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ACE2 in chronic disease and COVID-19: gene 
regulation and post-translational modification
Chia‑Wen Wang1†, Huai‑Chia Chuang1† and Tse‑Hua Tan1*   

Abstract 

Angiotensin‑converting enzyme 2 (ACE2), a counter regulator of the renin‑angiotensin system, provides protection 
against several chronic diseases. Besides chronic diseases, ACE2 is the host receptor for SARS‑CoV or SARS‑CoV‑2 virus, 
mediating the first step of virus infection. ACE2 levels are regulated by transcriptional, post‑transcriptional, and post‑
translational regulation or modification. ACE2 transcription is enhanced by transcription factors including Ikaros, 
HNFs, GATA6, STAT3 or SIRT1, whereas ACE2 transcription is reduced by the transcription factor Brg1‑FoxM1 complex 
or ERRα. ACE2 levels are also regulated by histone modification or miRNA‑induced destabilization. The protein kinase 
AMPK, CK1α, or MAP4K3 phosphorylates ACE2 protein and induces ACE2 protein levels by decreasing its ubiquitina‑
tion. The ubiquitination of ACE2 is induced by the E3 ubiquitin ligase MDM2 or UBR4 and decreased by the deu‑
biquitinase UCHL1 or USP50. ACE2 protein levels are also increased by the E3 ligase PIAS4‑mediated SUMOylation 
or the methyltransferase PRMT5‑mediated ACE2 methylation, whereas ACE2 protein levels are decreased by AP2‑
mediated lysosomal degradation. ACE2 is downregulated in several human chronic diseases like diabetes, hyperten‑
sion, or lung injury. In contrast, SARS‑CoV‑2 upregulates ACE2 levels, enhancing host cell susceptibility to virus infec‑
tion. Moreover, soluble ACE2 protein and exosomal ACE2 protein facilitate SARS‑CoV‑2 infection into host cells. In this 
review, we summarize the gene regulation and post‑translational modification of ACE2 in chronic disease and COVID‑
19. Understanding the regulation and modification of ACE2 may help to develop prevention or treatment strategies 
for ACE2‑mediated diseases.

Keywords ACE2, COVID‑19, SARS‑CoV‑2, Chronic disease, Angiotensin II, Transcription, Phosphorylation, 
Ubiquitination, Glycosylation

Background
Angiotensin-converting enzyme 2 (ACE2), a homolog of 
angiotensin-converting enzyme 1 (ACE1), was identified 
in 2000 [1, 2]. ACE2 is a counter-regulator of the renin-
angiotensin system (RAS) (Fig.  1). ACE2 cleaves angio-
tensin II (Ang II) into angiotensin 1 to 7 (Ang-(1–7)), 
leading to vasodilation [3]. ACE2 provides protection 

against several chronic diseases, including cardiovascular 
diseases, lung injury, and diabetes [4, 5]. Besides chronic 
diseases, ACE2 plays a crucial role in severe acute res-
piratory syndrome coronavirus (SARS-CoV) infection 
and severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2) infection (hereafter named COVID-19). 
ACE2 is the host receptor for SARS-CoV and SARS-
CoV-2 [6, 7]. The attachment of SARS-CoV/SARS-CoV-2 
spike (S) protein to ACE2 on the host cell surface is the 
first step of viral infection [6, 7]. Thus, inhibition of ACE2 
may prevent or attenuate the infection of SARA-CoV or 
SARS-CoV-2.

The ACE2 gene is highly expressed in the thymus, lung, 
kidney, pancreas, and heart under normal physiological 
condition according to Gene Expression Omnibus (GEO) 
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and ArrayExpress database [8]. Similar results derived 
from RNA sequencing and single-cell RNA sequencing 
(scRNA-seq) show that ACE2 mRNA levels are predomi-
nantly expressed in the gastrointestinal tract, kidney, tes-
tis, gallbladder, and heart [9]. In addition, ACE2 protein 
levels are detectable in the kidney, gastrointestinal tract, 
testis, pancreas, placenta, heart, and gallbladder by mass 
spectrometry-based proteomics [9]. The ACE2 levels are 
regulated by age, gender, or pathological stages [10–14]. 
For example, ACE2 levels are high in the renal corti-
cal tubules and pancreas islets of young diabetic mice 
[13–20], whereas ACE2 levels are low in the glomerulus 
and renal tubules of aged diabetic mice [13, 16, 18, 19, 
21–24]. In human, ACE2 levels are low in respiratory 
tract epithelial cells under normal physiological condi-
tion [9, 25]. ACE2 mRNA levels in nasal epithelial cells 
are increased in an age-dependent manner [26]. The 
mild disease severity of female COVID-19 patients may 
be due to the reduction of ACE2 levels by the female sex 
steroid 17β-estradiol in bronchial epithelial cells [12]. 
Plasma ACE2 concentration is significantly induced in 
the late stage of severe COVID-19 patients [27]. ACE2 
levels in lung epithelial cells are induced by the spike 
(S) protein of SARS-CoV-2 in human lung diseases [28, 
29]. Understanding the modification and regulation of 
ACE2 would help development of therapeutic strategies 
against chronic diseases and COVID-19. In this review, 

we summarize the gene regulation and post-translational 
modification of ACE2 in chronic disease and COVID-19.

Regulation of ACE2 gene expression
Regulation of ACE2 mRNA levels
Upregulation of ACE2 transcription
Ikaros ACE2 plays a critical role in the cardioprotection 
by cleaving angiotensin II (Ang II) [30]. Ang II overexpres-
sion stimulates subsequent ACE2 expression, leading to 
the RAS protection pathway and vasodilation [3]. Ang 
II treatment induces ACE2 mRNA levels in human car-
diofibroblasts [30]. Ikaros (also called Ikaros zinc finger 
1, IKZF1) is a hematopoietic zinc finger DNA-binding 
transcription factor that contributes to the differentia-
tion of human lymphoid and myeloid cells [31]. Ikaros 
binds to the − 516 to − 481 bp (5′-ATT TGG A-3′) region 
of the ACE2 promoter in human cardiofibroblasts, pro-
moting ACE2 transcription [30] (Fig. 2, Table 1). The Ang 
II-induced ACE2 transcription is blocked by mutations of 
the Ikaros-binding element in the ACE2 promoter [30]. 
Notably, the Ikaros-mediated ACE2 transcription is not 
involved in TGF-β or TNF-α signaling [30]. These results 
indicate that Ikaros binds to the ACE2 promoter at the 
− 516 to − 481 region and promotes ACE2 transcription 
in Ang II-stimulated cardiofibroblasts [30].

Fig. 1 The rennin‑angiotensin system (RAS) regulates vasoconstriction and vasodilation. Angiotensin‑converting enzyme 1 (ACE1) cleaves 
angiotensinogen (AGT) into angiotensin II (Ang II), which interacts with Ang II type 1 receptor (AT1R) and leads to vasoconstriction. In contrast, 
angiotensin‑converting enzyme 2 (ACE2) cleaves Ang II into angiotensin 1–7 (Ang 1–7), which binds to the receptor MAS and leads to vasodilation. 
Moreover, Ang II binds to Ang II type 2 receptor (AT2R) and induces vasodilation
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HNF1α, HNF1β, and HNF4α Hepatocyte nuclear factor 
1α (HNF1α) and hepatocyte nuclear factor 1β (HNF1β) 
gene mutations are highly associated with human matu-
rity-onset diabetes of the young (MODY) patients [32]. 
Interestingly, the ACE2 gene is one of the HNF1β target 
genes [33]. ACE2 plays a critical role in maintaining nor-
mal blood glucose levels and β-cell function [34]. Over-
expression of either HNF1α or HNF1β induces ACE2 
mRNA levels in mouse pancreatic islet cells and rat insu-
linoma cells [34]. Both HNF1α or HNF1β bind to the − 346 

to − 330  bp (5′-GTA TCT TTA ACA GCTTT-3′), − 329 
to − 312  bp (5′-CTA GGA AAA TAT TAA CCA -3′), and 
− 259 to − 242  bp (5′-AGG ATT AAA GAA TAA CGT -3′) 
regions upstream of the ACE2 gene transcriptional start 
site (Fig. 2, Table 1), resulting in the induction of ACE2 
transcription in mouse islet cells and rat insulinoma cells 
[34]. Moreover, HNF1α and HNF1β bind to the − 818 to 
− 812  bp region of the ACE2 promoter (Fig.  2, Table  1) 
and promote ACE2 transcription in human HEK293 
embryonic kidney cells [33]. These findings suggest that 

Fig. 2 Binding regions of the identified transcription factors in the ACE2 promoter. The numbering of the human and mouse ACE2 promoters 
are based on Ensembl genome browser (human: ENST00000252519.8; mouse: ENSMUSG00000015405). The numbering for SIRT1 binding sites 
of the ACE2 promoter are based on UCSC Genome Browser. GATA6: − 351 to − 335, and − 408 to − 403. Ikaros: − 525 to − 519. HNF1α/HNF1β: − 259 
to − 242, − 329 to − 312, − 346 to − 330, and − 921 to − 915. STAT3: − 2031 to − 2021. HNF4α: − 5533 to − 5520 and − 7436 to − 7423. SIRT1: − 15,794 
to − 15,656, − 15,621 to − 15,521, and − 15,607 to − 15,505. Brg1: − 4089 to − 4001, − 2734 to − 2566, and − 1210 to 1074

Table 1 The identified transcription factors for the human ACE2 promoter

The numbering of the human ACE2 promoter is based on Ensembl genome browser (ID: ENST00000252519.8)

Transcription factors Binding regions Sequence Ref.

GATA6 − 408 to − 403 TTA TCT [36]

− 351 to − 341 TCC GTG TATCT 

Ikaros − 525 to − 519 ATT TGG A [30]

HNF1α/HNF1β − 346 to − 330 GTA TCT TTA ACA GCTTT [34]

− 329 to − 312 CTA GGA AAA TAT TAA CCA 

− 259 to − 242 AGG ATT AAA GAA TAA CGT 

− 921 to − 915 AGT CAT A [33]

STAT3 − 2031 to − 2021 TTC AAC CTTTT [37]

HNF4α − 7436 to − 7423 GTG ATC TTT GAC TC [35]

− 5533 to − 5520 ATG TAC TTT GCT CT

SIRT1 − 15,794 to − 15,656 CCC TCC AGA GAC GCA GAT TAC ACA ACA TCC TTC AGT AGT CTG CGT CAA TGT TTC AAA CTG TGA AGT GAT TCT 
CCC TGA AGA CTA AAC ATG AGG TTT CAC TGT GTT CTT TCA GTA CAT TTC CTC CTG TTC TTT TCT TGC A

[49]

− 15,621 to − 15,521 TGA CGT CAA CAA ATT TCA AGG CAA AAG TAC TCT GTC ATT TTC ATC TAT TTT TTA AAA TGA TAA TTA TTT TCT 
TCT TTA ATA ACC TTA CTA GCT CTT CGGAA 

− 15,607 to − 15,505 TTC AAG GCA AAA GTA CTC TGT CAT TTT CAT CTA TTT TTT AAA ATG ATA ATT ATT TTC TTC TTT AAT AAC CTT ACT 
AGC TCT TCG GAA CCT TTA CCA CAT CCC A
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agonists of HNF1α or HNF1β may be potential targets for 
MODY by inducing ACE2 levels in pancreatic islet cells. 
In addition, HNF4α binds to the − 6283 to − 6261 bp (5′-
GTG ATC TTT GAC TC-3′) and − 4380 to − 4358  bp (5′-
ATG TAC TTT GCT CT-3′) regions of the ACE2 promoter 
[35] (Fig. 2, Table 1). HNF4α and ACE2 mRNA levels are 
simultaneously decreased by treatment of the calcineurin 
inhibitor cyclosporine in human HepG2 cells [35], sup-
porting that HNF4α positively regulates ACE2 transcrip-
tion.

GATA‑binding protein 6 (GATA6) GATA -binding pro-
tein 6 (GATA6) belongs to a zinc-finger transcription fac-
tor family. Genome-wide CRISPR gene knockout screen-
ing analysis shows that ACE2 and GATA6 are strongly 
involved in SARS-CoV-2 infection of human Calu-3 lung 
epithelial cells [36]. Nasopharyngeal-swab samples from 
COVID-19 patients and SARS-CoV-2-infected Calu-3 
epithelial cells display increased GATA6 mRNA levels 
[36]. GATA6 knockout Calu-3 epithelial cells are resist-
ant to SARS-CoV-2 infection and infection-induced cell 
death [36]. Moreover, ACE2 mRNA and protein levels 
are decreased in GATA6 knockout Calu-3 epithelial cells, 
suggesting that GATA6 induces ACE2 transcription [36]. 
GATA6 binds to − 408 to − 403 (5′-TTA TCT -3′) and − 351 
to − 341 bp (5′-TCC GTG TATCT-3′) regions upstream of 
the ACE2 gene transcription start site (Fig.  2, Table  1), 
promoting ACE2 transcription in lung epithelial cells [36]. 
These results suggest that SARS-CoV-2 enhances ACE2 
transcription by inducing GATA6 in human lung epithe-
lial cells, leading to severe SARS-CoV-2 infection [36].

Signal transducer and  activator of  transcription 3 
(STAT3) Tyr705 phosphorylation (activation) signals of 
signal transducer and activator of transcription 3 (SATA3) 
are positively correlated with the protein levels of ACE2 
in lung tissues from human patients with pulmonary 
chronic inflammation or lung cancer [37]. STAT3 binds to 
the ACE2 − 2031 to − 2021  bp (5′-TTC AAC CTTTT-3′) 
region in the ACE2 promoter (Fig.  2, Table  1), promot-
ing the ACE2 transcription in human 16HBE bronchial 
epithelial cells [37]. Conversely, ACE2 mRNA and pro-
tein levels are decreased by STAT3 siRNA knockdown 
in human 16HBE epithelial cells [37]. Inhibition of IL-6 
using a small-molecule compound, 6-O-angeloylplenolin, 
decreases phospho-STAT3 (Tyr705) levels and ACE2 lev-
els in human 16HBE epithelial cells and human Beas-2B 
bronchial epithelial cells [37]. Moreover, STAT3 activa-
tion and ACE2 levels in lung tissues of mice are inhibited 
by 6-O-angeloylplenolin treatment [37]. Besides chronic 
inflammatory lung tissues, ACE2 protein levels are also 
increased in synovial tissues of human rheumatoid arthri-

tis patients [38]. IL-6 treatment enhances ACE2 mRNA 
levels in primary human fibroblast-like synoviocytes [38]; 
the IL-6-enhanced ACE2 levels are suppressed by STAT3 
siRNA knockdown [38]. These findings suggest that IL-6 
promotes ACE2 transcription through STAT3 in inflam-
matory diseases.

Silent information regulator T1 (SIRT1) Silent informa-
tion regulator T1 (SIRT1), a histone deacetylase, is required 
for aging, cellular senescence, and energy homeostasis [39, 
40]. The AMP-activated protein kinase (AMPK) is a ser-
ine/threonine kinase that is activated under energy stress 
(high AMP to ATP ratio) [41, 42]. The target molecules 
of AMPK and SIRT1 are highly overlapped [43]. Overex-
pression of SIRT1 stimulates AMPK phosphorylation and 
activation [44, 45]. AMPK reciprocally activates SIRT1 
[46–48]. ACE2 mRNA levels and SIRT1 protein levels 
are upregulated by the AMP analogue AICAR (5-amino-
4-imidazolecarboxamide riboside, AMPK activator) in 
human Huh7 hepatoma cells [49]. AICAR induces the 
binding of SIRT1 to the − 15,794 to − 15,656 bp, − 15,621 
to − 15,521 bp, and − 15,607 to − 15,505 bp regions in the 
ACE2 promoter (Fig. 2, Table 1), enhancing ACE2 tran-
scription in the Huh7 hepatoma cells [49]. The data sug-
gest that ACE2 transcription may be upregulated through 
the SIRT/AMPK axis.

Histone 3 Histone post-translational modifications 
include acetylation and methylation. Acetylated histone 3 
(H3-ac) facilitates DNA dynamics and organization [50, 
51]. After feeding high cholesterol diet (HCD), H3-ac and 
ACE2 protein levels are modestly decreased in the heart 
tissue of New Zealand white rabbits [52]. In contrast, 
H3-ac levels and ACE2 mRNA levels are significantly 
increased by the cholesterol lowering medicine atorvasta-
tin in the heart tissue of HCD-fed rabbits [52]. Atorvasta-
tin stimulates the binding of H3-ac to the ACE2 promoter 
[52]. The mitigation of atherosclerosis by atorvastatin may 
be due to the enhancement of ACE2 levels. It would be 
interesting to study whether the enhancement of ACE2 
transcription is mediated by the atorvastatin-induced 
H3-ac binding.

Besides histone acetylation, histone methylation also 
regulates gene transcription [53]. ChIP data from Road-
map Epigenomics Project database show that mono-
methylated histone 3 lysine 4 (H3K4me1), trimethylated 
histone 3 lysine 4 (H3K4me3), and monoacetylated his-
tone 3 lysine 27 (H3K27ac) bind to the ACE2 locus in the 
human lung tissue [53]. These findings suggest that epi-
genetical regulation controls ACE2 levels in human lung 
tissues [53].
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Dual specificity tyrosine phosphorylation regulated kinase 
1A (DYRK1A) Dual specificity tyrosine phosphorylation 
regulated kinase 1A (DYRK1A) modulates cell cycle pro-
gression and downregulates neurological development 
[54, 55]. An extra copy of DYRK1A gene leads to Down 
syndrome, which shows delayed neurological develop-
ment [56, 57]. Down syndrome patients show high suscep-
tibility to SARS-CoV-2 virus infection and high hospitali-
zation/death rates [58–61]. DYRK1A knockout decreases 
ACE2 mRNA and protein levels, leading to attenuation 
of SARS-CoV-2 infection in monkey Vero E6 kidney cells 
[62]. Interestingly, both wild-type DYRK1A and kinase-
dead mutant increase ACE2 levels in Vero E6 cells, sug-
gesting that DYRK1A-mediated ACE2 upregulation is 
independent of DYRK1A kinase activity [62]. In contrast, 
ACE2 levels are decreased by a DYRK1A nuclear-location 
mutation, indicating that ACE2 levels are induced by the 
nuclear DYRK1 [62]. ATAC-sequencing data show that 
DYRK1A promotes chromatin accessibility of the ACE2 
promoter and distal enhancer [62]. These results indicate 
that DYRK1A increases ACE2 mRNA levels by promoting 
chromatin accessibility, leading to enhancement of SARS-
CoV-2 infection [62].

Interferons (IFNs): INF‑α, IFN‑β, and IFN‑γ Interferons 
(IFNs) are cytokines that are induced during viral infec-
tion. IFNs promote the expression of interferon-stimu-
lated genes, which are required for antiviral response [63]. 
RNA sequencing analysis using nasal airway epithelial 
cells shows that ACE2 mRNA levels are positively cor-
related with cytotoxic immune responses and interferon 
signaling during respiratory virus infection [64]. ACE2 
gene expression is induced in the human nasal epithelia 
and lung tissues after influenza A virus infection [65]. Sin-
gle-cell RNA sequencing (scRNA-seq) data derived from 
healthy lung tissues of primates show that ACE2 tran-
scripts co-exist with IFN-α receptor 1 and IFN-γ recep-
tor 2 in type II pneumocytes [65]. ACE2 mRNA levels are 
increased in IFN-β-stimulated human primary bronchial 
epithelial cells [8, 66]. Moreover, ACE2 mRNA levels are 
induced by IFN-α2 and IFN-γ in human Beas-2B bron-
chial epithelial cells and primary nasal epithelial cells [65]. 
Interestingly, scRNA-seq data show that ACE2 transcripts 
are correlated with the interferon-stimulated gene STAT1 
transcripts in murine tracheal epithelium, human BEAS-
2B bronchial cells, and human primary nasal epithelial 
cells [65]. Furthermore, chromatin-IP sequencing data 
show that the ACE2 promoter contains two STAT1/3-
binding regions in human cells [65, 67–69]. These results 
suggest that IFN-α2, IFN-β, and IFN-γ induce ACE2 tran-
scription through STAT1 in virus-infected airway epithe-
lial cells.

SMAD4, EP300, PIAS1, and  BAMBI Genome-wide 
CRISPR gene knockout screening analysis shows that sup-
pressor of mothers against decapentaplegic family mem-
ber 4 (SMAD4), E1A binding protein P300 (EP300), pro-
tein inhibitor of activated STAT1 (PIAS1), and BMP and 
activin membrane bound inhibitor (BAMBI) positively 
regulate ACE2 mRNA levels in human Huh7 hepatocytes. 
In contrast, lysine demethylase 6A (KDM6A) and glyco-
sylphosphatidylinositol anchor attachment 1 (GPAA1) 
decrease ACE2 protein levels in Huh7 hepatocytes [70]. 
However, whether ACE2 mRNA levels are inhibited by 
KDM6A or GPAA1 is unclear.

Downregulation of ACE2 transcription
Brg1‑FoxM1 complex ACE2 mRNA levels are decreased 
in the heart tissues of transaortic constriction (TAC)-
induced heart failure mice [71]. In contrast, mRNA and 
protein levels of both brahma-related gene-1 (Brg1, also 
named SMARCA4) and forkhead box M1 (FoxM1) are 
upregulated in TAC treated-mouse cardiomyocytes and 
endothelial cells [71]. Brg1 is a chromatin-remodeling 
ATPase; FoxM1 is a transcription factor. The upregu-
lation of Brg1 is positively correlated with the disease 
development of human hypertrophic cardiomyopathy 
[72]; conversely, the cardiac hypertrophy is reduced in 
Brg1-deficient mice [71]. TAC-reduced ACE2 protein 
levels in the mouse heart endothelial cells are recovered 
by Brg1 deficiency or FoxM1 inhibition [71]. Chroma-
tin immunoprecipitation (ChIP) data show that Brg1-
binding sites are located in the mouse ACE2 promoter at 
− 4089 to − 4001 bp, − 2734 to − 2566 bp, and − 1210 to 
1074 bp, which are highly homologous to human and rat 
[71]. Overexpression of Brg1 in mouse cardiac endothe-
lial cells causes a reduction of ACE2 promoter activity 
[71]. Results of co-immunoprecipitation and proximity 
ligation assay indicate that Brg1 protein and FoxM1 pro-
tein form a complex, which controls ACE2 transcription 
in mouse cardiac endothelial cells [71]. FoxM1 induces 
Brg1-mediated ACE2 transcriptional downregulation 
[71]. These results indicate that the Brg1-FoxM1 protein 
complex binds to the ACE2 promoter, leading to inhibi-
tion of ACE2 transcription [71].

Estrogen‑related receptor α (ERRα) The transcription 
factor, estrogen-related receptor α (ERRα, also named 
NR3B1) belongs to the nuclear receptor superfamily. 
ERRα protein is expressed in the human heart, liver, kid-
ney, and brown adipose tissues [73]. ERRα binds to the 
ACE2 promoter, inhibiting ACE2 transcription in the 
kidney of C57/Bl6 mice [74]. ACE2 levels are increased 
in ERRα KO mice during the dark phase of the zeitgeber 
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time compared to wild-type (WT) mice, leading to lower 
kidney blood pressure [74]. These results suggest that 
ERRα suppresses ACE2 transcription by binding to the 
ACE2 promoter, leading to higher blood pressure in the 
kidney [74].

Zeste homologue 2 (EZH2) Histone methylation controls 
gene expression levels by promoting [53] or suppressing 
[75, 76] transcription. Zeste homologue 2 (EZH2) is a di/
trimethylase that methylates histone 3, resulting trimeth-
ylation of histone 3 on lysine 27 (H3K27me3), a marker 
for repressed enhancer [76]. ACE2 mRNA levels are 
induced by H3K27 mutation or EZH2 knockout in mouse 
embryonic stem cells [77]. Moreover, ChIP-seq data show 
that the binding of H3K27me3 to the ACE2 promoter is 
reduced by EZH2 knockout in mouse or human ESCs 
[77]. In contrast, EZH2 knockout increases the binding 
of monoacetylated histone 3 on lysine 27 (H3K27ac), 
a marker for active enhancer, to the ACE2 promoter 
in human ESCs [77]. These results indicate that EZH2 
induces H3K27me3 binding to the ACE2 promoter, lead-
ing to downregulation of ACE2 gene expression [77].

Downregulation of ACE2 mRNA by miRNAs
miR‑125b Hyperglycemia of type 1 or type 2 diabetes 
patients induces renal tubular injury, leading to diabetic 
nephropathy in the late stage of diabetic renal disease 
[78]. ACE2 mRNA and protein levels are decreased in 
the kidney of human type 1 or type 2 diabetes patients 
[21]; decreased ACE2 levels are correlated with severity 
of diabetic nephropathy [79]. Enhancement of ACE2 lev-
els attenuates diabetic nephropathy [80]. There are sev-
eral microRNA-binding sites in the 3′-UTR of ACE2 [79, 
81]. High glucose exposure increases microRNA 125b 
(miR-125b) levels in human HK2 kidney tubular epithelial 
cells [79]. Conversely, ACE2 protein levels are decreased 
in high glucose-treated human HK2 epithelial cells [79]. 
miR-125b binds to the 283 to 289  bp (5′-ucaggga-3′) 
region in the ACE2 3′-UTR, leading to reduction of ACE2 

mRNA stability in HK2 epithelial cells under high-glucose 
condition [79] (Fig. 3). The high-glucose-decreased ACE2 
levels in human HK2 epithelial cells are recovered by inhi-
bition of miR-125b using anti-miR oligonucleotides [79]. 
Moreover, overexpression of miR-125b induces reactive 
oxygen species (ROS) formation and apoptosis response 
in human HK-2 epithelial cells under normal glucose con-
dition [79]. Conversely, high-glucose-induced ROS forma-
tion and apoptosis response are obliterated by miR-125b 
knockout [79]. Deletion of miR-125b target site in the 
ACE2 3′-UTR blocks the induction of ROS formation and 
apoptosis response in high glucose-treated HK2 epithelial 
cells [79]. These findings suggest that high-concentration 
glucose causes ACE2 downregulation by miR-125b, lead-
ing to enhancement of cell apoptosis in kidney tubular 
epithelial cells [79]. Thus, inhibition of miR-125b may be 
a potential therapeutic strategy for diabetic nephropathy.

miR‑200c‑3p ACE2 levels are reduced in H5N1 influ-
enza virus-infected human A549 lung adenocarcinoma 
cells and patients with pathogen-induced acute respira-
tory distress syndrome or acute lung injury [82]. ACE2 
deficiency increases the lung injury in the H7N9 influenza 
virus-infected mice [83]. The expression levels of miR-
200c-3p (microRNA 200c from the 3′ end of precursor 
microRNA hairpin) are induced by H5N1 influenza virus 
infection in A549 cells [82]. The H5N1 influenza virus-
stimulated miR-200c-3p induction is blocked by NF-κB 
inhibition [82]. Overexpression of miR-200c-3p-mim-
icking miRNA downregulates the reporter activity of the 
ACE2 3′-UTR [82]. Deletion of the miR-200c-3p binding 
site in the ACE2 3′-UTR (165 to 186 bp, 5′-auugacauugc-
uuucaguauuu-3′) results in the enhancement of ACE2 
3′-UTR reporter activity [82] (Fig. 3). Collectively, NF-κB-
induced miR-200c-3p binds to the ACE2 3′-UTR and 
inhibits ACE2 mRNA stability in influenza virus-infected 
lung cells. Furthermore, inhibition of miR-200c-3p by 
antagomiRNA results in enhancement of ACE2 levels in 
the lung tissues of H5N1-infected mice, protecting them 

Fig. 3 Binding regions of the identified miRNAs in the ACE2 3′‑UTR. The numbering of the human ACE2 3′‑UTR is based on NCBI nucleotide 
database (NM_001371415). miR‑200c‑3p: 165 to 186. miR‑125b: 283 to 289. miR‑421: 300 to 314. miR‑483‑3p putative binding site: 734 to 739. The 
miRNA‑targeted sequences of the ACE2 3′‑UTR are showed at the bottom
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from virus-induced mortality [82]. Thus, miR-200c-3p 
may be a potential therapeutic target for human virus-
induced pneumonia [82].

miR‑421 The ACE2 3′-UTR contains a target site (300 bp 
to 314  bp, 5′-guaaaugucuguuga-3′) of microRNA 421 
(miR-421) (Fig. 3). Overexpression of miR-421 decreases 
the reporter activity of ACE2 3′-UTR by 30% in human 
Huh7 hepatoma cells [81]. Moreover, miR-421 overex-
pression results in a 30% decrease of ACE2 protein levels 
in human primary cardiac myofibroblasts [81]. Mutation 
of miR-421 binding site within the ACE2 3′-UTR reverses 
ACE2 protein levels in Huh7 cells [81]. These results sug-
gest that miR-421 is also a miRNA that downregulates 
ACE2 levels [81].

miR‑483‑3p microRNA library screening using rat aor-
tic smooth muscle cells (RASMC), human aortic smooth 
muscle cells (HASMC), mouse atrial cardiomyocytes, and 
human HEK293 embryonic kidney cells reveals 22 vascu-
lar smooth muscle cell (VSMC)-enriched miRNAs that 
are regulated by Ang II treatment [84]. Among these 22 
microRNAs, miR-483-3p (microRNA 483 from the 3′ end 
of precursor microRNA hairpin) may target and inhibit 
the 3′-UTR of four Rennin-angiotensin system (RAS) 
components, including angiotensinogen (AGT), ACE1, 
ACE2, and the Ang II type 2 receptor (AT2R) [84]. Over-
expression of miR-483-3p inhibits the protein levels of 
AGT and ACE1 in RASMC cells [84]. The ACE2 3′-UTR 
contains a putative binding element (734  bp to 739  bp, 
5′-ggagug-3′) for miR-483-3p [84] (Fig.  3); however, the 
direct effect of miR-483-3p on ACE2 or AT2R protein lev-
els has not been demonstrated. As miR483-3p may down-
regulate ACE2 and AT2R levels, miR-483-3p would not be 
a therapeutic target for cardiovascular diseases due to the 
opposing functions of AGT/ACE1 versus ACE2/AT2R.

Other activators of ACE2 mRNA levels
Apelin Apelin (also known as APLN) is an endogenous 
peptide that interacts with the G-protein-coupled apelin 
receptor (APLNR, also called APJ), which is a homolog of 
the Ang II type 1 receptor (AT1R) [85]. ACE2 mRNA lev-
els are decreased in the heart tissues of heart failure mice 
[71]. Active apelin enhances ACE2 transcription in apelin 
receptor (APJ)-overexpressing cardiomyocytes [85]. In 
contrast, apelin knockout mice display decreased ACE2 
levels in the heart tissues and develop severe heart failure 
[85]. The decrease of ACE2 levels in apelin-deficient heart 
tissues is rescued by treatment of the AT1R blocker losar-
tan [85]. Furthermore, transaortic constriction-induced 
cardiac hypertrophy in mice is attenuated by treatment of 
active apelin [85]; the symptoms attenuated by apelin may 
be due to its induction of ACE2 levels.

Elabela (ELA) Elabela (ELA) is an endogenous peptide 
ligand of apelin receptor (APJ). ELA decreases FoxM1 
mRNA levels in the heart tissues of transaortic constricted 
mice [86, 87]. FoxM1 forms a repressor complex with Brg1 
and inhibits ACE2 transcription [71]. Treatment of ELA 
alleviates transaortic constriction surgery-induced heart 
failure and attenuates Ang II-induced cardiac hypertro-
phy in mice [86]. Ang II treatment inhibits ACE2 mRNA 
levels in rat aortic fibroblast; the Ang II-induced ACE2 
mRNA levels are restored by treatment with either ELA or 
FGF21 [88]. The mechanism of ELA or FGF21-enhanced 
ACE2 mRNA levels in aortic fibroblasts remains unclear.

Interleukin 1β (IL‑1β) Interleukin 1β (IL-1β) is a mac-
rophage-secreted proinflammatory cytokine that belongs 
to the interleukin 1 (IL-1) family. IL-1 induction is posi-
tively correlated with cartilage degradation [89]. ACE2 
cleaves Ang II into angiotensin 1–7 (Ang-(1–7)), which 
improves glucose metabolism [90]. ACE2 overexpression 
in human A549 lung adenocarcinoma cells attenuates 
metastasis to the lungs and the liver of recipient mice [91]. 
IL-1β treatment increases mRNA levels of ACE2 and MAS 
(the Ang-(1–7) receptor) in human U-2 OS and MNNG-
HOS osteosarcoma cells [92]. Moreover, IL-1β treatment 
inhibits the proliferation and migration of U-2 OS cells 
and MNNG-HOS cells [92]. Taken together, IL-1β may 
inhibit osteosarcoma migration through enhancement of 
ACE2 levels.

Chitinase 3‑like‑1 (CHI3L1) Chitinase 3-like-1 
(CHI3L1), a member of the glycosyl hydrolase 18 family, 
is secreted by activated macrophages, neutrophils, chon-
drocytes, and synovial cells. CHI3L1 is highly expressed 
in the lung tissues of patients with aging, cardiovascular 
disease, and chronic lung disease [93–100]. Moreover, 
circulating CHI3L1 levels are induced in aging, hyper-
tension, and severe COVID-19 [10]. CHI3L1 transgene 
induces ACE protein levels in the lung tissues of CH3IL1 
transgenic mice; CHI3L1 recombinant protein stimulates 
ACE2 mRNA levels in human Calu3 lung epithelial cells 
[10]. The CH3IL1-induced ACE2 facilitates infection of 
SARS-CoV-2 pseudovirus into Calu-3 lung epithelial cells 
[10]. Conversely, inhibition of CH3IL1 by monoclonal 
antibody or the small-molecule inhibitor kasugamycin 
blocks CH3IL1-induced ACE2 mRNA levels in vitro and 
in vivo [10]. These findings suggest that CH3IL1 mono-
clonal antibody and small-molecule inhibitors may be 
potential therapeutics for ACE2-mediated diseases.

Other inhibitors of ACE2 mRNA levels
Nuclear factor erythroid 2‑related factor 2 (Nrf2) Nuclear 
factor erythroid 2-related factor 2 (Nrf2) is a transcrip-
tion factor that belongs to the basic leucine-zipper protein 
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family. ACE2 mRNA and protein levels are decreased in 
renal proximal tubular cells (RPTCs) of aged type 1 dia-
betes mice [24]. Treatment of high-concentration glucose 
increases Nrf2 protein levels in rat RPTCs, whereas ACE2 
transcription is reduced in the high-glucose-treated 
RPTCs [24]. The high-glucose-reduced ACE2 protein 
activity and ACE2 mRNA levels in rat RPTCs are restored 
by either Nrf2 siRNA knockdown or Nrf2 inhibitor [24]. 
The decreased ACE2 mRNA and protein levels in RPTCs 
of type 1 diabetes mice are reversed by Nrf2 knockout; 
nephropathy in the symptomatic mice is also attenuated 
by Nrf2 knockout [24]. These findings suggest that the 
enhancement of ACE2 by Nrf2 inhibitor may be a thera-
peutic strategy for diabetic nephropathy.

miR‑143 miR-143 levels are increased in the aortas of 
spontaneously hypertensive rats (SHRs), whereas ACE2 
mRNA and protein levels are decreased [101]. ACE2 
activity and protein levels are elevated by exercise training 
in the heart of normotensive rats [102]. Moreover, ACE2 
mRNA and protein levels are increased in the aortas of 
SHRs after exercise training [101]. In contrast, miR-143 
levels are decreased by exercise training in the heart of 
normotensive rats and in the aorta of SHRs [101, 102]. 
Exercise training mitigates aortic remodeling in SHRs 
[101]. These findings suggest that the induction ACE2 lev-
els by exercise training could be a non-pharmacological 
regimen to prevent hypertension.

Ang II type 1 receptor (AT1R) ACE2 mRNA and protein 
levels are decreased in the heart of hypertensive cardiopa-
thy patients and the kidney of hypertensive nephropathy 
patients [103]. Ang II type 1 receptor (AT1R) mediates 
the vasoconstriction in the rennin-angiotensin system 
(RAS). Ang II decreases ACE2 mRNA and protein levels 
in the human HK2 kidney tubular epithelial cells [103]. 
Inhibition of AT1R by the antagonist losartan rescues the 
Ang II-mediated ACE2 reduction in human HK2 cells 
[103]. Moreover, the Ang II-decreased ACE2 levels are 
recovered by the p38 inhibitor SB203580 and the ERK1/2 
inhibitor PD98059 [103]. These findings show that the 
Ang II-AT1R axis decreases ACE2 levels through AT1R in 
human kidney epithelial cells.

Interleukin 13 (IL‑13) ACE2 expression is downregu-
lated by the Th2 cytokine interleukin 13 (IL-13) [64, 66, 
104]. IL-13 is induced in allergic diseases such as aller-
gic rhinitis and type 2 asthma [105]. The weighted gene 
co-expression network analysis shows that ACE2 gene 
expression is inversely correlated with allergic asthma in 
children [64]. Single cell RNA sequencing (scRNA-seq) 
analysis shows that ACE2 mRNA levels are decreased in 
the IL-13-stimulated tracheal airway basal epithelial cells 

and intermediate secretory cells of asthma patients [64]. 
IL-13 stimulation decreases ACE2 mRNA and protein 
levels in human primary airway epithelial cells derived 
from asthma patients [64, 104]. These results indicate that 
ACE2 gene expression is reduced by IL-13 signaling in 
human airway epithelial cells [64].

Transforming growth factor‑β (TGF‑β) Hyperglycaemia-
induced overexpression of transforming growth factor-β 
(TGF-β) overproduction in the renal tissues contributes to 
the pathogenesis of diabetic nephropathy [106]. Diabetic 
nephropathy patients show a decrease of ACE2 mRNA/
protein levels in the glomerular and renal tubular cells 
[107]. ACE2 mRNA and protein levels are decreased by 
TGF-β treatment in rat NRK-52E renal proximal tubular 
cells [108]. Pre-treatment of the TGF-β receptor inhibi-
tor SB431542 restores the high-glucose-inhibited ACE2 
mRNA levels in rat NRK-52E cells [108]. These findings 
show that TGF-β signaling inhibits ACE2 gene expression 
in renal tubular cells.

Estrogen Statistics analysis shows that the intensive care 
rate and death rate for female COVID-19 patients are 
lower than those of male COVID-19 patients [109, 110]. 
Estrogen treatment decreases ACE2 mRNA levels in nor-
mal human bronchial epithelial cells [12]. ACE2 mRNA 
levels, protein levels, and enzyme activity are higher in 
the kidneys of male mice than those of female mice [11]. 
In addition, the estrogen 17β-estradiol (E2) reduces renal 
ACE2 enzyme activity in the sex-chromosome-independ-
ent manner in gonadectomized mice [11]. These findings 
show that ACE2 levels and activity in lungs or kidneys 
are inhibited by estrogen. In contrast, estrogen treatment 
increases ACE2 mRNA and protein levels in the human 
atrial tissues [111]. Thus, the effects of estrogen on ACE2 
levels may be tissue-specific.

Myc‑interacting zinc finger protein‑1 (Miz1) Myc-inter-
acting zinc finger protein-1 (Miz1, also named ZBTB17) 
protein levels are decreased in the lung epithelial cells 
of patients with severe chronic obstructive pulmonary 
disease. Miz1 is a transcriptional repressor that inhibits 
IL-6 and IL-1β transcription [112, 113]. Moreover, ACE2 
mRNA levels are increased in MIZ1-deficient mice [113]. 
IL-6/STAT3 signaling upregulates ACE2 transcription 
[37, 38]. IL-1β signaling leads to the enhancement of 
ACE2 levels [66, 92]. These findings suggest that Miz1 
may decrease ACE2 levels by inhibiting IL-6 and IL-1β 
signaling in lung epithelial cells.

Hypoxia‑inducible factor‑1α (HIF‑1α) Hypoxia-induc-
ible factor-1α (HIF-1α) is a transcription factor that 
is induced under hypoxia [114, 115]. Chronic hypoxia 
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contributes to hypoxic pulmonary hypertension [114]. 
ACE2 downregulation is associated with human pulmo-
nary arterial pressure [116]. Overexpression of HIF-1α 
decreases ACE2 protein levels in human pulmonary artery 
smooth muscle cells (hPAMCs) under normoxia [114]. 
The hypoxia-stimulated ACE2 protein levels in hPASMCs 
are further enhanced by HIF-1α siRNA knockdown [114]. 
These findings indicate that ACE2 gene expression is 
inhibited by HIF-1α [114].

Tumor necrosis factor‑α (TNF‑α) Meta analysis shows 
that ACE2 mRNA levels are decreased in the small bowel 
of Crohn’s disease (CD) patients and increased in the colon 
tissues of ulcerative colitis (UC) patients [117]. ACE2 
mRNA levels are restored in the ileum of CD patients by 
anti-tumor necrosis factor-α (TNF-α) antibody therapy 
[117]. In contrast, ACE2 mRNA levels are decreased in 
the colon of UC patients after anti-TNF-α antibody treat-
ment [117]. These results suggest that ACE2 mRNA levels 
may be decreased by TNF-α signaling in the ileum of CD 
parents, but increased by TNF-α signaling in the colon of 
UC patients.

Transcriptional regulation of ACE2 mRNA isoforms
RNA sequencing database analysis shows that the trun-
cated ACE2 isoform is detected in human primary nasal 
epithelial cells, bladder cancer cells, and Sendai virus-
infected human cancer cells [118, 119]. The truncated 
ACE2 isoform is initiated from the novel first exon in 
intron 9 of the full-length ACE2 transcript [118, 119]. 
This truncated ACE2 transcript encodes a 459 a.a. ACE2 
protein (residues #347 to 805) with a molecular weight of 
52  kDa [118, 119]. Analysis of UCSC Genome Browser 
database shows that the truncated ACE2 isoform only 
exits in primates among 100 vertebrate species [118]. 
The mRNA levels of the truncated ACE2 are lower than 
full-length ACE2 in multiple human organs; in contrast, 
the mRNA levels of the truncated ACE2 are higher than 
full-length ACE2 only in human kidneys [119]. IFN-β 
or IFN-γ signaling stimulates the promoter activity 
of the truncated ACE2 transcription, but not the full-
length ACE2 transcription in human HepG2 hepatoma 
cells [118]. The promoter region of the truncated ACE2 
isoform contains two STAT-binding elements (− 44 
to − 34 bp and − 33 to − 22 bp) that are responsible for 
IFN-β or IFN-γ-stimulated transcription [118]. Simi-
larly, mRNA levels of the truncated ACE2 isoform are 
increased by the treatment of IFN-α or IFN-λ3 in human 
primary bronchial epithelial cells; the mRNA levels are 
also increased by IFN-β or IFN-λ1-3 in human colon or 
ileum organoid [118]. Moreover, the truncated ACE2 
mRNA levels in human primary airway epithelial cells 
are induced by infection of rhinovirus or H3N2 influenza 

virus, which also induces gene expression of IFNs and 
IFN-stimulated genes [118]. Interestingly, SARS-CoV-2 
infection enhances the mRNA levels of the truncated 
ACE2 isoform in human colon cancer cell lines or pri-
mary bronchial epithelial cells [118, 119]. Notably, the 
truncated ACE2 protein loses both its SARS-CoV-2 spike 
(S) protein-binding activity and carboxypeptidase activ-
ity [118]. Collectively, the truncated ACE2 isoform may 
not regulate the cell entry of SARS-CoV-2. The role of 
SARS-CoV-2-induced the truncated ACE2 isoform in the 
COVID-19 pathogenesis needs to be further investigated.

Post‑translational modification and regulation 
of ACE2 protein in chronic disease
Phosphorylation
AMP‑activated protein kinase (AMPK)
Endothelial dysfunction and pulmonary arterial pres-
sure (PAP) contribute to pulmonary hypertension, which 
is associated with heart failure [116]. The ACE2-medi-
ated renin-angiotensin system (RAS) in endothelial cells 
controls vasodilation, antifibrosis, and antihypertro-
phy [120], leading to the protection against pulmonary 
hypertension [116]. ACE2 levels are inversely correlated 
with human PAP levels [116]. Administration of recom-
binant ACE2 mitigates symptoms of pulmonary hyper-
tension mice [116], suggesting that ACE2 induction is a 
therapeutic approach for human pulmonary hyperten-
sion. The ACE2 protein is phosphorylated by the serine/
threonine kinase AMPK, resulting in the enhancement 
of ACE2 protein levels [116]. Human ACE2 Ser680 is a 
highly conserved residue in human, mouse, rat, and rab-
bit ACE2 proteins. AMPK phosphorylates human ACE2 
at Ser680 residue (Fig. 4), leading to inhibition of ACE2 
Lys48-linked ubiquitination and prevention of ACE2 
proteasomal degradation [116]. ACE2 protein levels are 
increased by ACE2 (S680D) phosphomimetic mutation, 
but decreased by ACE2 (S680A) phospho-deficient muta-
tion [116]. Moreover, ACE2 (S680D) phosphomimetic 
mutation-knockin mice display high ACE2 protein lev-
els in lung tissues; the knockin mice are resistant to the 
induction of pulmonary hypertension [116]. Consistently, 
ACE2 Ser680 phosphorylation and AMPK activation are 
reduced in the lung tissues of patients with idiopathic 
pulmonary arterial hypertension (IPAH) patients [116]. 
In addition, AMPK levels are induced by overexpression 
of the deacetylase SIRT6 [121]. SIRT6 overexpression 
results in AMPK activation and ACE2 induction in myo-
cardial cells of hypertensive rats [122]. These results sug-
gest that AMPK-mediated ACE2 phosphorylation and 
subsequent ACE2 protein stabilization prevent the lung 
or heart damage in pulmonary hypertension and heart 
failure.
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Ubiquitination
Mouse double minute 2 homolog (MDM2)
The E3 ligase, mouse double minute 2 homolog (MDM2, 
also known as HDM2) is an oncogene that induces ubiq-
uitination and degradation of the p53 tumor suppressor 
protein [123, 124]. MDM2 mRNA and protein levels are 
increased in the lung tissues and artery endothelial cells 
from pulmonary arterial hypertension (PAH) patients 
[125]. In contrast, ACE2 protein levels are decreased in 
the lung tissue and artery endothelial cells from PAH 
patients [125]. MDM2 induces ACE2 ubiquitination at 
Lys788 residue (Fig.  4), leading to the proteasomal deg-
radation of ACE2 protein [125]. Inhibition of MDM2 
increases ACE2 levels in the lung tissues of mice and alle-
viates pulmonary hypertension of mice [125]. Interest-
ingly, ACE2 ubiquitination levels are enhanced by ACE2 
(S680L) phospho-deficient mutation and decreased 
by ACE2 (S680D) phosphomimetic mutation [125]. 
ACE2 Ser680 could be phosphorylated by the kinase 
AMPK [116]. Collectively, AMPK-induced ACE2 Ser680 

phosphorylation may block MDM2-mediated ACE2 
ubiquitination and degradation. Adenovirus-transduced 
ACE2 (K788R) ubiquitination-deficient mutant attenu-
ates hypoxia-induced pulmonary hypertension in AMPK 
knockout mice [125]. These findings suggest that MDM2 
inhibitors or AMPK agonists may be therapeutics for 
pulmonary hypertension.

Neural precursor cell expressed developmentally 
down‑regulated 4‑like (NEDD4L)
Bioinformatics analysis shows that the top two putative 
E3 ubiquitin ligases for ACE2 protein are MDM2 and 
neural precursor cell expressed developmentally down-
regulated 4-like (NEDD4L) [126]. Overexpression of Ang 
II and AT1R enhances ACE2 ubiquitination in human 
HEK293T cells [126]. Enhancement of ubiquitination by 
the deubiquitinase inhibitor PR619 decreases ACE2 pro-
tein levels in HEK293T cells [126]. NEDD4L and ACE2 
protein levels are inversely correlated in the brain, the 
heart, and kidneys of Ang II-treated male mice [126]. 
Ang II-decreased ACE2 levels are restored by NEDD4L-
deficient mutation or NEDD4L siRNA knockdown in 
human HEK293T cells and human aorta endothelial cells 
[126]. Downregulation of ACE2 through Ang II is slightly 
recovered by ACE2 (K769/770/771/773/788R) ubiquit-
ination-deficient mutation in HEK293T cells [126]. Mean 
arterial pressure of Ang II-infused mice is mitigated by 
adenovirus-transduced ACE2 (K769/770/771/773/788R) 
ubiquitination-deficient mutation [126]. These find-
ings show that Ang II may decrease ACE2 protein levels 
through NEDD4L-mediated ubiquitination, contributing 
to hypertension in male.

S‑phase kinase‑associated protein‑2 (Skp2)
ACE2 protein levels are higher in human non-smok-
ers than those of smokers [127]. Among the confirmed 
COVID-19 patients, smoker COVID-19 patient sub-
population is relatively small [128, 129]. Cigarette smoke 
extract (CSE) and carcinogen benzo(a)pyrene (BaP) 
drastically inhibit ACE2 protein levels in lung epithelial 
cells by inducing proteasomal and lysosomal degrada-
tion of ACE2 protein [127]. Notably, CSE and BaP slightly 
enhance ACE2 mRNA levels [127]. Moreover, BaP stimu-
lates AhR-mediated S-phase kinase-associated protein-2 
(Skp2) gene expression in lung epithelial cells [127]. Skp2 
is an E3 ubiquitin ligase that regulates cell cycle by induc-
ing degradation of tumor suppressor genes such as p21, 
p27, and p57 [130]. Skp2 induces ACE2 ubiquitination 
and degradation [127]. Treatment of the CDK4/6 inhibi-
tor palbociclib decreases Skp2 mRNA and protein levels, 
leading to the upregulation of ACE2 protein levels [131]. 
Tobacco smoke also enhances Skp2 protein levels and 
decreases ACE2 protein levels in the lung tissues of mice 

Fig. 4 A three‑dimensional model depicts ACE2 homodimer 
containing post‑translational modification sites. Cα atoms of modified 
ACE2 residues are marked by spheres. 781YASID784 is the AP2‑targeting 
motif for lysosomal degradation. ACE2 Arg652, Lys657, Lys659 
residues, and Ser716 to Ile741 region are the reported ADAM17 
cleavage sites. The ACE2 protein structure is obtained from Protein 
Data Bank (ID: 6M17) and operated by homology modeling using 
SWISS‑MODEL. Dash lines represent undetermined structure of ACE2 
protein
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[127]. The BaP-induced ACE2 degradation in lung epi-
thelial cells is reversed by Skp2 siRNA knockdown [127]. 
Consistently, Skp2 protein levels are inversely correlated 
with ACE2 protein levels in the lung tissues of human 
lung cancer patients [127]. Inhibition of Skp2 by palbo-
ciclib enhances SARS-CoV-2 pseudovirus infection in 
human Huh7 hepatoma cells and monkey Vero E6 kidney 
cells [131]. In addition, CSE or BaP-induced ACE2 down-
regulation suppresses SARS-CoV-2 pseudovirus entry 
into lung epithelial cells [127], suggesting that infec-
tion efficiency of SARS-CoV-2 is decreased in smokers. 
Importantly, the disease severity of smoker COVID-19 
patients is increased compared to those of non-smokers 
[132]; therefore, tobacco use may exacerbate COVID-19 
severity.

Ubiquitin‑specific proteases 4 (USP4)
Ubiquitin-specific proteases 4 (USP4) is a deubiquit-
inating enzyme [133]. Wang et  al. searched the GEPIA 
database and reported that USP4 mRNA levels are signif-
icantly decreased in lung adenocarcinoma patients [134]; 
USP4 downregulation is correlated with poor survival 
of lung cancer [134]. In addition, the authors searched 
the GEPIA database and concluded that ACE2 levels are 
positively correlated with the stage of human lung cancer 
[134]. The authors proposed that USP4 overexpression 
enhances ACE2 protein levels [134]; nevertheless, the 
supporting data are lacking.

Ectodomain shedding
The soluble ACE2 protein (around 70 to 105 kDa) missing 
the C-terminal tail of ACE2 retains the carboxypeptidase 
activity [135–137]. A disintegrin and metalloprotease 17 
(ADAM17) is a protease that cleaves ACE2 protein and 
mediates shedding of ACE2 ectodomain as soluble ACE2 
(sACE2) [135–137]. Conversely, inhibition of ADAM17 
by inhibitors or siRNA knockdown reduces sACE2 shed-
ding [135, 136]. Three publications reported that the 
ADAM17 cleavage sites on the ACE2 protein are at the 
region between ACE2 Ser716 and Ile741 residues [136] 
or individual Ser709 [138], Arg652, Lys657, and Lys659 
[139] residues (Fig.  4). Moreover, ACE2 (L584A) muta-
tion inhibits sACE2 in human HEK293 cells, indicating 
that Leu584 residue may be part of recognition motif for 
ADAM17 [136] (Fig. 4).

sACE2 protein is detected in the bronchoalveolar 
lavage fluid from human healthy volunteers, as well 
as in the supernatants of human primary airway epi-
thelial cells [136]. The soluble ACE2 protein levels are 
increased in the urine from human type 1 diabetes 
(T1D) and type 2 diabetes (T2D) patients [140, 141], 
as well as diabetic mice [19, 20]. Induction of urinary 
sACE2 is correlated with disease severity of diabetic 

kidney disease [142], which could be due to the accu-
mulation of sACE2 protein in the kidney [129]. In addi-
tion to diabetic nephropathy, sACE2 and ADAM17 
protein levels are increased in the peripheral blood of 
patients with myocardial infarction-induced heart fail-
ure and in the culture supernatants of  H2O2-damaged 
rat cardiomyocytes [143]. The sACE2 levels and cell 
apoptosis in these rat cardiomyocytes are decreased 
by ADAM17 siRNA knockdown; the recovered pheno-
types may be due to the increase of cellular ACE2 pro-
tein in cardiomyocytes by ADAM17 knockdown [143]. 
Collectively, induction of soluble ACE2 protein con-
tributes to the pathogenesis of diabetic nephropathy 
and myocardial infarction-induced heart failure.

Post‑translational modification and regulation 
of ACE2 protein in COVID‑19
Phosphorylation
Casein kinase 1α (CK1α)
Inactivation of casein kinase 1α (CK1α) can phos-
phorylate the E3 ubiquitin ligase SPOP (speckle-type 
BTB–POZ protein)-binding motif of its substrates (e.g., 
PDK-1 or Friend leukemia integration 1), leading to the 
induction of a direct interaction between SPOP and its 
substrates (e.g., PDK-1 or FLI1), as well as subsequent 
ubiquitin-mediated degradation of the substrates [144, 
145]. ACE2 protein sequences contain a consensus 
SPOP-binding motif Φ-Π-S–S/T-S/T (Φ, nonpolar; 
Π, polar) [146], 1MSSSS5 [147] (Fig.  4). Interestingly, 
ACE2 protein levels are decreased by SPOP shRNA 
knockdown in human UMRC kidney cancer cells [147], 
suggesting that SPOP prevents, but not promotes, 
ACE2 protein from degradation. ACE2 protein lev-
els are also decreased by CK1α shRNA knockdown or 
CK1α inhibitor treatment [147]. The SPOP-ACE2 inter-
action is blocked by a phospho-deficient mutation of 
the SPOP motif on the ACE2 protein [147]. Moreover, 
ACE2 ubiquitination is reduced by SPOP overexpres-
sion [147]. These results suggest that CK1α phospho-
rylates ACE2 and induces the binding between SPOP 
and SPOP motif of ACE2, leading to the prevention of 
ACE2 protein from other E3 ligase-mediated protein 
degradation. ACE2 protein is stabilized through CK1α-
induced phosphorylation on ACE2 Ser3, Ser4, and Ser5 
residues [147] (Fig. 4). Furthermore, infection of SARS-
CoV-2 pseudovirus (S protein) to human UMRC kid-
ney epithelial cells is reduced by treatment of the CK1α 
inhibitor lenalidomide [147]. These findings suggest 
that lenalidomide treatment may prevent SARS-CoV-2 
infection or re-infection by reducing ACE2 phospho-
rylation and inducing ACE2 degradation [147]. Nota-
bly, the ACE2 E3 ligase MDM2 and NEDD4, identified 
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from chronic lung diseases, has been ruled out as the 
SPOP-competing E3 ligases for ACE2 protein in kidney 
cells [147].

NUAK family kinase 2 (NUAK2)
NUAK family kinase 2 (NUAK2) is an AMPK-related 
kinase that enhances the formation of actin stress fib-
ers by increasing the conversion of filamentous actin to 
globular actin [148]. Infection of live SARS-CoV-2 virus 
or treatment of SARS-CoV-2 spike (S) protein increases 
NUAK2 mRNA levels in human A549 epithelial cells 
[149]. NUAK2 is required for the maintenance of the sur-
face ACE2 proteins and the entry of SARS-CoV-2 virus 
[149]. Interestingly, SARS-CoV-2-infected A549 epithe-
lial cells secrete S proteins or other messenger molecules 
to increase NUAK2 and maybe ACE2 levels in bystander 
cells, leading to promoting of viral spread [149]. Notably, 
NUAK2 induces cell surface ACE2 levels in an ACE2-
Ser680-phosphorylation independent manner [149]; it is 
possible that NUAK2 enhances ACE2 protein levels by 
phosphorylating ACE2 at other serine/threonine resi-
dues such as Ser776 or Ser783, previously identified as 
MAP4K3/GLK-phosphorylation sites [28]. Collectively, 
NUAK2 induces ACE2 protein levels on cell surface, 
resulting in enhancement of SARS-CoV-2 infection [149].

MAP4K3 (GLK)
The serine/threonine kinase MAP4K3 (also named GLK 
[150]) belongs to the mammalian Ste20-like serine/threo-
nine kinase family [151]. The scRNA-seq analyses from 
two independent COVID-19 patient cohorts show that 
GLK is induced in macrophages and epithelial cells from 
airway tissues of COVID-19 patients [28]. GLK interacts 
with and phosphorylates PKC-θ in T cells, leading to 
activation of IKKβ/NF-κB and induction of T-cell acti-
vation [152]. Overexpression of GLK in T cells causes 
overproduction of proinflammatory cytokine IL-17A and 
downregulation of Treg differentiation, contributing to 
autoimmune diseases [152–154]. In epithelial cells, GLK 
overexpression is highly correlated with the recurrence of 
hepatoma and lung cancer [155–157].

GLK mRNA levels are induced by SARS-CoV-2 spike 
(S) proteins in human HCC827 lung epithelial cells [28]. 
As an ACE2-interacting protein, the kinase GLK stabi-
lizes ACE2 protein by inducing ACE2 phosphorylation 
and inhibiting ACE2 Lys48-linked ubiquitination [28]. 
The induction of ACE2 protein also occurs in the lung 
tissues of mice infected with either live SARS-CoV-2 
virus or SARS-CoV-2 pseudovirus [28]; conversely, ACE2 
protein levels in murine lung tissues are decreased by 
the GLK inhibitor verteporfin or GLK ablation [28]. 
Consistently, ACE2 protein concentration in the plasma 
is induced over time stratified by the severity of human 

COVID-19 patients [27]. Similarly, ACE2 protein lev-
els are increased in the serum exosomes of COVID-19 
patients, while ACE2 protein levels are decreased to nor-
mal levels in recovered patients with COVID-19 [28]. 
Mechanistically, GLK phosphorylates ACE2 at Ser776 
and Ser783 residues [28] (Fig.  4), leading to the disso-
ciation of ACE2 and the E3 ubiquitin ligase UBR4 [28]. 
Consistently, GLK-induced in ACE2 Ser776/Ser783 
phosphorylation is detectable in the serum exosomes 
from human COVID-19 patients, whereas AMPK-
induced ACE2 Ser680 phosphorylation is not detectable 
[28]. Collectively, SARS-CoV-2-induced GLK phospho-
rylates and stabilizes ACE2 protein in epithelial cells, 
contributing to severe COVID-19 (Fig.  5). Notably, 
besides GLK, SARS-CoV-2 spike proteins also induce the 
levels of the kinase NUAK2, leading to the induction of 
cell surface ACE2 levels and subsequent enhancement of 
SARS-CoV-2 infection [149].

Exosomal ACE2
Extracellular vesicles are reported to participate in sev-
eral physiological and pathological processes [158]. Exo-
some is one of the extracellular vesicle subtypes with the 
size around 30 to 150 nm in diameter [159]. A model was 
proposed to describe the mechanism of extracellular ves-
icles uptake [160]. First, the extracellular vesicle-carried 
protein binds to the proteoglycan on the cell surface. 
Next, the interacting protein of the extracellular vesicle-
carried protein on cell surface binds to the proteoglycan, 
promoting the extracellular vesicle uptake [160, 161]. 
Several viruses take advantage of the exosome for trans-
porting viral and cellular elements that are beneficial for 
viral infections [158]. Interestingly, the vesicle traffick-
ing pathway-related genes are closely associated with 
SARS-CoV-2 infection through the gene ontology enrich-
ment analysis [162]. The RNAi screening analysis shows 
a reduction of SARS-CoV-2 infection by knockdown of 
vesicle trafficking pathway-related genes in human HK-2 
kidney tubular epithelial cells [162]. The ACE2 expres-
sion is low abundant in human airway epithelial cells 
under normal physiological condition [9, 25]. COVID-
19 patients display the induction of ACE2-containing 
exosomes in their sera [28]. Exosome-transported ACE2 
protein can increase ACE2 levels in the exosome-recipi-
ent epithelial cells, facilitating the enhancement of SARS-
CoV-2 infection in vitro and in vivo [28].

Single-cell RNA sequencing (scRNA-seq) analysis 
shows that MAP4K3 (GLK) mRNA levels are induced in 
lung epithelial cells of severe COVID-19 patients [28]. 
The transcripts of genes that are related to vesicle, intra-
cellular vesicle, and extracellular vesicle are upregulated 
in GLK-overexpressing epithelial cells [28]. GLK expres-
sion is induced by stimulation of SARS-CoV-2 spike (S) 
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protein in epithelial cells or infection of SARS-CoV-2 
pseudovirus in mice [28]. The epithelial cell-derived 
exosome particle numbers are highly increased by GLK 
overexpression in human HCC827 lung epithelial cells 
[28]. Moreover, ACE2 protein levels are increased in the 
serum exosomes from COVID-19 patients [28]. Nota-
bly, exosomal ACE2 from COVID-19 patients contains 
the full-length protein sequence, including ectodomain, 
transmembrane domain, and C terminal cytoplasmic tail 
[28], but not soluble form of ACE2 (sACE2). The GLK-
induced ACE2-containing exosomes enhance the sus-
ceptibility of recipient lung epithelial cells and recipient 
mice to infection of SARS-CoV-2 pseudovirus [28]. These 
results show that the GLK-induced exosomal ACE2 is a 
functional receptor for SARS-CoV-2 S protein, leading to 
enhancement of viral infection [28] (Fig. 5).

A conflicting result shows that ACE2-containing 
exosomes could be used as a decoy to attenuate SARS-
CoV-2 infection in cultured cells [163]. However, only 
simultaneous co-treatment of the decoy (ACE2-con-
taining exosomes) with SARS-CoV-2 pseudovirus could 
achieve neutralizing effects in  vitro [163]. Furthermore, 

the in  vitro result has not been validated using animal 
models. Thus, it is unclear regarding the feasibility of 
using ACE2-containing exosomes as a decoy to prevent 
SARS-CoV-2 infection.

Ubiquitination
Ubiquitin ligase E3 component N‑recognin 4 (UBR4)
The ubiquitin ligase E3 component N-recognin 4 
(UBR4) is identified as an ACE2-interacting pro-
tein [28]. UBR4 induces Lys48-linked ubiquitination 
of ACE2 protein at Lys26, Lys112, and Lys114 resi-
dues [28] (Fig.  4). Conversely, UBR4-induced Lys48-
linked ubiquitination of ACE2 is decreased by ACE2 
(K26/112/114R) ubiquitination-deficient mutation, 
while UBR4-inhibited ACE2 protein levels are restored 
by ACE2 ubiquitination-deficient mutation. Inter-
estingly, the interaction between ACE2 and UBR4 is 
blocked by the kinase GLK (MAP4K3) [28]; GLK is 
overexpressed in airway epithelial cells from human 
COVID-19 patients and in SARS-CoV-2 spike (S) pro-
tein-stimulated human HCC827 lung epithelial cells 
[28]. The GLK-induced ACE2 phosphorylation reduces 

Fig. 5 Upregulation of ACE2 by SARS‑CoV‑2‑induced GLK (MAP4K3) in epithelial cells. Spike protein of SARS‑CoV‑2 induces GLK (MAP4K3) 
mRNA levels in lung epithelial cells. GLK enhances ACE2 stability by phosphorylating ACE2 at Ser776 and Ser783 residues, leading to dissociation 
of ACE2 and the E3 ubiquitin ligase UBR4. Moreover, SARS‑CoV‑2‑induced GLK increases epithelial cell‑derived exosomes, resulting in an induction 
of exosomal ACE2. ACE2 proteins are transported by epithelial cell‑derived exosomes to other epithelial cells, inducing cell susceptibility 
to SARS‑CoV‑2 virus
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Lys48-linked ubiquitination of ACE2 protein, resulting 
in the induction of ACE2 protein levels. Consistently, 
ACE2 protein levels are induced in the lung tissues of 
mice infected with either SARS-CoV-2 pseudovirus or 
live SARS-CoV-2 virus [28]. The SARS-CoV-2 pseu-
dovirus-induced ACE2 protein levels in the lung tissues 
of mice are decreased by the GLK inhibitor verteporfin 
[28]. Collectively, SARS-CoV-2-induced GLK phospho-
rylates and subsequently stabilizes ACE2 protein by 
blocking UBR4-ACE2 interaction and reducing UBR4-
mediated ACE2 Lys48-linked ubiquitination, leading to 
the enhancement of SARS-CoV-2 infection [28] (Fig. 5).

Ubiquitin carboxyl‑terminal hydrolase L1 (UCHL1)
Ubiquitin carboxyl-terminal hydrolase L1 (UCHL1) is a 
deubiquitinase that removes ubiquitins from its target 
proteins [164]. SARS-CoV-2 pseudovirus (S protein) 
increases ACE2 protein levels in human Calu-3 lung 
epithelial cells and human Bease2B bronchial epithelial 
cells [29]. Results from deubiquitinase library screen-
ing show that SARS-CoV-2 pseudovirus-induced ACE2 
overexpression is reduced by UCHL1 siRNA knock-
down in human Bease2B epithelial cells [29]. Ubiquit-
ination of ACE2 protein is enhanced by UCHL1 siRNA 
knockdown in human Bease2B epithelial cells [29]. In 
contrast, ACE2 protein levels are increased by UCHL1 
overexpression in human Bease2B epithelial cells [29]. 
Inhibition of UCHL1 by its inhibitor LDN-57444 inhib-
its SARS-CoV-2 live virus infection of human Calu-3 
epithelial cells and human bronchial epithelial cells 
[29]. These findings indicate that SARS-CoV-2 spike (S) 
protein stabilizes ACE2 protein through UCHL1-medi-
ated deubiquitination, contributing to enhancement 
of SARS-CoV-2 infection. These findings also suggest 
that UCHL1 inhibitors may be potential therapeutics 
for SARS-CoV-2 infection by downregulating ACE2 
proteins.

Ubiquitin‐specific peptidase 50 (USP50)
Ubiquitin‐specific peptidase 50 (USP50) is a deubiqui-
tinase that removes ubiquitins from its target proteins 
[152]. Overexpression of USP50 reduces ACE2 Lys48-
linked ubiquitination and enhances ACE2 protein stabil-
ity in human HEK293T cells [153]. Treatment of vitamin 
C (Vit C) induces ACE2 Lys48-linked ubiquitination at 
Lys788 residue, leading to ACE2 degradation in human 
2fTGH fibrosarcoma cells and HEK293T cells [153]. The 
Vit C-induced ACE2 protein degradation is not further 
enhanced by USP50 knockout, suggesting that Vit C 
blocks USP50-mediated ACE2 deubiquitination [153]. 
Treatment of Vit C decreases ACE2 protein levels and 

inhibits SARS-CoV-2 pseudovirus infection in cultured 
human Caco-2 colon epithelial cells and humanized 
ACE2 mouse model [153]. These findings indicate that 
Vit C inhibits USP50-mediated ACE2 deubiquitination, 
resulting in downregulation of ACE2 proteins and atten-
uation of SARS-CoV-2 infection.

Lysosomal degradation
Clathrin-mediated endocytosis is one of the major endo-
cytosis pathways in mammalian cells [165]. Adaptor 
protein complex 2 (AP2) binds to the endocytic sort-
ing motifs of the target proteins and triggers clatherin-
mediated endocytosis [165]. ACE2 protein levels are 
decreased in the lung tissues of SARS-CoV-2-infected 
Syrian hamsters, as well as SARS-CoV-2 spike (S) pro-
tein (25 μg)-treated human HEK293A cells [166]. SARS-
CoV-2 S protein induces ACE2 protein localization into 
the endosomes and lysosomes of human HEK293A cells 
[166]. The SARS-CoV-2 S protein-reduced ACE2 protein 
levels are restored by treatment of the lysosome inhibi-
tor bafilomycin A1 in human HEK293A cells, suggest-
ing that S protein induces ACE2 lysosomal degradation 
[166]. The ACE2 cytoplasmic domain contains the AP2-
targeting motif (781YASI784) [166] (Fig. 4). The high-dose 
S protein-induced ACE2 lysosomal degradation in human 
HEK293A cells is blocked by AP2-motif-deficient muta-
tion of ACE2 [166]. These results show that high concen-
tration of SARS-CoV-2 S protein induces ACE2 lysosomal 
degradation through AP2/clatherin-mediated endocytosis 
in hamster lung tissues and human HEK293A cells.

Notably, this result is inconsistent with two afore-
mentioned publications [28, 29]. ACE2 protein levels 
are increased by treatment of SARS-CoV-2 pseudovirus 
(S protein) in human BEAS2B lung epithelial cells [29]. 
Moreover, ACE2 protein levels in the lung tissues are 
enhanced by infection of SARS-CoV-2 pseudovirus or 
SARS-CoV-2 live virus using ACE2-humanized mouse 
models [28]. Interestingly, stimulation of either SARS-
CoV-2 pseudovirus or S protein (1–2 μg) induces mRNA 
levels of GLK (MAP4K3), which stabilizes ACE2 pro-
teins in human HCC827 lung epithelial cells [28]. These 
inconsistent results (decreased vs. increased ACE2 levels) 
may be due to experimental systems used including dif-
ferences in doses (25  μg vs. 1  μg), stimuli (recombinant 
S protein vs. SARS-Co-V2 live virus), and animal models 
(hamsters vs. humanized-ACE2 mice).

SUMOylation
PIAS4 and SENP3
The ubiquitin-like modifier 1 to 5 (SUMO1-5) proteins 
are conjugated to the target proteins by the SUMO E3 
ligase during the SUMOylation process [167]. Conjugating 
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SUMOs to target proteins requires three types of enzymes, 
including an E1 activating enzyme, an E2 conjugating 
enzyme, and an E3 ligase [167, 168]. Monomeric SUMO 
blocks protein degradation by competing with ubiquitin; in 
contrast, polymeric SUMO promotes protein degradation 
through the ubiquitin–proteasome degradation pathway 
[167]. The E3 ligase, protein inhibitor of activated STAT4 
(PIAS4) induces SUMO3 SUMOylation of ACE2 protein, 
resulting in stabilization of ACE2 protein in human lung 
epithelial cells [169]. Inhibition of ACE2 SUMOylation by 
PIAS4 inhibitors or by overexpressing the deSUMOylation 
enzyme SUMO specific peptidase 3  (SENP3) decreases 
ACE2 protein levels, contributing to the attenuation of 
SARS-CoV-2 virus infection in vitro or in vivo [169].

The SUMO3 SUMOylation of ACE2 is abolished by 
ACE2 (K187R) SUMOylation-deficient mutation in 
human HEK293A cells, indicating that ACE2 SUMO3 
SUMOylation occurs at Lys187 residue [169] (Fig.  4). 
Unexpectedly, the protein levels of ACE2 (K187R) 
mutant are not affected; this may be due to limited ACE2 
SUMOylation in human HEK293A cells. Interestingly, 
the ACE2 protein degradation induced by the SUMOyla-
tion inhibitor ML-792 is restored by treatment of the 
autophagy inhibitor 3-MA (3-methyladenine) in human 
Calu-3 epithelial cells [169]. In contrast, the 3-MA-
increased ACE2 levels are not downregulated by the 
treatment of a SUMOylation inhibitor, ML-792 [169]. 
The data indicate that PIAS4-induced SUMOylation of 
ACE2 protein prevents autophagy, leading to ACE2 sta-
bilization in lung epithelial cells. Furthermore, SARS-
CoV-2 infection of human Calu-3 epithelial cells induces 
the dissociation of ACE2 with the E3 ligase PIAS4 and 
the interaction of ACE2 with the autophagy cargo recep-
tor, toll-interacting protein (TOLLIP), resulting in ACE2 
downregulation [169]. In addition, suppression of ACE2 
SUMOylation enhances ACE2 Lys48-linked ubiquitina-
tion in autophagy-inhibited Calu-3 cells [169]. These 
findings indicate that the PIAS4-induced ACE2 SUMO3 
SUMOylation enhances ACE2 protein stabilization by 
preventing cell autophagy and maybe also by prevent-
ing ACE2 ubiquitination. It would be interesting to 
study whether ACE2 proteins are destabilized by SARS-
CoV-2 infection through decreasing ACE2 SUMOylation 
in vivo.

Arginine methylation
Protein arginine methyltransferase 5 (PRMT5)
In vitro methylation assays and mass spectrometry 
analysis show that protein arginine methyltransferase 
5 (PRMT5) induces ACE2 protein methylation at 
Arg671 residue [170] (Fig.  4). The interaction between 
ACE2 protein and receptor-binding domain of SARS-
CoV-2 spike (S) protein is reduced by ACE2 (R671K) 

methylation-deficient mutation or the PRMT5 inhibitor 
GSK3326595 [170]. Moreover, SARS-CoV-2 pseudovirus 
infection to human A549 lung epithelial cells is attenu-
ated by treatment of the PRMT5 inhibitor [170]. These 
findings indicate that PRMT5-induced ACE2 methyla-
tion facilitates SARS-CoV-2 infection.

Glycosylation
Glycoproteins are proteins that are covalently conjugated 
with glycan chains. Based on different sugar combina-
tions, conjugating enzymes, and linkages, the structure 
diversity of glycan chains on glycoproteins is more than 
 1012 [171, 172]. ACE2 glycoprotein is the receptor for 
SARS-CoV-2. The molecular weight of glycosylated 
ACE2 is around 120  kDa, while the size of non-glyco-
sylated ACE2 is around 100  kDa [119]. Glycosylations 
on different residues of ACE2 protein can either facili-
tate or interfere with SARS-CoV-2 infection [173–179]. 
Four (Asn53, Asn90, Asn322, and Asn546) of the seven 
N-glycosylation sites within ACE2 extracellular domain 
regulate the interaction of ACE2 with SARS-CoV-2 spike 
(S) protein [173–179]. These four residues of ACE2 pro-
tein are adjacent to the binding interface between ACE2 
and spike (S) protein. Bioinformatics, molecular dynam-
ics (MD) simulation, and modeling data show that glycan 
chains of Asn53, Asn90, Asn322, and Asn546 residues 
on ACE2 protein contact the glycan chains of multiple 
residues on spike (S) protein of SARS-CoV-2 [173–175]. 
MD simulations of glycosylated ACE2 protein show that 
ACE2 Asn90 N-glycosylation interferes with the binding 
of S protein to ACE2 protein [173, 174, 176–179]. Inter-
estingly, mutations of ACE2 Asn90 and Thr92 residues 
affect Asn90 N-glycosylation due to the disruption of the 
consensus N-glycosylation motif (NXS/T, X denotes any 
amino acid) [179]. For example, both ACE2 N90Q and 
T92Q mutations enhance the binding affinity of ACE2 
to S protein [179]. Notable, the entry of live SARS-CoV-2 
virus into ACE2-overexpressing HEK293 cells is signifi-
cantly enhanced by ACE2 (N90A or N90S) glycosylation-
deficient mutation [176]. Similarly, the infection of live 
SARS-CoV-2 virus into ACE2-overexpressing Vero E6 
cells is enhanced by ACE2 (N322Q) glycosylation-defi-
cient mutation [174]. These findings indicate that ACE2 
Asn90/322 N-glycosylation hampers its binding to S pro-
tein, resulting in the reduction of SARS-CoV-2 infection.

In contrast, unlike N-glycosylation of ACE2 Asn90 
and Asn322, MD simulation data show that ACE2 
Asn53 N-glycosylation facilitates the binding of S pro-
tein to ACE2 protein [173, 174]. The binding affinity of 
the ACE2-S interaction is decreased by ACE2 (N53A or 
N53S) glycosylation-deficient mutation [176]. Further-
more, the entry of live SARS-CoV-2 virus into ACE2-
overexpressing HEK293 cells is significantly reduced by 
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ACE2 (N53A or N53S) glycosylation-deficient mutation 
[176]. These findings indicate that ACE2 Asn53 N-gly-
cosylation enhances its binding affinity for S protein, 
contributing to the induction of SARS-CoV-2 infection. 
Taken together, N-glycosylation of ACE2 protein either 
facilitates (Asn53) or interferes (Asn90 and Asn322) with 
SARS-CoV-2 virus infection.

Ectodomain shedding
ACE2 ectodomain shedding is mediated by ADAM17 
[135–137]. Soluble form ACE2 (sACE2) binds to spike (S) 
protein of SARS-CoV-2, facilitating cell entry of SARS-
CoV-2 through vasopressin receptor-mediated endocyto-
sis [162]. Pre-treatment of recombinant sACE2 enhances 
the susceptibility of live SARS-CoV-2 virus in multiple 
human epithelial cell lines [162]. The live SARS-CoV-2 
infection is blocked by either inhibition of ACE2 shed-
dase or ADAM17 siRNA knockdown in human HK-2 
epithelial cells [162]. Collectively, soluble ACE2 protein 
facilitates SARS-CoV-2 infection into host cells. Notably, 
treatment of pre-mixed SARS-CoV-2 pseudovirus (S pro-
tein) with recombinant sACE2 could reduce the cell entry 
of S protein in human A549 lung epithelial cells [180]. It 
would be valuable to study the modified soluble ACE2 
proteins as potential decoy therapeutics for COVID-19.

Discussion and conclusion
ACE2 protein is required for maintenance of normal 
physiological functions, and it is expressed in the vas-
cular endothelial cells, artery smooth muscle cells, car-
diomyocytes, renal tubular epithelial cells, and pancreatic 
islet cells. Reduction of ACE2 in the abovementioned 
cells contributes to multiple chronic diseases, including 
hypertension, myocardial infarction, nephropathy, and 
diabetes [4, 5]. In contrast to the requirement of ACE2 
for physiological functions, ACE2 protein is the entry 
receptor of SARS-CoV and SARS-CoV-2 viruses [6, 7]. 
Increased ACE2 protein levels are correlated with disease 
severity of SARS-CoV-2 patients [27, 28]. As ACE2 shows 
different biological functions in different cells, ACE2 lev-
els are regulated by multiple delicate strategies including 
transcriptional regulation, post-transcriptional regula-
tion (Tables 2, 3, 4), and post-translational modification 
(Table  5). ACE2 transcription is positively regulated by 
several transcription factors including SIRT1 [49], HNFs 
[33–35], GATA6 [36], STAT1 [65], and STAT3 [37, 38]. 
K27-acetylated or K4-methylated histone H3 epigeneti-
cally induces ACE2 transcription [52, 53]. Other factors 
such as apelin [85], ELA [88], CHI3L [10], IL-1β [92], 
IFN-α2, IFN-β, and IFN-γ [8, 65, 66] also increase ACE2 
mRNA levels. In contrast, the transcription factor Brg1-
FoxM1 complex [71] or the transcription factor ERRα 
[74] bind to the ACE2 promoter, leading to the reduction 

of ACE2 transcription. K27-methylated histone H3 also 
decreases ACE2 levels by binding to the ACE2 gene 
locus [77]. Furthermore, miR-125b [79], miR-200c-3p 
[82], miR-421 [81], and miR-483-3p [84] reduce ACE2 
mRNA stability by binding to the ACE2 3′UTR. Other 
factors such as Nrf2 [24], AT1R [103], estrogen [11, 12], 
Miz1 [113], HIF-1α [114], miR-143 [101, 102], TGF-β 
[108], and TNF-α [117] also decrease ACE2 mRNA lev-
els. Thus, enhancement of ACE2 levels by either agonists 
of the identified positive regulators or inhibitors of the 
identified repressors may help prevention or treatment of 
chronic diseases.

In contrast to the benefits of ACE2 enhancement in 
chronic diseases, induction of the virus-entry recep-
tor ACE2 would bring risks of enhancing virus infec-
tion. Thus, development of therapeutic drugs that block 
ACE2 induction but maintain basal ACE2 levels during 
SARS-CoV-2 infection may be beneficial for treatment. 
Interestingly, post-translational modification and regu-
lation of ACE2 protein in chronic diseases are different 
from those of ACE2 protein in COVID-19. AMPK phos-
phorylates ACE2 at Ser680 residue, resulting in reduc-
tion of MDM2-mediated ACE2 Lys788 ubiquitination 
and degradation [116, 125] (Fig.  6). AMPK inactivation 
and ACE2 downregulation occur in the lung tissues of 
human pulmonary arterial hypertension patients [116]. 
CK1α also phosphorylates ACE2 protein at Ser3, Ser4, 
Ser5 residues and induces the interaction of ACE2 with 
the E3 ligase SPOP, which protects ACE2 protein from 
proteasomal degradation by unidentified E3 ligases other 
than MDM2 [147] (Fig. 6). Tobacco smoke-induced Skp2 
also mediates ACE2 ubiquitination and proteasomal deg-
radation in lung epithelial cells [127]. The putative ACE2 
E3 ligase competing with SPOP could be either Skp2 or 
UBR4 (Fig.  6). During SARS-CoV-2 infection, the spike 
(S) protein of SARS-CoV-2 induces GLK expression in 
the respiratory tract epithelial cells of human COVID-19 
patients [28]. GLK phosphorylates ACE2 at Ser776 and 
Ser783, preventing ACE2 protein from UBR4-mediated 
Lys26/112/144 ubiquitination and subsequent protea-
somal degradation [28] (Fig. 5). The GLK-induced ACE2 
Ser776/783 phosphorylation, but not AMPK-induced 
ACE2 Ser680 phosphorylation, is detected in serum 
exosomes of COVID-19 patients [28]. Moreover, the deu-
biquitinase UCHL1-mediated ACE2 deubiquitination 
[29], the arginine methyltransferase PRMT5-mediated 
ACE2 methylation [170], or the E3 SUMO-protein ligase 
PIAS4-mediated ACE2 SUMOylation [169] enhances 
ACE2 protein levels, facilitating SARS-CoV-2 infec-
tion. Conversely, treatment of the GLK inhibitor verte-
porfin attenuates ACE2 protein levels and SARS-CoV-2 
pseudovirus infection in an ACE2-humanized mouse 
model and lung epithelial cells in vitro [28]. The UCHL1 
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inhibitor LDN-57444 decreases ACE2 protein levels and 
reduces live SARS-CoV-2 infection to cultured human 
epithelial cells [29]; the PRMT5 inhibitor GSK3326595 
also suppresses SARS-CoV-2 pseudovirus infection in 
lung epithelial cells in  vitro [170]. Furthermore, treat-
ment of SUMOylation inhibitor decreases ACE2 protein 
levels and attenuates SARS-CoV-2 infection in  vivo and 
in  vitro [169]. Collectively, inhibition of GLK, UCHL1, 
PRMT5, or PIAS4 may suppress ACE2 overexpression in 
lung epithelial cells and attenuate COVID-19 symptoms 
without affecting basal ACE2 levels.

The binding of soluble form ACE2 (sACE2) to SARS-
CoV-2 S protein facilitates cell entry of SARS-CoV-2 
virus through endocytosis of the sACE2-S-vasopressin 

complex. In contrast, sACE2 protein may be used as 
a decoy to neutralize SARS-CoV-2 virus particles and 
attenuate virus infection [180]; however, only pre-mixed 
the decoy sACE2 with SARS-CoV-2 pseudovirus could 
achieve neutralizing effects [180]. Exosomal full-length 
ACE2 is induced in the serum of COVID-19 patients 
[28]; exosomal ACE2 is transported to recipient epithe-
lial cells and enhances the susceptibility of SARS-CoV-2 
infection [28]. In addition, the binding of soluble form 
ACE2 (sACE2) to SARS-CoV-2 spike (S) protein facili-
tates cell entry of SARS-CoV-2 virus through endocytosis 
of the sACE2-S-vasopressin complex [162]. ACE2-con-
taining exosomes and sACE2 proteins have been tested 
as a decoy to attenuate SARS-CoV-2 infection [163, 180]; 

Table 2 Regulation of ACE2 transcription

The numbering of the human ACE2 promoter is based on Ensembl genome browser (ID: ENST00000252519.8)

Regulation of ACE2 transcription

Name Description Ref.

Upregulation

 Ikaros Ikaros binds to the ACE2 promoter at the − 525 to − 519 bp (5′‑ATT TGG A‑3′) region, enhancing ACE2 transcription [30]

 HNF1α/1β HNF1α or HNF1β bind to the − 346 to − 330 (5′‑GTA TCT TTA ACA GCTTT‑3′), − 329 to − 312 (5′‑CTA GGA AAA TAT TAA CCA 
‑3′), − 259 to − 242 (5′‑AGG ATT AAA GAA TAA CGT ‑3′), and − 921 to − 915 bp (5′‑AGT CAT A‑3′) regions of the ACE2 promoter, 
inducing ACE2 transcription
HNF1α and HNF1β are downregulated in human maturity‑onset diabetes of the young (MODY) type 3 and MODY type 5 
patients, respectively

[33, 34]

 HNF4α HNF4α binds to the − 7436 to − 7423 (5′‑GTG ATC TTT GAC TC‑3′) and − 5533 to − 5520 bp (5′‑ATG TAC TTT GCT CT‑3′) regions 
of the ACE2 promoter
HNF4α and ACE2 mRNA levels are decreased by cyclosporine

[35]

 GATA6 GATA6 binds to − 408 to − 403 (5′‑TTA TCT ‑3′) and − 351 to − 341 bp (5′‑TCC GTG TATCT‑3′) regions of the ACE2 promoter, 
inducing ACE2 transcription
GATA6 mRNA levels are increased in the lung samples from COVID‑19 patients

[36]

 STAT3 STAT3 binds to − 2031 to − 2021 bp (5′‑TTC AAC CTTTT‑3′) region of the ACE2 promoter, enhancing ACE2 transcription
Activated STAT3 is positively correlated with the protein levels of ACE2 in lung tissues of pulmonary chronic inflammation 
or lung cancer patients
IL‑6/STAT3 signaling stimulates ACE2 transcription in inflammatory diseases
ACE2 mRNA levels are inhibited by the IL‑6 inhibitor 6‑O‑angeloylplenolin

[37, 38]

 SIRT1 SIRT1 binds to − 15,794 to − 15,656, − 15,621 to − 15,521 and − 15,607 to − 15,505 bp regions of the ACE2 promoter, 
inducing ACE2 transcription

[49]

 Histone 3 Acetylated histone 3 binds to the ACE2 promoter, epigenetically enhancing ACE2 transcription [52]

 DYRK1A DYRK1A increases ACE2 mRNA levels by promoting chromatin accessibility, leading to enhancement of SARS‑CoV‑2 infec‑
tion

[62]

 Interferon IFN‑α2, IFN‑β, and IFN‑γ induce ACE2 transcription through STAT1 in virus‑infected airway epithelial cells
IFN‑α, IFN‑β, IFN‑γ, and IFN‑λ1‑3 increase truncated ACE2 mRNA isoform
IFN levels are increased during viral infection

[8, 65, 66]

 SMAD4, 
EP300, PIAS1, 
BAMBI

Genome‑wide CRISPR gene knockout screening analysis shows that SMAD4, EP300, PIAS1, or BAMBI positively regulates 
ACE2 mRNA levels

[70]

Downregulation

 Brg1‑FoxM1 Brg1‑FoxM1 protein complex binds to the ACE2 promoter, leading to inhibition of the ACE2 transcription
The upregulation of Brg1 is positively correlated with the disease development of human hypertrophic cardiomyopathy
TCA‑reduced ACE2 protein levels are recovered by the FoxM1 inhibitor thiostrepton

[71]

 ERRα ERRα binds to the ACE2 promoter, reducing ACE2 transcription [74]

 EZH2 EZH2 induces lysine 27 trimethylation on histon 3 (H3K27me3) and blocks acetylated H3 (H3K27ac) binding to the ACE2 
promoter, leading to downregulation of ACE2 gene expression

[77]
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however, only simultaneous co-treatment or pre-mixed 
the decoy (sACE2) with SARS-CoV-2 pseudovirus could 
achieve neutralizing effects [180]. Further modification of 
the decoy ACE2 protein may generate a novel decoy that 
shows a higher binding affinity to spike (S) protein but 

lower endocytic ability. For example, ACE2 Asn90/322 
N-glycosylation decreases its binding to the spike (S) pro-
tein [174, 176, 179]; conversely, ACE2 N322Q/N90A gly-
cosylation-deficient mutant strongly increases its binding 
to the spike (S) protein [174, 176]. In addition, deficiency 

Table 3 Downregulation of ACE2 mRNA by miRNA

The numbering of the human ACE2 3′-UTR is based on NCBI Nucleotide database NM_001371415

Downregulation of ACE2 mRNA by miRNA

Name Description Ref.

miR‑125b miR‑125b binds to the 283 to 289 bp (5′‑ucaggga‑3′) region in ACE2 3′‑UTR, leading to reduction of ACE2 mRNA stability 
under high glucose concentration
The miR‑125b expression is elevated in the high glucose‑exposed cells
High‑glucose‑decreased ACE2 protein levels are recovered by the anti‑miR‑125b oligonucleotide

[79]

miR‑200c‑3p miR‑200c‑3p binds to the 165 to 186 bp (5′‑auugacauugcuuucaguauuu‑3′) region in ACE2 3′‑UTR, leading to reduction of ACE2 
mRNA stability
miR‑200c‑3p levels are increased in H5N1 influenza virus infected cells
H5N1 influenza virus‑stimulated miR‑200c‑3p induction is blocked by NF‑κB inhibition
H5N1 influenza virus‑reduced ACE2 protein levels are increased by the anti‑miR‑200c‑3p oligonucleotides

[82]

miR‑421 miR‑421 binds to the 300 to 314 bp (5′‑guaaaugucuguuga‑3′) region in ACE2 3′‑UTR, leading to reduction of ACE2 mRNA stability [81]

miR‑483‑3p microRNA library screening shows that miR‑483‑3p may target and inhibits 3′‑UTR of four rennin‑angiotensin system (RAS) compo‑
nents, including angiotensinogen, ACE1, ACE2, and the Ang II type 2 receptor

[84]

Table 4 Additional regulation of ACE2 mRNA levels

Additional regulation of ACE2 mRNA levels

Name Description Ref.

Upregulation

 Apelin Active apelin enhances ACE2 transcription in apelin receptor‑overexpressing cardiomyocytes
Loss of apelin or apelin receptor leads to a reduction of heart contractility in mice

[85]

 ELA Ang II‑induced ACE2 mRNA levels are restored by treatment of ELA
The ELA expression is low in vascular injury‑associated hypertension

[88]

 IL‑1β IL‑1β treatment increases ACE2 mRNA levels in human osteosarcoma cells [92]

 CH3IL1 CH3IL1 recombinant protein stimulates ACE2 mRNA levels in human lung epithelial cells
CH3IL1 is highly expressed in the lung tissues of patients with aging, cardiovascular disease, and chronic lung disease
Circulating CH3IL1 levels are increased in aging, hypertension, and severe COVID‑19
CH3IL1‑induced ACE2 mRNA levels are blocked by the CH3IL1 inhibitor kasugamycin

[10]

Downregulation

 Nrf2 Nrf2 knockout restores ACE2 mRNA and protein levels in renal proximal tubular cells of type 1 diabetes mice
Nrf2 levels are increased in the renal proximal tubules of 20‑week‑old type 1 diabetes mice
High‑glucose‑reduced ACE2 mRNA levels are restored by the Nrf2 inhibitor trigonelline

[24]

 miR‑143 miR‑143 levels are increased in the aortas of spontaneously hypertensive rats, whereas ACE2 mRNA and protein levels 
are decreased

[101, 102]

 AT1R Ang II‑AT1R axis downregulates ACE2 through AT1R in human kidney epithelial cells
Ang II‑mediated ACE2 mRNA reduction is rescued by the AT1R inhibitor losartan

[103]

 IL‑13 IL‑13 signaling reduces ACE2 gene expression in human airway epithelial cells [64, 66, 104]

 TGF‑β TGF‑β signaling inhibits ACE2 gene expression in renal tubular cells
TGF‑β overproduction in the renal tissues contributes to the pathogenesis of diabetic nephropathy
High‑glucose‑inhibited ACE2 mRNA levels are restored by the TGF‑β receptor inhibitor SB431542

[108]

 Estrogen Estrogen treatment decreases ACE2 mRNA levels in normal human bronchial epithelial cells
The estrogen 17β‑estradiol decreases renal ACE2 enzyme activity in the sex‑chromosome‑independent manner

[11, 12]

 Miz1 ACE2 mRNA levels are increased in the MIZ1‑deficient mice [113]

 HIF‑1α ACE2 mRNA levels are inhibited by HIF‑1α [114]

 TNF‑α ACE2 mRNA levels may be decreased by TNF‑α signaling in the ileum of Crohn’s disease parents [117]
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Table 5 Post‑translational modification and regulation of ACE2 protein

Post-translational modification and regulation of ACE2 protein

Name Description Ref.

Phosphorylation

 AMPK AMPK mediates ACE2 Ser680 phosphorylation, inhibiting MDM2‑mediated ACE2 ubiquitination [116, 125]

 CK1α CK1α phosphorylates ACE2 (3SSS5) and induces the binding of E3 ligase SPOP to ACE2, leading 
to prevention of ACE2 protein from other E3 ligase‑mediated protein degradation
Infection of SARS‑CoV‑2 is attenuated by the CK1α inhibitor lenalidomide
ACE2 protein levels are decreased by the CK1α inhibitor D4476, epiblastin A, and lenalidomide

[147]

 MAP4K3 (GLK) GLK phosphorylates ACE2 Ser776 and Ser783, leading to inhibition of UBR4‑mediated ACE2 
ubiquitination
GLK expression is induced in the epithelial cells from COVID‑19 patients
ACE2 protein levels are decreased by the GLK inhibitor verteporfin

[28]

 NUAK2 NUAK2 maintains ACE2 proteins on cell surface, resulting in enhancement of SARS‑CoV‑2 infec‑
tion
Surface ACE2 protein levels are decreased by the NUAK2 inhibitor WZ‑4003

[149]

Ubiquitination/deubiquitination

 MDM2 MDM2 induces ACE2 ubiquitination at Lys788, resulting in proteasomal degradation of ACE2 
protein
MDM2‑mediated ubiquitination is inhibited by AMPK‑induced ACE2 phosphorylation
MDM2 levels are induced in the lung tissues from IPAH patients
ACE2 protein levels are increased by the MDM2 inhibitor JNJ‑26854165 (JNJ‑165)

[125]

 NEDD4L Ang II may decreases ACE2 protein levels through NEDD4L‑mediated ubiquitination [126]

 Skp2 Skp2 induces ACE2 ubiquitination and degradation
Skp2 expression is induced through the tobacco carcinogen BaP
ACE2 protein levels are increased by inhibition Skp2 through the CDK4/6 inhibitor palbociclib

[127, 131]

 UBR4 USBR4 induces ubiquitination of ACE2 protein at Lys26, Lys112, and Lys114, leading to proteaso‑
mal degradation of ACE2 protein
UBR4‑mediated ubiquitination is inhibited by GLK‑induced ACE2 phosphorylation during SARS‑
CoV‑2 infection

[28]

 UCHL1 SARS‑CoV‑2 S protein stabilizes ACE2 protein through UCHL1‑mediated deubiquitination, 
contributing to enhancement of SARS‑CoV‑2 infection
ACE2 protein levels are decreased by the UCHL1 inhibitor LDN‑57444

[29]

 SPOP The E3 ligase SPOP binds to CK1α‑phosphorylated ACE2 at 1MSSSS5 residues, leading to preven‑
tion of ACE2 protein from other E3 ligase‑mediated protein degradation

[147]

 USP50 USP50 is a deubiquitinase that removes ubiquitins from its target proteins
USP50 reduces ACE2 Lys48‑linked ubiquitination at Lys788 residue and enhances ACE2 protein 
stability
Vit C inhibits USP50‑mediated ACE2 deubiquitination, resulting in downregulation of ACE2 
proteins and attenuation of SARS‑CoV‑2 infection

[153]

Exosomal regulation

 MAP4K3 (GLK) GLK induces exosomal ACE2 in COVID‑19 patients
GLK expression is induced in the lung epithelial cells from COVID‑19 patient

[28]

Ectodomain shedding

 ADAM17 ADAM17 induces ACE2 ectodomain shedding and turns ACE2 into the catalytic activity‑retain‑
ing soluble form
ADAM17 cleavage sites on the ACE2 protein are at the region between ACE2 Ser716 and Ile741 
residue or individual Ser709, Leu584, Arg652, Lys657, and Lys659
The soluble ACE2 protein levels are increased in the urine of human type 1 or type 2 diabetes 
patients and in the peripheral blood of myocardial infarction‑induced heart failure patients
Soluble ACE2 binds to SARS‑CoV‑2 S protein, facilitating cell entry of SARS‑CoV‑2 
through receptor‑mediated endocytosis
Soluble ACE2 protein levels are decreased by the metalloproteinase inhibitor GM6001, as well 
as ADAM17 inhibitors GW280264X, DPC333, and TIMP‑3

[135–139, 143, 162]

Lysosomal degradation

 AP2 High concentration of SARS‑CoV‑2 S protein induces ACE2 lysosomal degradation through AP2/
clatherin‑mediated endocytosis

[166]

SUMOylation

 PIAS4 The E3 ligase PIAS4 induces SUMO3 SUMOylation of ACE2 protein, preventing ACE2 autophagy
ACE2 SUMO3 SUMOylation is mainly induced at Lys187

[169]
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of the vasopressin receptor AVPR1B drastically reduces 
SARS-CoV-2 infection in human HK-2 cells [162], sug-
gesting that loss of vasopressin-binding motif on sACE2 
protein may block the endocytosis of sACE2-S complex. 
For example, the sACE2 protein with N322Q/N90A gly-
cosylation-deficient mutation plus vasopressin-binding 
motif mutation could be used as a useful decoy molecule 
for the prevention of SARS-CoV-2 infection.

In summary, the enhancement and reduction of ACE2 
will be beneficial for the prevention/treatment of chronic 
disease and COVID-19, respectively. Post-translational 
modifications of ACE2 protein in chronic diseases are 
different from those in COVID-19; therefore, regulation 
of ACE2 protein modification will help develop the pre-
vention or treatment for COVID-19 without the induc-
tion of chronic disease risks.

Abbreviations
ACE1   Angiotensin‑converting enzyme 1
ACE2   Angiotensin‑converting enzyme 2
ADAM17   A disintegrin and metalloprotease 17
AGT    Angiotensinogen
AICAR    5‑Amino‑4‑imidazolecarboxamide riboside
AMPK   AMP‑activated protein kinase
Ang‑(1–7)   Angiotensin 1 to 7
Angiotensin II  Ang II
AP2   Adaptor protein complex 2
APJ   Apelin receptor
AT1R   Ang II type 1 receptor
AT2R   Ang II type 2 receptor
BaP   Benzo(a)pyrene
Brg1   Brahma‑related gene‑1
CD   Crohn’s disease
CHI3L1   Chitinase 3‑like‑1
ChIP   Chromatin immunoprecipitation
ChIP‑seq   Chromatin immunoprecipitation sequencing
CK1α   Casein kinase 1α

Table 5 (continued)

Post-translational modification and regulation of ACE2 protein

Name Description Ref.

 SENP3 SENP3‑mediated deSUMOylation decreases ACE2 protein levels, contributing to attenuation 
of SARS‑CoV‑2 virus infection

[169]

Arginine methylation

 PRMT5 PRMT5 induces ACE2 protein methylation at Arg671, facilitating SARS‑CoV‑2 infection
Infection of SARS‑CoV‑2 is attenuated by the PRMT5 inhibitor GSK3326595

[170]

Fig. 6 Phosphorylation‑mediated deubiquitination and stabilization of ACE2 protein. A ACE2 Ser680 phosphorylation by AMPK reduces 
MDM2‑mediated ACE2 Lys788 ubiquitination, resulting in ACE2 protein stabilization. B ACE2 Ser776 and Ser783 phosphorylation by GLK (MAP4K3) 
reduces UBR4‑mediated ACE2 Lys26, Lys112, and Lys114 ubiquitination, resulting in enhancement of ACE2 stabilization. C CK1α phosphorylates 
ACE2 in the 3SSS5 region, inducing the interaction between ACE2 and SPOP. Binding of SPOP prevents ACE2 ubiquitination from other E3 
ligase(s), leading to protection of ACE2 protein from proteasomal degradation. aD The induction of surface ACE protein levels may be mediated 
by phosphorylation of the kinase NUAK2 at unidentified ACE2 residues. Red arrows denote enhancement of ACE2 stability; blue arrows denote 
ACE2 downregulation through proteasomal degradation
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COVID‑19   Severe acute respiratory syndrome coronavirus 2 
infection

CSE   Cigarette smoke extract
DYRK1A   Dual specificity tyrosine phosphorylation regulated 

kinase 1A
E2   17β‑Estradiol
ELA   Elabela
ERRα   Estrogen‑related receptor α
ESCs   Embryonic stem cells
EZH2   Enhancer of zeste homologue 2
FoxM1   Forkhead box M1
GATA6   GATA binding protein 6
GEO   Gene Expression Omnibus
GLK   MAP4K3
H3‑ac   Histone 3 acetylation
H3K4me1   Monomethylation of histone 3 on lysine 4
H3K4me3   Trimethylation of histone 3 on lysine 4
H3K27ac   Monoacetylation of histone 3 on lysine 27
H3K27me3   Trimethylation of histone 3 on lysine 27
HASMC   Human aortic smooth muscle cells
HCD   High cholesterol diet
HIF‑1α   Hypoxia‑inducible factor‑1α
HNF1α   Hepatocyte nuclear factor 1α
HNF1β   Hepatocyte nuclear factor 1β
hPAMCs   Human pulmonary artery smooth muscle cells
IFNs   Interferons
IL‑1   Interleukin 1
IL‑1β   Interleukin 1β
IL‑6   Interleukin 6
IL‑13   Interleukin 13
IL‑17A   Interleukin 17A
IPAH   Idiopathic pulmonary arterial hypertension
MD   Molecular dynamics
miR‑125b   MicroRNA 125b
miR‑200c‑3p  MicroRNA 200c from the 3′ end of precursor micro‑

RNA hairpin
miR‑421   MicroRNA 421
miR‑483‑3p   MicroRNA 483 from the 3′ end of precursor microRNA 

hairpin
Miz1   Myc‑interacting zinc finger protein‑1
MODY   Maturity‑onset diabetes of the young
Nrf2   Nuclear factor erythroid 2‑related factor 2
NUAK2   NUAK family kinase 2
PAH   Pulmonary arterial hypertension
PAP   Pulmonary arterial pressure
PRMT5   Protein arginine methyltransferase 5
RAS   Renin‑angiotensin system
RASMC   Rat aortic smooth muscle cells
ROS   Reactive oxygen species
RPTCs   Renal proximal tubular cells
S protein   Spike protein
sACE2   Soluble ACE2
SARS‑CoV   Severe acute respiratory syndrome coronavirus
SARS‑CoV‑2   Severe acute respiratory syndrome coronavirus 2
scRNA‑seq   Single‑cell RNA sequencing
SENP3   SUMO specific peptidase 3
SHRs   Spontaneously hypertensive rats
SIRT1   Silent information regulator T1
STAT3   Signal transducer and activator of transcription 3
SUMO3   Ubiquitin‑like modifier 3
T1D   Type 1 diabetes
T2D   Type 2 diabetes
TAC    Transaortic constriction
TGF‑β   Transforming growth factor‑β
TNF‑α   Tumor necrosis factor‑ α
TOLLIP   Toll‑interacting protein
Treg   Regulatory T cells
UC   Ulcerative colitis
UCHL1   Ubiquitin carboxyl‑terminal hydrolase L1
USP4   Ubiquitin specific proteases 4

USP50   Ubiquitin‐specific peptidase 50
Vit C   Vitamin C
VSMC   Vascular smooth muscle cell
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