similar
expression trend to that of ACE2 (Figure S2D in Supporting
Information). CHGA can be a sensitive biomarker for non-
small cell lung cancer (Qi et al., 2015) and GJA41 was also
associated with human lung cancer (Zuo et al., 2017). It
suggests that these genes may be correlated with ACE?2.

Possible SARS-CoV-2 virus process-related genes
expression in testis cells

Previous study has shown that TMPRSS2 plays a significant
role in SARS-CoV-2 infecting host cells (Hoffmann et al.,
2020). Therefore, we next analyzed TMPRSS?2 expression in
testis cells. From our data we found that almost all the cell
types had TMPRSS2 expressing cells except S4 and tMo
groups (Figure 3A).

Interestingly, we found that the expression patterns of
TMPRSS2 and ACE?2 were different. In SSC cells, TMPRSS2
had the highest expression level and low ACE2 expression
level, while Sertoli cells had the highest ACE2 expression
level and low TMPRSS?2 expression level (Figure 3B). The
invasion of SARS-CoV-2 virus into host cells requires the
combined action of TMPRSS2 and ACE2. This suggests that
if the virus can invade testicular tissue, there may be inter-
actions between testis somatic cells and spermatogenic cells.

S protein priming in cell lines was also associated with
endosomal cysteine proteases cathepsin B and L (CatB/L)
(Simmons et al., 2005), so we next analyzed the expression
of CTSL and CTSB. The expression of CTSL was highest in Z
stage spermatocytes, but low in SPC7 and four spermatid
stages. CTSB had a high expression level in testis somatic
cells especially in testicular macrophages (tMo) (Figure 3C).

Sci China Life Sci
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A recent study proposes that CD147, another possible
SARS-CoV-2 viral invasion pathway, can bind to the S
protein to mediate viral invasion (Wang et al., 2020).
Therefore, we next analyzed the BSG (CD147) expression
level in testis cells. BSG was expressed in all types of testis
cells and had the highest expression level in Diff.ing SPG
cells (Figure 3D). The results suggest that if the SARS-CoV-
2 virus could infect human male testes, it may enter the host
cell in a variety of ways.

ACE?2 expression pattern in NOA patients

ACE?2 has been reported to be related to human male in-
fertility (Reis et al., 2010). Therefore, we next analyzed
ACE?2 expression level in one Sertoli cell only syndrome
(SCOS) patient (used published data) and two NOA patients
with spermatogenic cells but no mature sperms.

We first used classical Sertoli cell markers such as AMH,
WTI and SOX9 to identify and select Sertoli cells from three
NOA patients and normal donors (Figure S3B in Supporting
Information). Then we compared ACE2-positive cells ratio
and ACE2 expression level between them. The ratio of
ACE2-positive cells was similar in SCOS and normal donors
but was decreased in NOA2 and NOA3 patients (Figure 4A).
The Class E’s ratio in normal Sertoli cells was higher than
others (Figure 4B). Compared with normal and three NOA
donors, we found that ACE2 expression level was sig-
nificantly decreased in NOA donors’ Sertoli cells but the
TMPRSS?2 expression level showed no significant difference
(Figure 4C and D).

Similar to total testis cells, the up-regulated genes GO
analysis in NOA D and E classes also indicated an enrich-
ment in immune and virus-related pathways such as “cell
activation involved in immune response” and “receptor-
mediated virion attachment to host cells” (Figure 4E).
Compared with normal Sertoli cells, up-regulated genes in
NOA D and E classes were enriched in virus-related path-
ways such as “viral transcription” and “viral mRNA Trans-
lation”, down-regulated genes were enriched in human male
reproduction (Figure 4F).

Then we analyzed the stress response, immune activation
and spermatogenesis related gene lists expression level in
normal and NOA Sertoli cells F and E classes. Both Sertoli
cells in normal and NOA Class E had increased expression
level of genes related to stress response and immune ac-
tivation (Figure 4G). The spermatogenesis-related genes
were significantly decreased in NOA Sertoli cells (Figure
4H).

DISCUSSION

In our study, we found more cell types had ACE?2 expressing
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cells even when they had a low ACE2 expression level.
These data indicate that SARS-CoV-2 may be dangerous to
more cell types in human testes including spermatogenic
cells and testis somatic cells. Sertoli cells had the highest
ACE?2 expression level in human male testes, suggesting that
Sertoli cells were more susceptible to the effects of the
SARS-CoV-2 virus. Based on the variation trend of ACE2,
some genes were found with the same variation trend.
Whether these genes are related to ACE2 or not deserves
further study.

Some possible COVID-19 related genes such as
TMPRSS2, BSG, CTSL and CTSB were highly expressed in
different cell types. It suggests that if the virus can infect
the human testes, there may exist a relationship among
several types of testis cells including spermatogenic cells
and testis somatic cells. The expression of genes involved
in multiple pathways provided more possibilities for virus
invasion.

Rennin-angiotensin system (RAS) plays a very important
role in human male sperm function (Reis et al., 2010). From
our data we found that 4CE?2 expression levels in three NOA
patients all showed significant differences from that of nor-
mal Sertoli cells. It suggests that the effect of ACE2 on
spermatogenesis is worthy of further study.

Previous studies have shown that a variety of viruses may
affect men’s testicles such as mumps virus, HIV, HPV and
SARS. Some cause inflammation of the testicles through an
immune response, while others directly attack the re-
productive system. Although the SARS-CoV virus has not
been detected in SARS patients’ testis tissues (Ding et al.,
2004), it has been reported that the spermatogenic cell da-
mage existed in SARS patients (Qi et al., 2007). There is no
conclusive evidence that whether SARS-CoV-2 attacks tes-
ticular tissue in male patients or not. The expression of ACE?2
in testis cells may prompt the possibilities.

A significant increase in serum luteinizing hormone (LH)
levels was found in patients with COVID-19, suggesting that
COVID-19 may cause male hypogonadism (Ma, 2020).
Leydig cells as hormone-secreting cells in the male gonads
may have been damaged. From our data we found ACE2,
TMPRSS2, BSG, CTSL and CTSB were all expressed in
Leydig cells (MIX group), suggesting the possibility that
Leydig cells might be influenced by the virus.

In conclusion, our study made a deep analysis to explore
the possible COVID-19 related genes expression in dif-
ferent testicular cell types. We also analyzed ACE2 ex-
pression in three NOA patients (with and without
spermatogenetic cells). Our findings allow better under-
standing of the potential risks of SARS-CoV-2 infection in
different testis cell types and the results may provide more
insights into the study of the effects of ACE2 on male
infertility. More robust evidence still needs clinical and
experimental research.
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METHODS

Single-cell RNA-Seq library preparation and sequencing

NOA2 and NOA3 donors’ testis single cells and scRNA-seq
library preparation
The NOA2 and NOA3 donors’ testis tissues used in this
study were ratified by the Reproductive Study Ethics Com-
mittee of Peking University Third Hospital (2017SZ-048).
After obtaining the informed consent from the donors un-
dergoing sperm isolation surgery for in vitro fertilization, the
testis tissues were collected. The donors’ pathology showed
the presence of spermatogenic cells but no mature sperms.
The testis tissues were first washed with PBS (plus 10%
FBS) twice, and then 500 uL. Accutase Cell Detachment
Solution (Millipore #SCR005) was added at 37°C and 850 r
min”' for 15 min to digest tissues completely. After that, we
used 50-mm Pre-Separation Filters (Miltenyi Biotec #130-
041-407) to filter the cells and centrifuge the cell suspension
at 300xg, 8 min, and then we used 500 uL PBS (plus 10%
FBS) resuspended. Finally, we used the mouth pipette to
transfer the single cell to the prepared lysis buffer, and ap-
plied the modified STRT-seq protocol (Li et al., 2017) to
construct the scRNA-seq library. Sequencing was performed
on [llumina HiSeq 4000.

Sequencing and data analysis

All normal adult human testis samples and NOA1 sample for
transcriptional profiles were downloaded from GSE106487
and all PGC transcriptome data were downloaded from
GSEB6146 in NCBI Gene Expression Omnibus (GEO).
NOAZ2/3 data could be downloaded from HRA000146 in the
National Genomics Data Center (https://bigd.big.ac.cn/gsa/).
We dealt with all data the same way as mentioned in the
literature (Wang et al., 2018).

Raw data processing

The detailed processing method was as follows. First, we
obtained each single cell read 2 data by extracting the spe-
cific cell barcode in the first to eighth base of raw read 2 files.
Then we added the UMI information which was located in
the 9th to 16th base of raw read 2 files to the corresponding
read 1. The processed read 1 files were then trimmed to
remove the template switch oligo (TSO) sequence, polyA tail
sequence, adaptor and low-quality reads (N>10%). Subse-
quently, we aligned the clean reads to the hgl9 human
transcriptome (UCSC) using TopHat (version 2.0.12)
(Trapnell et al., 2009). Next, we used HTSeq package to
count uniquely mapped reads (Anders et al., 2014). Dupli-
cated transcripts caused by PCR amplification were re-
moved, according to the UMI information. Finally, the
transcript copy number of each gene within an individual cell
was counted by the distinct UMIs of that gene. For all data
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quality control, we retained the cells with both greater than
2,000 genes and more than 10,000 transcripts.

Nonlinear dimensional reduction (tSNE) and
identification of differentially expressed genes

We used R package Seurat to perform dimension reduction
process and identified high variable genes for PCA analysis
(Satija et al., 2015). The top PC components were used for
the JackStraw analysis and RunTSNE analysis. We used the
find all markers (test.use = “roc”) function in Seurat to
identify differentially expressed genes (DEGs) and selected
DEGs with power >0.4 for the following analysis.

Ploting and statistical analysis

We used R package cummeRbund to identify genes with the
same tendency as ACE2 and used ggpubr, ggplot2 to plot
boxplots, barplots and lineplots. All gene ontology (GO)
analyses were performed in https://metascape.org/ and terms
with the FDR-corrected P-values below 0.05 were selected.
For all normal data, we used wilcox.test with a threshold of
0.05 for significance testing, and for NOA data, we used t.
test with a threshold of 0.05 for significance testing.
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SUPPORTING INFORMATION
Figure S1 Classical testis cell markers expression.
Figure S2 Expression pattern of ACE2 related genes.

Figure S3 The cell number and classical marker expression of Sertoli cells.

The supporting information is available online at http://life.scichina.com and https://link.springer.com. The supporting
materials are published as submitted, without typesetting or editing. The responsibility for scientific accuracy and content
remains entirely with the authors.
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