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SARS-CoV-2 down-regulates ACE2 through 
lysosomal degradation

ABSTRACT Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) utilizes its Spike 
(S) glycoprotein to bind to the angiotensin-converting enzyme 2 (ACE2) receptor for cellular 
entry. ACE2 is a critical negative regulator of the renin-angiotensin system and plays a protec-
tive role in preventing tissue injury. Expression of ACE2 has been shown to decrease upon 
infection by SARS-CoV. However, whether SARS-CoV-2 down-regulates ACE2 and the under-
lying mechanism and biological impact of this down-regulation have not been well defined. 
Here we show that the SARS-CoV-2 infection down-regulates ACE2 in vivo in an animal mod-
el, and in cultured cells in vitro, by inducing clathrin- and AP2-dependent endocytosis, lead-
ing to its degradation in the lysosome. SARS-CoV-2 S-treated cells and ACE2 knockdown cells 
exhibit similar alterations in downstream gene expression, with a pattern indicative of acti-
vated cytokine signaling that is associated with respiratory distress and inflammatory dis-
eases often observed in COVID-19 patients. Finally, we have identified a soluble ACE2 frag-
ment with a stronger binding to SARS-CoV-2 S that can efficiently block ACE2 down-regulation 
and viral infection. Thus, our study suggests that ACE2 down-regulation represents an impor-
tant mechanism underlying SARS-CoV-2–associated pathology, and blocking this process 
could be a promising therapeutic strategy.

INTRODUCTION
Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the 
causal agent for the coronavirus disease 2019 (COVID-19), causes 
acute respiratory distress and long-term pulmonary damages as well 

as multiorgan dysfunctions involving cardiovascular, immune, gas-
trointestinal, and neurological systems (Finsterer et al., 2021; Hu 
et al., 2021; McCormick et al., 2021). Similar to the original SARS-
CoV virus, SARS-CoV-2 uses its Spike (S) glycoprotein on the enve-
lope to engage the host cell surface angiotensin-converting enzyme 
2 (ACE2) as the entry receptor, leading to the subsequent mem-
brane fusion or endocytosis for virus entry (Li et al., 2003; Hoffmann 
et al., 2020; Ou et al., 2020). Although the structure of the S-ACE2 
complex and the mechanism by which ACE2 mediates viral entry 
have been elucidated (Lan et al., 2020; Shang et al., 2020; Wang 
et al., 2020; Wrapp et al., 2020; Yan et al., 2020; Peng et al., 2021; 
Jackson et al., 2022), the impact of S protein on ACE2 expression 
and activity is not fully understood.

ACE2 is a type-I transmembrane carboxypeptidase that is ex-
pressed in multiple tissues, including lung, heart, blood vessels, kid-
ney, and intestine (Hikmet et al., 2020). It functions as a negative 
regulator of the renin-angiotensin system (RAS) by catalyzing the 
hydrolysis of angiotensin II, a peptide hormone that promotes vaso-
constriction and increases blood pressure, into angiotensin 1–7 
(Deshotels et al., 2014; Santos et al., 2018). ANG-(1–7) has been 
reported to reduce lung inflammation, fibrosis, and pulmonary arte-
rial hypertension, likely through reducing the activity of key signal-
ing pathways including the NF-κB, TGF-β, IL-6, IL-1β, JNK, and 
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FIGURE 1: SARS-CoV-2 Spike protein down-regulates ACE2 both in vitro and in vivo. (A, B) CoV-2 S protein down-
regulated ACE2 in HEK-293AACE2 cells. HEK-293AACE2 cells were treated with 25 µg of purified CoV-2 S or VSV-G for the 
indicated times (A) or with the indicated amount of CoV-2 S or VSV-G for 6 h (B) and subjected to Western blotting with 
anti-Flag. α-Tubulin was used as a loading control. (C) CoV-2 S decreased ACE2 in H1299ACE2 and A549ACE2 cells. Cells 
were treated with 25 µg of purified CoV-2 S or VSV-G for 6 h. (D) CoV-2 S decreased ACE2 in Vero and Calu-3 cells. Cells 
were treated with 25 µg of purified CoV-2 S or VSV-G for 6 h and subjected to Western blotting with anti-ACE2. 
(E) CoV-2 S did not alter ACE2 mRNA level as examined by RT-qPCR analysis in HEK-293AACE2 cells treated with CoV-2 S 
or VSV-G. Data are mean ± SEM. Each dot represents the relative mRNA expression level of ACE2 in a single sample. 
P values were determined using unpaired two-tailed Student’s t tests. NS, no significance. n  = 3 independent 
experiments. (F, G) CoV-2 S promoted ACE2 degradation. HEK-293AACE2 cells were treated with the indicated amount 
of CoV-2 S or VSV-G and 100 µg/ml cycloheximide (CHX) for 6 h (F) or with 25 µg CoV-2 S or VSV-G and 100 µg/ml CHX 
for the indicated time (G). ACE2 levels were measured by Western blotting with anti-Flag (top panel) and quantified in 
the graph shown in the bottom panel. Data are mean ± SEM. n  = 3 independent experiments. (H) CoV-2 S RBD was 
required for ACE2 down-regulation. HEK-293AACE2 cells were treated with 25 µg of CoV-2 S or CoV-2 S-∆RBD for 6 h. 
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MAPK/ERK pathways (Santos et al., 2018). Thus, ACE2 plays a pro-
tective role in preventing tissue injuries, and decreased expression 
of ACE2 is associated with an increase in pulmonary edema, acute 
respiratory distress syndrome, atherosclerosis, hypertension, cardiac 
hypertrophy, ventricular remodeling, and heart failure (Hamming 
et al., 2007; Santos et al., 2018; Vieira et al., 2021). Consistently, 
ACE2 knockout mice exhibit increased susceptibility to cardiac in-
jury and a worse outcome in various mouse models of inflammation 
and injury, such as influenza virus–induced lung injury and models of 
acute respiratory distress syndrome, among others (Imai et al., 2010; 
Liu et al., 2014; Jia et al., 2020). For example, in response to acid 
challenge, ACE2 knockout mice displayed significantly greater lung 
elastance, worsened oxygenation, massive lung oedema, and in-
creased inflammatory infiltration (Imai et al., 2005, 2010). These 
phenotypes are very similar to those of mice that have been admin-
istered with SARS-CoV virus or the S protein of SARS-CoV (Kuba 
et al., 2005). These SARS-CoV–infected mice showed worsened 
acid-induced acute lung failure accompanied by pathological 
changes in the lung parenchyma and increased lung edemas, leuko-
cyte infiltration, and greater elastance. Importantly, ACE2 was found 
to be markedly reduced in the lungs of SARS-CoV–infected mice 
(Kuba et al., 2005). Thus, ACE2 down-regulation may contribute to 
severe pathological outcomes upon SARS-CoV infection.

Multitissue injury, especially in the lung and cardiovascular sys-
tem, is also an important feature of severe COVID-19 disease. Be-
cause the S protein of SARS-CoV-2 shares a high-level similarity with 
that of SARS-CoV and both bind to the ACE2 receptor (Li et al., 
2005; Wrapp et al., 2020), we wonder whether infection with SARS-
CoV-2 also leads to down-regulation of ACE2 and whether this con-
tributes to the severe respiratory distress syndrome and dysfunc-
tions in the cardiovascular system and other organs. In this study, we 
investigated whether SARS-CoV-2 triggers ACE2 down-regulation 
in vivo and in vitro and uncovered molecular mechanisms underly-
ing this down-regulation. Using animal models of SARS-CoV-2 infec-
tion, a pseudovirus, and purified SARS-CoV-2 S protein, we showed 
that the SARS-CoV-2 S protein down-regulates ACE2 by inducing its 
endocytosis via clathrin and AP-2, leading to its degradation in the 
lysosome. A comparison of the alterations in gene expression be-
tween SARS-CoV-2 S–treated cells and ACE2-depleted cells showed 
a significant overlap between the two, suggesting that down-regu-
lation of ACE2 may contribute to the pathological symptoms and 
altered cytokine and inflammatory signaling. Finally, we have identi-
fied a novel soluble ACE2 with a stronger binding to the SARS-
CoV-2 S protein that could have therapeutic potentials. Thus, we 
have identified a potentially important mechanism for COVID-19 
pathogenesis that may be exploited for developing effective thera-
peutics for COVID-19.

RESULTS
The S protein of SARS-CoV-2 down-regulates ACE2
To investigate the effect of SARS-CoV-2 S protein (CoV-2 S) on ACE2 
levels, we first generated the HEK-293AACE2 cell line that stably 

expressed Flag-tagged human ACE2 (ACE2-Flag) and then treated 
the cells with purified recombinant CoV-2 S protein (WA1 strain) or 
VSV glycoprotein (VSV-G) (Supplemental Figure S1A) for various pe-
riods of time. As shown in Figure 1, A and B, CoV-2 S, but not VSV-
G, decreased ACE2 protein levels in a dose-dependent manner af-
ter 3 h. Similarly, CoV-2 S caused a decrease in ACE2 levels in two 
human lung cancer cell lines that stably expressed ACE2-Flag, 
H1299ACE2 and A549ACE2 (Figure 1C). More importantly, CoV-2 S de-
creased endogenous ACE2 levels in Vero and Calu-3 cells, two cell 
lines that are susceptible to infection by SARS-CoV-2 (Figure 1D) 
(Hoffmann et al., 2020). Real-time quantitative reverse transcription 
PCR (qRT-PCR) analysis showed that the mRNA level of ACE2 was 
not altered upon CoV-2 S binding (Figure 1E), and down-regulation 
of ACE2 still occurred in the presence of the protein synthesis inhibi-
tor cycloheximide (CHX) (Figure 1F). Furthermore, the half-life of 
ACE2 was greatly reduced upon S binding (Figure 1G), suggesting 
that CoV-2 S induces ACE2 degradation. Interestingly, deletion of 
the receptor binding domain (RBD) in CoV-2 S blocked the down-
regulation of ACE2 (Figure 1H and Supplemental Figure S1B), sug-
gesting that the interaction between the S protein and ACE2 is 
required for ACE2 down-regulation.

We next prepared the lentivirus-based pseudoviruses express-
ing either CoV-2 S or VSV-G to deliver the S protein to cells 
through viral infection. CoV-2 S and VSV-G were found to incorpo-
rate into the pseudoviruses (Supplemental Figure S1C), which 
subsequently infected cells in an ACE2-dependent manner (Sup-
plemental Figure S1D). We then infected the HEK-293AACE2 and 
Calu-3 cells and found that cells infected with viruses containing 
CoV-2 S, but not those expressing VSV-G, showed reduced ACE2 
levels (Figure 1, I and J). Furthermore, the live SARS-CoV-2 virus, 
but not the inactivated, γ-irradiated SARS-CoV-2 virus, decreased 
ACE2 levels in HEK-293AACE2 cells (Figure 1K). This suggests that 
CoV-2 S protein expressed from a live virus also leads to down-
regulation of ACE2.

To investigate whether SARS-CoV-2 infection leads to down-
regulation of endogenous ACE2 in vivo, we infected Syrian ham-
sters, an animal model commonly used for SARS-CoV-2 infection, 
with SARS-CoV-2 viruses intranasally (Hou et al., 2020; Plante 
et al., 2021). SARS-CoV-2 nucleocapsid protein could be observed 
in the infected cells of the lung tissues at day 2 postinfection, indi-
cating that most of the infected cells at this early stage are still 
alive (Hou et al., 2020; Yamaguchi et al., 2021). Histopathological 
analysis revealed acute lung injury with increased infiltration of 
mononuclear cells in hamsters challenged with SARS-CoV-2 
(Figure 1L). Notably, ACE2 levels in the lung tissues of these in-
fected hamsters were significantly reduced at day 2 postinfection 
(Figure 1M), raising the possibility that reduced ACE2 expression 
might have a role in SARS-CoV-2–mediated lung pathologies. 
Taken together, our data suggest that SARS-CoV-2 infection down-
regulates ACE2 in vivo and this is likely due to the binding of its 
S protein to ACE2 as purified S protein induces ACE2 degradation 
in vitro in cells.

(I, J) Pseudovirus bearing CoV-2 S down-regulated ACE2. HEK-293AACE2 (I) or Calu-3 (J) cells were infected with 
pseudoviruses bearing CoV-2 S or VSV-G (MOI = 12) for 6 h and then subjected to Western blotting with anti-Flag (I) or 
anti–ACE-2 (J). (K) SARS-CoV-2 down-regulated ACE2 in cells. HEK-293AACE2 cells were infected with SARS-CoV-2 or 
γ-irradiated SARS-CoV-2 (MOI = 12) for 6 h and then subjected to Western blotting with anti-Flag. (L) SARS-CoV-2 
induced lung injury as indicated by the increased inflammatory infiltration. Representative H&E stains of lung tissues 
harvested from hamsters infected with SARS-CoV-2 or mock virus (TCID50 = 4 × 103) at day 5 postinfection. Red arrows 
indicate the infiltrated mononuclear cells. n = 3 hamsters per group. Scale bar, 50 µm. (M) SARS-CoV-2 down-regulated 
ACE2 in vivo in infected lung tissues. SARS-CoV-2 or mock virus–infected hamster lung tissues were subjected to 
Western blotting analysis with anti-ACE2 antibody. n = 3 individual samples.
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FIGURE 2: Down-regulation of ACE2 by the S protein of different SARS-CoV-2 strains. (A, B) CoV S down-regulated 
ACE2 more efficiently than CoV-2 S. HEK-293AACE2 cells were treated with different amounts of VSV-G, CoV S, or 
CoV-2 S protein for 6 h (A) or with 17.5 µg of VSV-G, CoV S, or CoV-2 S protein for the indicated time (B) and then 
subjected to Western blotting analysis. ACE2 levels were quantified, normalized to that of α-tubulin, and are shown in 
the graphs. Data are mean ± SEM. n  = 3 independent experiments. (C) Strep pull-down assay was performed by 
incubating purified Strep-tagged CoV S or CoV-2 S with lysates of HEK-293AACE2 cells, and the associated ACE2 
proteins were detected by Western blotting with anti-Flag. Strep-tagged S proteins were assessed by Western blotting 
with anti-Strep. ACE2 proteins in the cell lysates were examined by Western blotting with anti-Flag. (D) Titers of 
SARS-CoV-2 variants in the lungs of infected hamsters were determined on days 2 and 5 postinfection. Each hamster 
was infected with 4 × 103 TCID50 of virus. Each dot, square, or triangle represents the viral titer in each lung tissue of 
infected hamsters. Data are mean ± SD. n = 3, 4, or 5 hamsters per group. (E) SARS-CoV-2 variants down-regulated 
ACE2 in vivo in lung tissues. Lung tissues were harvested from SARS-CoV-2, SARS-CoV-2 variants, or mock virus–
infected hamsters and subjected to Western blotting with anti-ACE2. n = 3 individual samples. (F, G) The S protein of 
CoV-2 variants down-regulated ACE2. HEK-293AACE2 cells were treated with various amounts of S proteins from 
different variants for 6 h and then subjected to Western blotting with anti-Flag. ACE2 levels were quantified and 
normalized to that of α-tubulin and are shown in the graph. Data are mean ± SEM. n = 3 independent experiments.
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Down-regulation of ACE2 by different S proteins
Because the Spike protein of the original SARS-CoV has been re-
ported to down-regulate ACE2 (Kuba et al., 2005; Haga et al., 2008; 
Glowacka et al., 2010), we next compared the efficiency of ACE2 
down-regulation by the S proteins of SARS-CoV (CoV S) with that by 
CoV-2 S. The HEK-293AACE2 cells were treated in parallel with the 
two S proteins at various concentrations and for different periods of 
time. Compared to CoV-2 S, a lower concentration of CoV S and a 
shorter time of treatment were sufficient to trigger ACE2 down-reg-
ulation (Figure 2, A and B, and Supplemental Figure S1E), suggest-
ing that CoV S induced ACE2 down-regulation more efficiently than 
CoV-2 S. Given that the interaction between the S protein and ACE2 
was required for ACE2 down-regulation, we employed a Strep pull-
down assay to compare the binding ability of in vitro purified Strep-
tagged CoV S for ACE2 with that of CoV-2 S. As shown in Figure 2C, 
CoV S displayed a stronger binding for ACE2 than CoV-2 S. This 
higher binding ability between CoV S and ACE2 could contribute to 
the increased efficiency in ACE2 degradation.

Several variants of SARS-CoV-2 carrying key point mutations in 
the S protein have emerged and circulated in the human population. 
These mutations include D614G, N501Y/D614G, N501Y/
D614G/∆69-70/P681H (Alpha), and N501Y/D614G/K417N/E484K 
(Beta) variants (Garcia-Beltran et al., 2021; Harvey et al., 2021; Li 
et al., 2021; Martin et al., 2021; Washington et al., 2021; Zhou et al., 
2021). To determine whether these variants also trigger ACE2 down-
regulation, we infected Syrian hamsters with similar titers of the 
SARS-CoV-2 viruses of the WA1, D614G, or Beta strains. At day 2 
postinfection, hamsters infected with different variants exhibited 
similar viral titers in the lung, and by day 5, while the viral titers started 
to decrease in the lungs of hamsters infected with the WA1 and 
D614G strains, they maintained the same level in those infected with 
the Beta variant (Figure 2D). We harvested the lungs from the in-
fected hamsters at day 2 and examined ACE2 levels by Western blot-
ting. As shown in Figure 2E, all variants down-regulated ACE2 in lung 
tissues. Consistent with the in vivo results, purified S proteins contain-
ing the D614G, N501Y/D614G, or N501Y/D614G/∆69-70/P681H 
(Alpha) mutations also down-regulated ACE2 in HEK-293AACE2 cells 
as efficiently as the S protein from the original WA1 strain (Figure 2, 
F and G, and Supplemental Figure S1E). Taken together, our results 
indicate that the S proteins from the SARS-CoV and SARS-CoV-2 vi-
ruses induce ACE2 degradation both in vitro and in vivo.

The S protein down-regulates ACE2 through the lysosome
The proteasome and lysosome are two major routes of protein deg-
radation (Perera and Zoncu, 2016; Dikic, 2017). To determine which 
of these two mediates ACE2 down-regulation, we pretreated cells 
with the proteasome inhibitor MG132 or the lysosome inhibitor 
bafilomycin A1 (Baf-A1) before adding the S protein. As shown in 
Figure 3, A and B, Baf-A1, but not MG132, prevented ACE2 down-
regulation by CoV-2 S. Furthermore, specific lysosomal protease 
inhibitors E64d and pepstatin A also prevented CoV-2 S-induced 
ACE2 down-regulation (Supplemental Figure S2), suggesting the 
involvement of the lysosome in ACE2 down-regulation. Consistent 
with this, ACE2 that was normally localized to the cell membrane 
was internalized upon CoV-2 S binding, and the internalized ACE2 
colocalized with the lysosome marker LAMP2, but not with markers 
of other organelles such as AIF (mitochondria) and RCAS1 (Golgi) 
(Figure 3, C–E). A previous report showed that ACE2 could be ubiq-
uitinated by the MDM2 E3 ligase at K788, leading to its degradation 
(Shen et al., 2020). We found that MDM2 is not involved in CoV-2 
S-induced ACE2 down-regulation because knocking down of 
MDM2 or mutation of the K788 had no effect on ACE2 degradation 

(Figure 3, F and G). Thus, CoV-2 S protein down-regulates ACE2 via 
the lysosome pathway.

The SARS-CoV-2 S protein induces ACE2 endocytosis
Considering that endocytosis is the primary route for receptor inter-
nalization from the cell surface to the lysosome (Bonifacino and Traub, 
2003), we next examined whether CoV-2 S promoted ACE2 endocy-
tosis. We first generated the HEK-293A cell line stably expressing 
ACE2 fused to GFP and directly monitored the movement of ACE2-
GFP by live-cell imaging. In untreated cells, ACE2-GFP was localized 
primarily at the cell surface (Figure 4A). Upon CoV-2 S binding, ACE2-
GFP gradually translocated to cytoplasmic puncta and after 1 h had 
largely disappeared from the cell surface (Figure 4, A–C). The internal-
ized ACE2-GFP colocalized with EEA1 and RAB5, two early endo-
some markers, and the late endosome marker RAB7, but not with 
markers of mitochondria (AIF), Golgi (RCAS1), endoplasmic reticulum 
(PDI), or autophagosome (LC3) (Figure 4, B–E). Interestingly, CoV-2 S 
colocalized with ACE2 both on the cell surface upon the initial binding 
and inside the cells after 3 h (Figure 4F), suggesting that the S protein 
was internalized together with ACE2. These results indicate that ACE2 
undergoes endocytosis to the endosome upon CoV-2 S binding.

Clathrin and AP2 are required for CoV-2 S-induced ACE2 
endocytosis
Given that the caveolae-dependent and clathrin-dependent path-
ways are two common endocytic pathways for receptor endocytosis 
(Mayor and Pagano, 2007; Mettlen et al., 2018), we asked whether 
caveolae or clathrin was required for ACE2 endocytosis. To do this, 
we depleted the caveolin-1 (CAV-1) or clathrin heavy chain (CHC) by 
small interfering RNA (siRNA) in HEK-293AACE2 cells (Figure 5, A–C) 
and found that knockdown of CHC, but not CAV-1, prevented ACE2 
down-regulation and endocytosis by CoV-2 S, suggesting that 
ACE2 likely underwent clathrin-mediated endocytosis (CME).

CME is a complex and multistep process that removes trans-
membrane proteins from the plasma membrane. Adaptor protein 
complex 2 (AP2) recognizes and binds to the sorting signals on the 
intracellular domains of transmembrane cargo proteins to internal-
ize them through endocytosis (Kaksonen and Roux, 2018). To inves-
tigate the role of AP2 in ACE2 down-regulation, we knocked down 
the μ2 subunit of AP2 by siRNA and found that depletion of μ2 
suppressed ACE2 down-regulation (Figure 5D) and internalization 
(Figure 5E). These results suggest that AP2 is required for S protein–
mediated ACE2 degradation. Consistent with this, μ2 was found to 
colocalize with ACE2 and the S protein (Figure 5F).

ACE2, in its cytoplasmic tail region, contains a YASI sequence, 
which is a putative endocytic sorting motif (YxxΦ, in which x is any 
amino acid and Φ represents amino acids with a bulky hydrophobic 
side chain) and is predicted to bind to the μ2 subunit of the endocy-
tosis AP2 complex (Figure 5G). To test whether AP2 binds to the 
ACE2 YASI motif, we first mutated this motif to AASA and confirmed 
that CoV-2 S could still interact with the ACE2-AASA mutant (Sup-
plemental Figure S3). We then purified AP2 complex from 293T cells 
transfected with cDNAs encoding various tagged AP2 subunits, in-
cluding μ2, Strep-α, mCherry-β2, and HA-σ2, and investigated the 
interaction between AP2 and ACE2 using a Strep pull-down assay. 
As shown in Figure 5H, the AP2 complex could bind to wild-type 
(WT) ACE2, but not the ACE2-AASA mutant, confirming that the 
YASI motif in ACE2 mediates binding to AP2. Consistent with this, 
CoV-2 S effectively caused down-regulation and internalization of 
WT ACE2 but not ACE2-AASA (Figure 5, I and J). Taken together, 
these data suggest that the AP2 complex directly binds to ACE2 to 
facilitate its CME, ultimately resulting in lysosomal degradation.
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Downstream transcription outcomes of CoV-2 S-induced 
ACE2 down-regulation
To investigate the downstream outcomes of CoV-2 S-induced ACE2 
down-regulation, we first performed RNA-seq analysis in HEK-
293AACE2 cells treated with 25 μg of CoV-2 S for 6 h (Supplemental 
Figure S4). Analysis of the RNA-seq data revealed that 286 genes 
were up-regulated and 261 genes were down-regulated in CoV-2 
S-treated cells (Figure 6A). DisGeNET analyses of these up-regu-
lated genes showed significant enrichment of genes associated with 
pneumonia, respiratory distress syndrome, and lung diseases, path-
ological conditions often found in patients exhibiting severe symp-
toms following SARS-CoV-2 infection (Figure 6B). KEGG enrichment 
analysis further showed that genes associated with multiple signal-
ing pathways, including MAPK, interleukin, cytokine, Hippo, and 
JAK-STAT pathways, were significantly enriched in the up-regulated 
gene set (Figure 6C).

Next, we compared this RNA-seq data set with that found in cells 
depleted of ACE2 (Supplemental Figure S4). Knocking down of 
ACE2 by siRNA (siACE2) resulted in the up-regulation of the expres-
sion of 539 genes and the down-regulation of 785 genes (Figure 6D). 
Many of these up-regulated genes are active in multiple cytokine 
signaling pathways and are related to arthritis, inflammation, cardio-
vascular diseases, and pneumonia (Figure 6, E and F), similar to that 
found in CoV-2 S-treated cells. In agreement with this, Venn diagram 

analysis showed an overlap of 187 genes between the CoV-2 
S-treated cells and siACE2 cells (Figure 6G). Importantly, heat maps 
and DisGeNET analyses of these overlapped up-regulated genes 
also showed significant enrichment of genes that are associated with 
lung diseases, including asthma, pulmonary fibrosis, and pulmonary 
emphysema (Figure 6, H and I). Pathway analysis further revealed 
that many of these overlapped genes were concentrated in interleu-
kin and cytokine signaling, JAK-STAT signaling, MAPK signaling, and 
the AP-1 transcription factor network, suggesting that ACE2 down-
regulation may activate these signaling cascades (Figure 6J). Taken 
together, these data suggest that binding of CoV-2 S alone is suffi-
cient to alter the activities of key pathways associated with SARS-
CoV-2 pathogenesis and that some of the severe symptoms may be 
caused by ACE2 down-regulation (Bouhaddou et al., 2020; Jiang 
et al., 2020; Winkler et al., 2020).

A soluble ACE2 fragment with a stronger binding to CoV-2 
S blocks the binding and down-regulation of endogenous 
ACE2 by CoV-2 S
Structural studies have indicated that residues 31, 35, 38, and 353 in 
human ACE2 are the key binding sites for the SARS-CoV S protein 
(Lan et al., 2020; Shang et al., 2020; Walls et al., 2020; Wang et al., 
2020; Wrapp et al., 2020; Yan et al., 2020). Among these, E35 and 
K353 are absolutely conserved among ACE2 from different species, 

FIGURE 3: The CoV-2 S protein down-regulates ACE2 through the lysosome. (A, B) CoV-2 S down-regulated ACE2 
through the lysosome. HEK-293AACE2 cells were pretreated with 10 µM proteasome inhibitor MG132 or 200 nM 
lysosome inhibitor bafilomycin A1 (Baf A1) for 2 h, followed by 25 µg of CoV-2 S treatment for 6 h in the absence (A) or 
presence (B) of 100 µg/ml CHX for the indicated time. Levels of ACE2 were examined by Western blotting. (C–E) ACE2 
was internalized and colocalized with lysosome markers upon CoV-2 S treatment. HEK-293AACE2 cells were treated with 
CoV-2 S for 4 h and subjected to immunostaining with anti-ACE2 (green) and anti-LAMP2 (C), anti-RCAS1 (D), or anti-AIF 
(E) antibodies (red). DAPI is shown in blue. Scale bar, 10 µm. (F) MDM2 was not involved in CoV-2 S-mediated ACE2 
down-regulation. HEK-293AACE2 cells were transfected with siMDM2 or control (siCtrl) for 48 h and then treated with 
25 µg of CoV-2 S protein for the indicated time. (G) HEK-293A cells stably expressing ACE2 or ACE2-K788R were 
treated with 25 µg of CoV-2 S protein for the indicated time, and ACE2 levels were measured by Western blotting.
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FIGURE 4: CoV-2 S induces ACE2 endocytosis. (A) ACE2 was internalized upon CoV-2 S treatment. HEK-293A cells 
stably expressing ACE2-GFP were treated with CoV-2 S and subjected to live-cell imaging. The durations of CoV-2 S 
treatment are indicated at the top. Scale bar, 10 µm. (B, C) ACE2 colocalized with early endosome markers. HEK-293A 
cells stably expressing ACE2-GFP were treated with CoV-2 S for the indicated time and subjected to immunostaining 
with anti-EEA1 (red) (B) or anti-RAB5 (red) (C) antibodies. DAPI is shown in blue. Scale bar, 10 µm. (D) ACE2 colocalized 
with a late endosome marker. HEK-293A cells stably expressing ACE2-GFP and mCherry-RAB7 were treated with CoV-2 
S for 3 h and subjected to confocal microscopy. DAPI is shown in blue. Scale bar, 10 µm. (E) HEK-293A cells stably 
expressing ACE2-GFP or ACE2-Flag were treated with CoV-2 S for 3 h and subjected to immunostaining with anti-
RCAS1 (red), anti-AIF (red), anti-PDI (red), or anti-ACE2 (green) antibodies. DAPI is shown in blue. Scale bar, 10 µm. 
(F) ACE2 colocalized with CoV-2 S. HEK-293AACE2 cells were treated with CoV-2 S for 3 h and subjected to 
immunostaining with anti-ACE2 (green) and anti-Spike (red) antibodies. DAPI is shown in blue. Scale bar, 10 µm.
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FIGURE 5: Clathrin and AP2 are required for SARS-CoV-2 S-induced ACE2 endocytosis. (A, B) Clathrin was required for 
ACE2 down-regulation. HEK-293AACE2 cells were transfected with siCAV-1, siCHC, or siCtrl for 48 h and then treated 
with CoV-2 S protein for 6 h. Cell lysates were subjected to Western blotting with anti-Flag, anti-CAV-1, or anti-CHC 
antibodies. (C) Clathrin was required for ACE2 internalization. HEK-293AACE2 cells were transfected with siCHC or siCtrl 
for 48 h, treated with CoV-2 S protein for 4 h, and then subjected to immunostaining with anti-ACE2 (green) and 
anti-LAMP2 (red) antibodies. DAPI is in blue. Scale bar, 10 µm. (D) µ2 was required for ACE2 down-regulation. HEK-
293AACE2 cells were transfected with siµ2 or siCtrl for 48 h and then treated with CoV-2 S protein for 6 h. Cell lysates 
were subjected to Western blotting analysis with anti-Flag and anti-µ2 antibodies. (E) µ2 was required for ACE2 
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while K31 and D38 in the ACE2 peptidase (PD) domain could po-
tentially be altered to increase its binding to the S proteins. In par-
ticular, D38 normally forms a salt bridge with K353, a feature critical 
for the stabilization of the structure, and moreover, the civet ACE2 
has an E at this position, with a longer side chain to form a stronger 
salt bridge. Thus, we speculate that a change of D38 to E in human 
ACE2 may increase its interaction with the S protein.

To test this, we changed K31 to T or D38 to E individually in hu-
man ACE2 and tested the binding of these mutants to CoV-2 S by a 
coimmunoprecipitation assay in 293T cells cotransfected with the 
CoV-2 S and WT or mutant ACE2. While K31T ACE2 significantly 
disrupted its binding to CoV-2 S (unpublished data), D38E mutation 
enhanced the binding of ACE2 to CoV-2 S (Figure 7A). Thus we 
decided to focus on the D38E ACE2.

Next we engineered a soluble D38E ACE2 fragment (1–615 
amino acids) with its transmembrane and cytoplasmic domains re-
moved (sACE2-D38E) and tested whether this soluble ACE2 could 
compete with the cellular ACE2 for binding to CoV-2 S. Indeed, the 
sACE2-D38E fragment competed with the full-length WT ACE2 in 
cells for binding to CoV-2 S in a dose-dependent manner (Figure 
7B). Furthermore, addition of sACE2-D38E into the cell culture me-
dium successfully blocked the ACE2 down-regulation caused by 
CoV-2 S (Figure 7C).

We also examined the binding ability of sACE2-D38E fragment 
for the S proteins of WT or the Alpha CoV-2 variant. As shown in 
Figure 7D, the sACE2-D38E fragment bound to Alpha CoV-2 S as 
efficiently as WT CoV-2 S.

Finally, to examine whether sACE2-D38E can prevent CoV-2 
S-mediated viral entry into cells, a pseudovirus expressing both a 
luciferase reporter gene and the S protein from the WT SARS-CoV-2 
strain or the Alpha variant was employed to infect HEK293AACE2 cells 
in the absence or presence of sACE2-D38E. The level of viral entry 
into cells was measured by the luciferase assay (Hoffmann et al., 
2020). As shown in Figure 7E, 14 h after viral infection, the infected 
cells all displayed a significantly increased luciferase activity (top pan-
els), indicating efficient viral entry. As expected, ACE2 was degraded 
significantly in these infected cells (bottom panels, Figure 7E). Addi-
tion of sACE2-D38E markedly suppressed luciferase activities and vi-
ral entry upon infection by both WT and Alpha strains of pseudovirus 
and blocked ACE2 down-regulation (Figure 7E). sACE2-D38E did not 
affect VSV-G–mediated viral infection, suggesting that sACE2-D38E 
specifically blocks CoV-2 S (Figure 7E). These data demonstrated that 
soluble ACE2 with a stronger binding to CoV-2 S can compete with 
cellular ACE2 to neutralize CoV-2 S-mediated viral infection and 
block the down-regulation of host ACE2, therefore preventing patho-
logical symptoms associated with ACE2 down-regulation.

Taking the results together, our study has demonstrated that 
SARS-CoV-2 infection leads to down-regulation and degradation of 
ACE2 in vivo and provided important insights toward an under-
standing of the molecular mechanisms underlying the pathogenesis 
of SARS-CoV-2 infection.

DISCUSSION
Patients with severe COVID-19 display acute respiratory distress 
syndrome and multiorgan dysfunctions (Santos et al., 2018). These 
symptoms are similar to the phenotypes observed in several tissue 
injury models of ACE2 knockout mice. This prompted us to examine 
whether SARS-CoV-2 infection or binding of the S protein causes 
down-regulation of ACE2 and whether this contributes to the ob-
served pathological effects of SARS-CoV-2 infection. Using animal 
models of SARS-CoV2 infection, a pseudovirus and purified SARS-
CoV-2 S protein, we showed that SARS-CoV-2 infection led to ACE2 
down-regulation in vivo, and its S protein down-regulated ACE2 by 
inducing clathrin- and AP2-dependent endocytosis, leading to its 
degradation in the lysosome. CoV-2 S induces changes in down-
stream gene expression that are associated with respiratory and in-
flammatory diseases and affect cytokine signaling. Importantly, 
many of these changes are also observed in ACE2 knockdown cells, 
especially those related to pulmonary and inflammatory diseases 
and enriched in cytokine signaling pathways, suggesting that some 
of the severe respiratory and inflammatory symptoms exhibited by 
patients with severe COVID-19 can be attributed to ACE2 down-
regulation. Thus, blocking the binding of the S protein to ACE2 and 
the subsequent down-regulation of ACE2 could lessen the tissue 
injury and severity of clinical symptoms. To that end, we have identi-
fied a soluble sACE2 fragment that displays a stronger binding to 
CoV-2 S that can efficiently block ACE2 down-regulation and CoV-2 
pseudoviral infection. Taken together, our results suggest that ACE2 
down-regulation represents an important mechanism for CoV-2–as-
sociated clinical pathological outcomes, and blocking this process 
could be a potential strategy for clinical therapy.

ACE2 plays a protective role in preventing multiple tissue in-
jury, and down-regulation of ACE2 has been reported to occur 
during the development of pulmonary arterial hypertension (Shen 
et al., 2020). This down-regulation appeared to be mediated by 
the proteasome and required the MDM2 E3 ubiquitin ligase, which 
induced ubiquitination of ACE2 at K788, targeting it for protea-
some degradation (Shen et al., 2020). However, MDM2 is not in-
volved in CoV-2 S-induced ACE2 degradation, as depletion of 
MDM2 or mutation of K788R in ACE2 did not affect ACE2 down-
regulation by CoV-2 S. In contrast, our results showed that CoV-2 
S-induced ACE2 down-regulation occurs through the lysosome 

internalization. HEK-293AACE2 cells were transfected with siµ2 or siCtrl, treated with CoV-2 S protein for 4 h, and then 
subjected to immunostaining with anti-ACE2 (green) and anti-LAMP2 (red). DAPIis in blue. Scale bar, 10 µm. (F) ACE2 
colocalized with µ2. HEK-293A cells stably expressing ACE2-GFP and µ2-mCherry were treated with CoV-2 S for 1 h and 
then subjected to immunostaining with anti-Spike (magenta) antibody. DAPI is shown in blue. Scale bar, 10 µm. 
(G) Sequence alignment of the transmembrane domain and cytoplasmic tail of ACE2 from different species. The YxxΦ 
motif is indicated in blue. (H) ACE2 interacted with the AP2 complex through the YASI motif. Purified Strep-tagged AP2 
complex was incubated with lysates of cells stably expressing ACE2 or ACE2-AASA mutant, and the ACE2 associated 
with AP2 was detected by Western blotting with anti-Flag. Strep-tagged AP2 complex was assessed by Western 
blotting with anti-Strep, anti-mCherry, anti-HA, and anti-µ2. ACE2 proteins in the cell lysates were examined by Western 
blotting with anti-Flag. (I) The ACE2-AASA mutant was not down-regulated by CoV-2 S. HEK-293A cells stably 
expressing ACE2 or ACE2-AASA were treated with CoV-2 S for the indicated time and then subjected to Western 
blotting with anti-Flag. (J) The ACE2-AASA mutant was not internalized by CoV-2 S. HEK-293A cells stably expressing 
ACE2 or ACE2-AASA were treated with CoV-2 S for 4 h and then subjected to immunostaining with anti-ACE2 (green) 
and anti-LAPM2 (red) antibodies. DAPI is shown in blue. Scale bar, 10 µm.
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FIGURE 6: Effect of ACE2 down-regulation by CoV-2 S on downstream transcription responses. (A) Volcano plot 
showing differentially expressed genes in cells treated with CoV-2 S by RNA-seq. Each dot represents the average value 
of a single gene in three replicate experiments. Dashed horizontal lines mark a P value of 0.05, and dashed vertical lines 
indicate a Log2(fold change) of 1 and –1. Red and blue indicate up-regulated and down-regulated genes, respectively, 
with an absolute Log2(fold change) > 1 and a P value < 0.05. (B) DisGeNET enrichment analysis of CoV-2 S-induced 
up-regulated genes. Bars show the –Log10(P value). Red points show the percentage of genes enriched. (C) KEGG 
pathway enrichment analysis of CoV-2–induced up-regulated genes. Bars show the –Log10(P value). Red points show 
the percentage of genes enriched. (D) Volcano plot showing differentially expressed genes in ACE2 knockdown cells 
using RNA-seq. (E) DisGeNET enrichment analysis of up-regulated genes in ACE2 knockdown cells. Bars show the 
–Log10(P value). Red points show the percentage of genes enriched. (F) KEGG pathway enrichment analysis of 
up-regulated genes in ACE2 knockdown cells. Bars show the –Log10(P value). Red points show the percentage of genes 
enriched. (G) Venn diagram of overlapping up- or down-regulated genes identified in differential expression analysis of 
CoV-2 S-treated or ACE2 knockdown cells. Numbers of up-regulated or down-regulated genes in each group are 
indicated. (H) Heat maps of overlapping up-regulated genes in both CoV-2 S and ACE2 knockdown cells. Columns 
represent samples, and rows represent genes. Gene expression levels in the heat maps are z score–normalized 
Log2(CPM)-transformed values. CPM, count per million reads. (I) DisGeNET enrichment analysis of overlapped 
up-regulated genes in both CoV-2 S and ACE2 knockdown cells. Bars show the –Log10(P value). Red points show the 
percentage of genes enriched. (J) KEGG pathway enrichment analysis of overlapped up-regulated genes in both CoV-2 
S and ACE2 knockdown cells. Bars show the –Log10(P value). Red points show the percentage of genes enriched.
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and is mediated by the clathrin-dependent endocytosis pathway. 
The μ2 subunit of the AP2 complex binds to the endocytic motif 
YxxΦ present in the cytoplasmic tail region of ACE2 and through 
this interaction promotes clathrin-dependent endocytosis, leading 
to degradation in the lysosome. This ability of ACE2 to bind to the 
AP2 complex via the cytoplasmic YxxΦ motif has recently been 
confirmed by a bioinformatic study (Kliche et al., 2021). We specu-
late that binding of CoV-2 S may result in posttranslational modifi-
cation of the ACE2 cytoplasmic tail region, allowing the YxxΦ mo-
tif to bind to μ2 and recruit clathrin and other endocytic 
components for endocytosis of ACE2. Alternatively, ACE2 may 
undergo a constitutive internalization and recycling through its as-
sociation with the AP2 complex, and CoV-2 S diverts the internal-
ized ACE2 to the lysosomes via altered endosomal sorting.

Both SARS-CoV and SARS-CoV-2 employ the S proteins to en-
gage the ACE2 receptor for cellular entry. Previously, the original 
SARS-CoV virus has been reported to down-regulate ACE2 via its S 
protein (Imai et al., 2005; Kuba et al., 2005). However, whether 

SARS-CoV-2 also causes ACE2 down-regulation was not clear. Here 
we have demonstrated that SARS-CoV-2 and its variants markedly 
decrease ACE2 levels in the lung tissue of infected hamsters in vivo. 
This is consistent with the earlier report that infection of hamsters 
with a pseudovirus expressing only CoV-2 S resulted in ACE2 down-
regulation (Lei et al., 2021b; Yamaguchi et al., 2021) and suggests 
that CoV-2 S is sufficient for ACE2 down-regulation. Our observa-
tion that ACE2 down-regulation occurred within 6 h after infection 
with SARS-CoV-2, a time frame during which the SARS-CoV-2 virus 
has not replicated and released viral particles in Caco-2 or Vero E6 
cells (Bojkova et al., 2020; Ogando et al., 2020), suggests that viral 
replication is not required for ACE2 down-regulation. Consistent 
with this, the inactivated, γ-irradiated virus, which does not express 
sufficient S protein on the surface (Loveday et al., 2021), failed to 
down-regulate ACE2. While this paper was being submitted and 
reviewed, Yamaguchi et al. (2021) also reported that SARS-CoV-2 
causes lung injury and down-regulates ACE2 in vivo, confirming 
our findings. SARS-CoV-2 entry into host cells requires sequential 

FIGURE 7: Identification of a soluble ACE2 fragment with a stronger binding to CoV-2 S. (A) The D38E mutation of 
ACE2 enhanced its binding to CoV-2 S. Strep-tagged CoV-2 S (CoV-2 S-Strep) was cotransfected with C9-tagged wild 
type (WT) or D38E mutant of ACE2 into 293T cells. Coimmunoprecipitation (co-IP) was performed with anti-Strep beads 
followed by Western blotting with the indicated antibodies. α-Tubulin was used as a loading control. (B) The soluble 
fragment of ACE2-D38E (sACE2-D38E) competed with cell surface ACE2 for CoV-2 S binding in a dose-dependent 
manner. CoV-2 S-Strep was purified with and immobilized on Strep beads from transfected 293T cells and incubated 
with lysates from HEK-293AACE2 cells in the absence or presence of various amounts of purified sACE2-D38E-HA 
(30, 60 µg). Binding of ACE2 to CoV-2 S-Strep beads was examined by Western blotting using the indicated antibodies. 
(C) sACE2-D38E blocked ACE2 down-regulation by CoV-2 S. HEK-293AACE2 cells were treated with 30 µg of purified 
CoV-2 S-Strep in the absence or presence of 30 or 60 µg of sACE2-D38E-HA for 6 h. ACE2-Flag levels in the whole cell 
lysates were analyzed by Western blotting with anti-Flag. (D) sACE2-D38E binds equally well to the S protein from WT 
and Alpha strains. CoV-2 S-Strep of the WT or Alpha strain was purified with and immobilized on Strep beads from 
transfected 293T cells and incubated with purified sACE2-D38E-HA. Western blotting was carried out using the 
indicated antibodies. (E) sACE2-D38E prevented the entry of pseudovirus containing CoV-2 S into cells by neutralizing 
virus infection. HEK-293AACE2 cells were infected with 1 ml of concentrated pseudovirus expressing VSV-G (left), CoV-2 S 
(middle), or Alpha S (right) in either the absence or presence of 60 µg of sACE2-D38E-HA or BSA for 6 h. Viral infection 
and entry were measured by luciferase assays (top panels). ACE2 levels were detected by Western blotting (bottom 
panels). Data in the graphs in E were derived from at least three independent experiments and are presented as means 
± SD by Student’s t test. *P < 0.05.
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cleavage of the Spike protein upon its binding to ACE2. Either dele-
tion of the furin cleavage site or inhibition of TMPRSS2 significantly 
reduced SARS-CoV-2 entry and attenuates SARS-CoV-2 pathogen-
esis (Johnson et al., 2021; Jackson et al., 2022). It would be interest-
ing to investigate whether the spike mutants resistant to cleavage 
would affect ACE2 levels. Interestingly, we found that CoV-S is more 
efficient than CoV-2 S in ACE2 down-regulation, probably due to a 
stronger binding to ACE2, and this seems to correlate with a higher 
mortality rate of SARS-CoV. HCoV-NL63 S has no significant effect 
on ACE2 down-regulation, which possibly correlates to its lower pa-
thology (Haga et al., 2008; Glowacka et al., 2010). Several SARS-
CoV-2 Spike variants bind to and down-regulate ACE2 with a similar 
efficiency, yet these variants clearly display different rates of trans-
mission and cause disease of different severities. This suggests that 
ACE2 down-regulation likely contributes to, but is not fully respon-
sible for, the pathological effects of SARS-CoV-2.

Our comparison of the gene expression profiles between 
CoV-2 S-treated cells and ACE2 knockdown cells showed only a 
partial overlap in the set of altered target genes. This could re-
flect the difference between transient and long-term down-regu-
lation of ACE2 by CoV-2 S and ACE2 knockdown, respectively. In 
addition, CoV-2 S is likely to affect cellular signaling events 
through other interacting proteins, such as ZDHHC5 (zinc finger 
DHHC-type palmitoyltransferase 5) and GOLGA7 (golgin A7) 
identified in the recent mass-spec study (Gordon et al., 2020). 
These interactions could also affect the changes in downstream 
transcriptome. Of note, the overlapped gene set is associated 
with pulmonary and inflammatory diseases and enriched in cyto-
kine signaling as well as MAPK and JAK-STAT pathways. This is in 
general agreement with previous global phosphoproteomics 
analysis and RNA-seq analysis of SARS-CoV-2–infected cells and 
lung tissues showing that SARS-CoV-2 infection up-regulated in-
nate immune responses with increased cytokine production and 
type I and II interferon signaling (Winkler et al., 2020), as well as 
NF-kB, MAPK/p38, and JAK-STAT pathways (Bouhaddou et al., 
2020). Thus, ACE2 down-regulation likely contributes signifi-
cantly to CoV-2 S-induced transcriptional changes and subse-
quent pathological outcomes.

Down-regulation of ACE2 could also conceivably prevent more 
viruses from entering the cells after the initial wave of SARS-CoV-2 
infection. This could be used by the human tissues and cells as a 
temporary strategy to block additional viral invasion. Thus, ACE2 
down-regulation may temporarily lower viral load and reduce the 
rate of SARS-CoV-2 infection but may also cause a spectrum of ad-
verse pathological outcomes. Given that binding of CoV-2 S to 
ACE2 is the key step in SARS-CoV-2 viral entry and the later clinical 
pathologies, disrupting this binding would be an effective strategy 
to block viral infection. Indeed, we have developed a soluble ACE2 
receptor containing the D38E mutation that displays a stronger 
binding to CoV-2 S, likely due to a stronger salt bridge between 
ACE2 and CoV-2 S. Treatment of cells with this soluble receptor 
markedly reduced viral entry and ACE2 down-regulation. Thus, this 
soluble fragment could potentially be optimized for therapeutic 
purposes.

Altogether, our study has uncovered the important mechanism 
by which SARS-CoV-2 down-regulates ACE2 and demonstrated that 
this down-regulation can alter cellular signaling pathways involved 
in SARS-CoV-2–induced lung pathology and inflammatory diseases. 
These results highlight the importance of blocking Spike protein 
binding to ACE2 in anti-viral therapy, a strategy further supported 
and validated by the effectiveness of the soluble sACE2-D38E in 
reducing CoV-2 S-mediated viral entry and ACE2 down-regulation. 

Future studies to further optimize the soluble receptor fragments 
may lead to an effective therapy for clinical management of SARS-
CoV-2 infection.

MATERIALS AND METHODS
Request a protocol through Bio-protocol.

Plasmids, antibodies, and reagents
The cDNAs encoding SARS-CoV Spike (S), SARS-CoV-2 S, and hu-
man ACE2 were purchased from Addgene (#145031, #145780, and 
#1786). The 2 × Strep-SARS-CoV S-1-1190 and 2 × Strep-SARS-
CoV-2 S-1-1208 were generated by PCR and subcloned into the 
pcDNA3.1 or pRK5M vector. Various SARS-CoV-2 S mutants or vari-
ants, ∆RBD (receptor binding domain), D614G, N501Y/D614G, and 
N501Y/∆HV69-70/P681H/D614G (Alpha) were generated by PCR 
and cloned into the pRK5M vector. The sACE2-HA and sACE2-D38E-
HA were generated by PCR and subcloned into the pRK5M vector. 
Human ACE2-Flag and ACE2-GFP were generated by PCR and 
cloned into the pLVX-IRES-Puro vector kindly provided by Nevan 
Krogan (University of California, San Francisco). The mCherry-LC3, 
μ2, Strep-α, mCherry-β2, and HA-isσ2 constructs were generous 
gifts from James H. Hurley (University of California, Berkeley). The 
pLVX-μ2-mCherry construct was generated by PCR and cloned into 
the pLVX-IRES-Hygro vector.

The following antibodies and reagents were obtained commer-
cially: anti-Flag (Sigma; F3165, M2); anti-ACE2 (GeneTex; GTX01160, 
SN0754); anti-ACE2 (Invitrogen; MA5-32307, SN0754); anti-Spike 
(GeneTex; GTX632604, 1A9); anti–α-tubulin (Calbiochem; CP06, 
DM1A); anti-EEA1 (Cell Signaling Technology; 3288T, C45B10); 
anti-RAB5 (Cell Signaling Technology; 46449T, E6N8S); anti-PDI 
(Cell Signaling Technology; 3501T, C81H6); anti-AIF (Cell Signaling 
Technology; 5318T, D39D2); anti-RCAS1 (Cell Signaling Technol-
ogy; 12290T, D2B6N); anti-LAMP2 (Santa Cruz; sc-18822, H4B4); 
anti-clathrin heavy chain (Santa Cruz; sc-12734, TD.1); anti-μ2 (Ab-
cam; ab75995, EP2695Y); anti–caveolin-1 (Cell Signaling Technol-
ogy; 3267T, D46G3); anti-Strep (IBA; 2-1509-001); anti-mCherry 
(Proteintech; 26765-1-AP); anti-MDM2 (Santa Cruz; sc-56154, 
HDM2-323); MG132 (Selleckchem; S2619); bafilomycin A1 (Cell Sig-
naling Technology; 54645S), cycloheximide (Sigma; C4859).

Cell culture, transfection, RNA interference, and infection
HEK293T, HEK293A, and A549 cells were cultured in DMEM (Invit-
rogen) supplemented with 10% fetal bovine serum (FBS) (HyClone) 
and 50 μg/ml penicillin–streptomycin (Pen-Strep). H1299 cells were 
cultured in RPMI-1640 (Invitrogen) supplemented with 10% FBS and 
50 μg/ml Pen-Strep. Caco2 and Vero cells were cultured in DMEM 
supplemented with 10% FBS, 1% Non-Essential Amino Acids 
(Thermo Fisher Scientific), 1% sodium pyruvate (Thermo Fisher Sci-
entific), and 50 μg/ml Pen-Strep. HEK293 GnTI cells were cultured in 
FreeStyle 293 expression medium (Thermo Fisher Scientific) supple-
mented with 1% FBS and 1% antibiotic–antimycotic (Thermo Fisher 
Scientific). All cell lines have been authenticated at the UC Berkeley 
Cell Culture Facility by the single-nucleotide polymorphism test.

Transfection of cells with cDNA was performed using polyethyl-
enimine (PEI; Polysciences) or Lipofectamine 2000 (Thermo Fisher 
Scientific) and with siRNA was carried out using Lipofectamine 
RNAiMAX (Thermo Fisher Scientific) according to the manufacturer’s 
instructions. The following siRNAs obtained from Dharmacon were 
used: siGENOME SMARTpool Human MDM2 (M-003279-04-0005), 
siGENOME SMARTpool Human Clathrin Heavy Chain (M-004001-
00-0005), siGENOME SMARTpool Human CAV1 (M-003467-01-
0005), siGENOME SMARTpool Human μ2 (M-008170-01-005), 

https://en.bio-protocol.org/cjrap.aspx?eid=10.1091/mbc.e22-02-0045
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siGENOME SMARTpool Human ACE2 (M-005755-00-0005), and 
siGENOME Non-Targeting siRNA pool (D-001206-13-05).

Pseudoviruses expressing SARS-CoV-2 S or VSV-G were pro-
duced by cotransfection of HEK-293T cells with psPAX2 (Addgene; 
#12260), pLVX-GFP-IRES-Luciferase, and plasmids encoding Flag-
tagged SARS-CoV-2 S or VSV-G. The supernatants were harvested 
at 48 h posttransfection, passed through a 0.45 μm filter, and con-
centrated by Lenti-X Concentrator (Takara) according to the manu-
facturer’s instructions. The viral titer was determined by counting the 
GFP-positive cells after infection with serial diluted viral supernatant 
for 24 h. For infection of HEK-293AACE2 cells, 2.5 × 104 cells were 
incubated with the pseudovirus at a multiplicity of infection (MOI) of 
12 for 6 or 14 h.

Lentiviruses were prepared in HEK-293T cells by transfection 
with pLVX-ACE2-Flag-IRES-Puro, pLVX-ACE2-AASA-Flag-IRES-
Puro, or pLVX-ACE2-GFP-IRES-Puro and viral packaging constructs. 
The viral supernatant was collected, filtered, and mixed with 4 μg/ml 
polybrene (Sigma) before being added to the target cells. HEK-
293A, A549, and H1299 cells stably expressing human ACE2-Flag, 
ACE2-AASA-Flag, or ACE2-GFP were generated by lentiviral infec-
tion followed by selection in medium containing puromycin.

Protein expression and purification
Protein expression and purification were performed as described 
previously (Chang et al., 2019). The recombinant VSV-G, CoV-S, and 
CoV-2 S and the variant proteins in our study are soluble forms of 
the proteins with the transmembrane domains removed. Briefly, 
HEK-293 GnTI cells that had been transfected with plasmids ex-
pressing 2 × Strep-tagged VSV-G (amino acids 1–464), SARS-CoV S 
(amino acids 1–1190), or SARS-CoV-2 S and its variants (amino acids 
1–1208) were harvested in the lysis buffer (50 mM HEPES, pH 7.5, 
1% Triton X-100, 150 mM NaCl, 1 mM MgCl2, 10% glycerol, and 
1 mM dithiothreitol [DTT]) supplemented with protease inhibitors 
(Roche). The clarified lysates were incubated with Strep-Tactin 
Superflow beads (IBA) for 3 h at 4°C. The beads were washed exten-
sively with the washing buffer (50 mM HEPES, pH 7.5, 300 mM 
NaCl, 1 mM MgCl2, and 1 mM DTT), and the Strep-fusion proteins 
were eluted with 10 mM desthiobiotin (Sigma) in the elution buffer 
(50 mM HEPES, pH 7.5, 150 mM NaCl, and 1 mM DTT) and concen-
trated with Amicon Ultra Centrifugal Filters (Millipore).

Strep pull down and immunoblotting
Cell lysates were incubated with Strep-fusion proteins overnight at 
4°C, followed by Strep-Tactin Superflow beads for an additional 2 h. 
Proteins bound to the Strep-Tactin Superflow beads were eluted, 
resolved by SDS–PAGE, and detected by Western blotting as de-
scribed previously (Zhu et al., 2016; Lu et al., 2020).

Immunofluorescence staining and live-cell imaging
Cells were seeded on glass coverslips, fixed with 4% paraformalde-
hyde or methanol, permeabilized with 0.1% Triton X-100 for 10 min, 
and blocked in 5% FBS in phosphate-buffered saline (PBS). Cells 
were then incubated with primary antibodies at 4°C overnight, 
washed, and incubated with fluorophore-conjugated secondary an-
tibodies (Thermo Fisher Scientific) for 1 h at room temperature in 
the dark. After being washed with PBS, the coverslips were mounted 
on glass slides using VECTASHIELD Antifade Mounting Medium 
with 4’,6-Diamidino-2-phenylindole (DAPI; Vector Laboratories). 
Images were captured using a Zeiss LSM 710 confocal microscope.

For live-cell imaging, HEK-293A cells expressing ACE2-GFP that 
were seeded on a LabTek chambered slide (Nunc) were incubated 
with purified SARS-CoV-2 S protein and examined under a Zeiss 

LSM 880 confocal microscope in an equilibrated observation cham-
ber at 37°C with 5% CO2. Images were acquired at intervals of 1 min 
and analyzed with ImageJ.

RNA extraction, reverse transcription, and qRT-PCR
Total RNA was isolated from cells using TRIzol Reagent (Ambion). 
RNA (1 μg) was converted to (cDNA using the ProtoScript II First 
Strand cDNA Synthesis Kit (New England Biolabs). The qRT-PCR 
was performed on a Bio-Rad real-time PCR system (Bio-Rad) using 
the DyNAmo HS SYBR Green qPCR Kit (Thermo Fisher Scientific). 
The following primers were used: β-actin, Forward: GCCGACAG-
GATGCAGAAGGAGATCA, Reverse: AAGCATTTGCGGTGGAC-
GATGGA; ACE2, Forward: TCCGTCTGAATGACAACAGC, Reverse: 
CACTCCCATCACAACTCCAA.

RNA-seq and bioinformatics analysis
Total RNAs was extracted using TRIzol, and cDNA libraries were pre-
pared using high-quality RNA (RNA integrity number > 7). Three 
replicates for each group were generated and analyzed. RNA-seq 
was performed by Novogene as described previously (Lu et al., 
2020). The DESeq2 R package was used to identify differential ex-
pressed genes between two groups. The P values were adjusted 
using the Benjamini–Hochberg method. Genes with an adjusted P < 
0.05 and absolute Log2(fold change) > 1 were considered to be 
significantly differentially expressed. DisGeNET and KEGG enrich-
ment analysis of differential expressed genes were performed, and 
significant enrichment was defined as those with adjusted P < 0.05. 
The heat map was generated as previously described (Winkler et al., 
2020; Zhao et al., 2021). Briefly, gene-expression counts per million 
(CPM) were Log2 transformed followed by z-score normalization, 
and the z-score normalized data were used to generate the heat 
map comparing gene-expression levels using MATLAB, where red 
indicated elevated expression and blue indicated decreased.

SARS-CoV-2 viruses and culture
SARS-CoV-2 strain nCoV-WA1-2020 (WA1) was provided by the Cen-
ters for Disease Control and Prevention (Atlanta, GA). SARS-CoV-2 
variant strain ancestral B.1 (D614G) was isolated from patient swabs 
by the California Department of Public Health (Richmond, CA). Vari-
ant strain B.1.351 (Beta) was isolated from patient swabs at Stanford 
University Hospital, Stanford University (Stanford, CA). Virus propaga-
tion for all strains was performed by CalDPH in Vero-86 cells in DMEM 
supplemented with 5% FBS, 2 mM l-glutamine, 100 U/ml Pen-Strep. 
No mycoplasma contamination was detected in any of the virus 
stocks. Infectious titers of second-passage stocks used for infection 
were determined by median tissue culture infective dose TCID50 as-
say. The virus second-passage stocks were deep sequenced, and the 
RNA sequences of all the virus stocks used were 100% identical to the 
corresponding variant sequences deposited in GenBank. For TCID50 
assays and to prepare infectious inoculum, Vero E6 growth medium 
was prepared by using the formulation above except with 10% FBS 
and GlutaMAX (Life Technologies) substituted for l-glutamine.

Infection of hamsters
Eight-week-old, male Syrian golden hamsters (Charles River Labora-
tories; Strain 049) were anesthetized with isoflurane and intranasally 
inoculated with 4000 TCID50 of virus (WA1, D614G, or Beta) 
suspended in 50 μl of sterile Vero E6 growth medium or 50 μl of 
medium alone (mock infection). Animals were monitored and 
weighed daily. At the indicated time points postinfection, animals 
were humanely killed, and lung tissues were collected. Right lung 
lobes were weighed and stored in Vero E6 growth medium at –80°C 
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until processed for TCID50 assay and Western blotting. Left lobes 
were infused with 10% buffered Formalin (Thermo Fisher) and 
stored in 10 ml of 10% buffered Formalin at 4°C until further pro-
cessing for H&E staining.

TCID50 assay
Virus titer in lungs was determined by a TCID50 assay in Vero E6 
cells. Briefly, 10,000 cells per well were plated in 96-well plates and 
cultured for 24 h at 37°C with 5% CO2 in Vero E6 growth medium. 
Right lung lobes in Vero E6 growth medium were thawed and ho-
mogenized by bead beating. Homogenates were serial 10-fold di-
luted in Vero E6 growth medium and added to Vero E6 cells. Unused 
homogenates were retained and stored at –80°C. Cells were ob-
served for cytopathic effect for 6 d. TCID50 results were calculated 
using the Spearman and Kärber method (LOD 200 TCID50/ml) and 
normalized by lung tissue mass (Lei et al., 2021a). Lung homoge-
nates were thawed, and virus was inactivated by heating samples in 
sealed tubes (75°C, 30 min). Inactivated materials were incubated 
with SDS loading buffer and further subjected to Western blotting.

Animal use and biosafety
All procedures involving the use of hamsters were approved in ad-
vance by the University of California, Berkeley, Institutional Animal 
Care and Use Committee (AUP 2020-04-13242). All protocols con-
form to federal regulations, the National Research Council Guide for 
the Care and Use of Laboratory Animals, and the Public Health Ser-
vice Policy on Humane Care and Use of Laboratory Animals. All as-
pects of the use of viable SARS-CoV-2 virus were approved by the 
office of Environmental Health and Safety at UC Berkeley before 
initiation of this study. Work with viable SARS-CoV-2 was performed 
in an animal biosafety level 3 laboratory.

Statistics and reproducibility
All experiments are representative of at least three independent re-
peats. Data are presented as mean ± SEM or mean ± SD as indi-
cated in the figure legends. Comparisons among groups were per-
formed using Student’s t test with GraphPad Prism 8.
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