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Abstract

The transmembrane protease angiotensin converting enzyme 2 (ACE2) is a pro-
tective regulator within the renin angiotensin system and additionally represents
the cellular receptor for SARS-CoV. The release of soluble ACE2 (SACE2) from
the cell surface is hence believed to be a crucial part of its (patho)physiologi-
cal functions, as both, ACE2 protease activity and SARS-CoV binding ability, are
transferred from the cell membrane to body fluids. Yet, the molecular sources
of SACE2 are still not completely investigated. In this study, we show different
sources and prerequisites for the release of SACE2 from the cell membrane. By
using inhibitors as well as CRISPR/Cas9-derived cells, we demonstrated that, in
addition to the metalloprotease ADAM17, also ADAMI10 is an important novel
shedding protease of ACE2. Moreover, we observed that ACE2 can also be re-
leased in extracellular vesicles. The degree of either ADAM10- or ADAM17-
mediated ACE2 shedding is dependent on stimulatory conditions and on the
expression level of the pro-inflammatory ADAM17 regulator iRhom2. Finally, by
using structural analysis and in vitro verification, we determined for the first time
that the susceptibility to ADAM10- and ADAM17-mediated shedding is mediated
by the collectrin-like part of ACE2. Overall, our findings give novel insights into

SACE?2 release by several independent molecular mechanisms.
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1 | INTRODUCTION

The type 1 transmembrane metalloprotease angiotensin
converting enzyme 2 (ACE2) is involved in many (patho)
physiological processes. ACE2 represents the counterbal-
ance of ACE within the renin angiotensin system (RAS).
Here, the peptide hormone angiotensin II generated by
ACE is further converted by ACE2 into angiotensin, ,."*
Thereby ACE2 promotes vasodilation, anti-fibrotic, anti-
proliferative and anti-inflammatory effects. Several mouse
models with ACE2-deficiencies also show the numerous
protective functions of ACE2 such as the prevention of
Angiotensin II-mediated heart failure, vascular dysfunc-
tions and renal fibrosis.> Importantly, ACE2 represents
the cell-tethered receptor for the spike protein of SARS
coronavirus (CoV)-1 and -2 and is hence crucial for the
viral cell entry.*”

Soluble ACE2 (SACE2) can be found circulating in
humans and mice and one of the main sources seems to
be kidney tissue.®'! Yet, the origin and functional con-
sequences of SACE2 are not fully understood. The level
of SACE2 is elevated in pathologies such as chronic kid-
ney disease and cardiovascular disease.®*'*> Membrane
proteins can undergo ectodomain shedding, a process in
which its ectodomain can be cleaved by proteases called
sheddases. Previously, the metalloprotease ADAM17 (a
disintegrin and metalloproteinases 17) has been indicated
to act as an ACE2 sheddase.”**™'* In contrast, ACE2 cleav-
age by the serine protease TMPRSS2 does not lead to
SACE2." Overall, many questions remain to be answered
regarding the molecular basis of SACE2 generation, in-
cluding the structural requirements for the release, the po-
sition of the cleavage sites and possible additional sources
of SACE2.

ACE2 is a chimeric fusion gene consisting of the C-
terminal catalytically active metalloprotease domain
(MD) of the ACE gene and almost all parts of the col-
lectrin gene (TMEM27). While the positions of putative
cleavage sites are still unclear, the MD was described to be
a necessary structural determinant for shedding, since the
collectrin-like part (CLP) alone was previously described
as shedding resistant'*">

Importantly, the release of SACE2 seems to be crucial
for its biology, as SACE2 provides its activity in tissues
with low ACE2 expression.’ sSACE2 is also discussed in
terms of modulating the susceptibility of cells to infection
by CoV'®!7 (Figure 1A). It is still debated whether SACE2
promotes or prevents CoV infection and the subsequent
manifestation of the severe acute respiratory syndrome
(SARS). Strikingly, soluble ACE2 was recently described
to promote SARS-CoV infection of cells with low ACE2
expression.17 Hence, elucidating the molecular mecha-
nism of ACE2 release is of critical importance.

ADAM17 and its close relative ADAM10 are prominent
sheddases, since they are involved in various (patho)phys-
iological processes such as development, regeneration and
immunity.'**' Here, both proteases are involved in the
proteolytic release of different cytokines or their recep-
tors such as interleukin-6 receptor (IL6R), tumor necrosis
factor (TNFa), CXCL16 and CX3CL1, EGFR ligands such
as betacellulin (BTC), transforming growth factor (TGFa)
and amphiregulin as well as adhesion molecules such as
E-cadherin and JAM-A.**7

ADAM10 and ADAM17 are synthesised as proforms
into the ER with an inhibitory prodomain. Maturation of
these proforms takes place in the Golgi by furin-like pro-
protein convertases. Mature ADAM10 and ADAM17 can
then be transported to the cell surface, where the shed-
ding process takes place. Cell-surface shedding activity of
both proteases is dependent on and regulated by different
cellular signals, protein interactions and the membrane
compositions, which leads to structural changes within
the proteases.”®* ADAM10 activity seems to be primarily
dependent on Ca*" influx and calmodulin inhibition. >
Hence, ADAM10 activity can be increased by the use of
the ionophore ionomycin. ADAM17 activity seems to be
heavily dependent on PKC activity.?****® Thus, phorbol
esters such as PMA (phorbol 12-myristate 13-acetate),
which non-specifically activate PKCs, increase mainly
ADAM17-mediated shedding. While ADAM10 is consid-
ered to be mainly constitutively active, suggesting cell
processes that stimulate ADAM10 constitutively, the ac-
tivity and cell surface expression of ADAM17 are often
stimulated by various stimuli such as inflammatory sig-
nals.’*?3%37 Under inflammatory conditions the main
driver of ADAM17 activity seems to be its regulator the
pseudoprotease iRhom2 that promotes trafficking of
the protease from the ER to the Golgi and also stabilises
ADAM17 at the cell surface.”®™*°

So far, ADAM17 is believed to be the main ACE2 shed-
dase, while the involvement of ADAM10 in ACE2 shed-
ding is unclear. Furthermore, ACE2 shedding is not yet
understood in terms of the structural requirements of
ACE2 and its regulation by iRhom?2.

We found that ACE2 is very lowly expressed in most
human tissues, whereas it is highly expressed in the kidney,
where ADAM10 is also highly expressed. In this study we
provide multiple lines of evidence that ADAM10 is a major
ACE2 sheddase leading to the release of active sACE2.
We also observed that a significant degree of ACE2 is re-
leased in an ADAM10- and ADAM17-independent man-
ner via the release of extracellular vesicles. Furthermore,
we found that increased iRhom?2 expression facilitates a
switch from ADAM10- to ADAM17-mediated shedding of
ACE2. Finally, with structural and in silico analysis, we
determined the borders between the different structural



30f 16

EHUES . F
NI ET AL. FASEBJOURNAL

(A)
SARS-CoV| SARS-CoV Spike
AP-ACE2
3 :
Protease “a @ Protease

ﬁ

ACE2
B - E C
(B) z 1.5 1.5 ( ).-'? 1.5 % x
£ 2 * %
o @ |
%” 1.0 ¥ 1.0
] -
g g % o0
= <
(7] o
g 0.51 g 0.5-
) el
O (1}
o [
0.0 0.0
\"/ 0\
J & Q® Q@ @v\
R
C R @?’ ]

() ADAM17 KO () ADAM10 KO " A17/A10 KO

ns
_é. 1.5' | OI ‘? 1.5' -0? 1.5'
> ° 2 * & 2 ¥ &
- = -
3 ® | | ® | |
2 1.0 poocg 2 1.01 oy o ¥ 1.0 gm o°
o 5] o
e) © ]
Q Q Q
N - L i -
[7,] [7,] [7,]
.g 0.5 .g 0.5- .aaa 0.5
® © ®
I [ I °
0.0 *. 0.0 % 0.0
() Qo ¥+ O
& \:\% & '\9% K&
&5 5 &
Q& Qﬁo

FIGURE 1 ACE2isshed by ADAM17 and ADAM10. (A) Overview of ACE2 biology. For quantitative analysis of release ACE2 was
fused with AP (AP-ACE2). (B-F) HEK293 cells (B and C) and HEK293 cells deficient for ADAM10 (ADAM10 KO), ADAM17 (ADAM17 KO)
or both (A17/A10 KO) (D-F), transiently expressing AP-ACE2 were used to analyse ACE2 release via AP assay. Cells were treated as
labelled: 100 nM PMA; 40 uM TAPI1; 10 uM GI; 25 uM Ma, and incubated for 24 h. n > 3
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subunits of ACE2. In contrast to previous reports, here we
were able to prove for the first time that the collectrin-like
part (CLP) of ACE2 alone is susceptible to ADAM17- and
ADAM10-mediated shedding, using these newly defined
domain boundaries.

2 | MATERIALS AND METHODS

2.1 | Cell culture

HEK?293 cells (from ATCC), TC7 cells (from ATCC) and
HEK293 cells with CRISPR/Cas9 introduced deficiency
for ADAM10, ADAM17 or both** were cultured in a hu-
midified incubator at 37°C with 5% CO, in DMEM5%.
DMEMS5% contains DMEM high-glucose (Merck,
Darmstadt, Germany) supplemented with 5% foetal calf
serum (PanBiotechm, Aidenbach, Germany), 100 mg/L
streptomycin (Merck, Darmstadt, Germany) and 60 mg/1
penicillin (Merck, Darmstadt, Germany). To produce
stably expressing cells the pMOWS-vector system* com-
bined with the Phoenix ampho cells, a virus-producing
cell line (HEK?293 cell derivate; ATCC CRL-3213, ATCC,
Manassas, Virginia, USA) for cell transductions, was
used.*?

2.2 | Structure and sequence analyses
Sequence alignments and secondary structure predic-
tions were performed with the webtool Clustal Omega,43
PRALINE* and Jpred4.*> Structural analysis was per-
formed with UCSF ChimeraX* using the ACE2 structure
pdb: 6m1d.*

2.3 | Cloning

The constructs 4xmycAP-ACE2-pMOWS_Zeo, AP-
ACE2-pMOWSCMV_Zeo, AP-CLP-pMOWSCMV_Zeo
and 4xmycAP-CLP-pMOWS_Zeo were produced by fus-
ing the human placenta alkaline phosphatase with or
without 4xmyc-tag to the N-terminus of the full length
human ACE2 without the signal peptide (from pCG1-
hACE2® kindly provided by Prof. Phlman, German
Primate Centre, Gottingen, Germany) or the collectin-like
part of ACE2 (CLP) starting with K619, respectively, by
using overlapping PCR.*® Wt ACE2 and all ACE2 con-
structs were cloned into the pMOWS or pMOWSCMV
(additional CMV promotor) backbone with zeocin resist-
ance**? via the NEBuilder HiFi DNA assembly master
mix (E2621L, NEB, Ipswich, Massachusetts, USA) accord-
ing to the manufacturer's manual. pcDNA3.1 expression

plasmids encoding HA-tagged mouse RHBDL1, RHBDL2,
RHBDL3, and RHBDL4 were used by us previously*’ and
originally provided by Dr Matthew Freeman (Sir William
Dunn School of Pathology, Oxford, UK).”

2.4 | AP assay

Shedding of AP-ACE2, AP-CLP, 4xmycAP-ACE2,
4xmycAP-CLP, AP-TGFa and AP-BTC was measured by
an alkaline phosphatase (AP)-based assay. Here, HEK293
cells, TC7 cells or HEK293 cells deficient for ADAM17,
ADAMI10 or both* either transiently or stably expressing
the substrate of interest were used. Production of stably
expressing cells was described above. Transient transfec-
tion was performed via the use of Lipofectamine 3000
(L3000015, Thermo, Waltham, Massachusetts, USA) ac-
cording to the manufacturer's manual. Inhibition and
stimulation of the cells was performed in 6-well plates at a
confluencyofaround 80%. Cells were inhibited as described
in detail in the figure legends. Used inhibitors: 40 uM or
10 uM TAPI1 (S7434, Selleck Chemicals, Houston, Texas,
USA), 10 uM GI254023X (synthesised, Ludwig et al.>h,
25 uM marimastat (M2699, Merck, Darmstadt, Germany).
Used stimulators: 100 nM PMA (Cay10008014, Cayman
Chemical, Ann Arbor, Michigan, USA), 1 uM ionomycin
(10634, Merck, Darmstadt, Germany) in Gibco™ Opti-
MEM (11058-021, Thermo, Waltham, Massachusetts,
USA) for 24 h or in serum-free medium (DMEM) for 2 h
at 37°C. The shedding activity was assessed by measur-
ing the AP activity in the supernatant and in cell lysates.
Used lysis buffer: 50 mM Tris; 1% Triton X-100; 150 mM
NaCl; 2 mM EDTA; 10 mM 1,10-phenanthroline (37620,
Thermo, Waltham, Massachusetts, USA); 1 tablet cOm-
plete protease inhibitor (11697498001, Merck, Darmstadt,
Germany); pH7.5. p-Nitrophenyl phosphate (PNPP) solu-
tion (37620, Thermo, Waltham, Massachusetts, USA) was
added to continuously measure the AP activity at 405 nm
with the FLUOstar Optima (BMG LABTECH, Ortenberg,
Germany). To assess the AP activity the slope (change of
absorption at 405 nm per ms) was calculated. The relative
shedding activity was calculated as PNPP substrate turno-
ver (AP activity) in the supernatant in relation to the total
turnover in supernatant plus cell lysate (total amount of
available substrate).

2.5 | ACE2 activity assay

HEK293 cells and HEK293 cells stably expressing
murine iRhom2* were transiently transfected with
wtACE2_pMOWSCMYV as described above. At a conflu-
ency of 90% in a 24-well plate cells were treated with
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stimulators and inhibitors as described above for 2 h at
37°C. Supernatant was harvested and cell were lysed in
ACE?2 activity assay lysis buffer (50 mM Tris; 1% Triton
X-100; 137 mM NaCl; 2 mM EDTA; 5 mM ZnCl,; 1 tab-
let cOmplete protease inhibitor; pH7.5). Assay solution
contains 45 ul reaction buffer (50 mM Tris; 300 mM
NaCl; 0.1 mM ZnCl,; 0.01% Triton X-100; adjust pH6.5)
and 5 pl 0.1 mM fluorogenic ACE2 peptide substrate
(Mca-YVADAPK(Dnp)-OH; ES007, R&D systems,
Minneapolis, Minnesota, USA) in DMSO. 50 ul super-
natant or 5 pl cell lysate were mixed with 50 ul assay
solution and increase in fluorescence was continuously
measured (ex: 320 nm; em: 405 nm) with the FLUOstar
Optima. The relative ACE2 activity was calculated as
substrate turnover (slope of the fluorescence increase)
in the supernatant in relation to the total turnover in
supernatant plus cell lysate (total amount of available
substrate).

2.6 | Extraction of extracellular vesicles
The procedure of extraction of extracellular vesicles
was performed as described before>>*: At a confluency
of around 80% cells of interest (2 X 15 cm dish) were
cultured in serum-free medium for 24 h. Supernatant
was collected and centrifuged for 10 min at 300 g at
4°C, followed by centrifugation for 20 min at 2000 g
and 30 min at 10 000 g at 4°C (ultracentrifuge L7-65,
Beckman, rotor type 70 Ti, Beckman Coulter Pasadena,
California, USA). Afterwards, the supernatant was fil-
tered through a 0.22 um filter and then centrifuged
for 75 min at 100 000 g at 4°C. The sediment was re-
suspended in 15 ml ice-cold PBS (17-512F/12 882104,
Lonza, Basel, Switzerland). The suspension was cen-
trifuged for 75 min at 100 000 g at 4°C. Supernatant
was removed and the pellet containing extracellular
vesicles was dried. The extracellular vesicles were re-
suspended in 40 ul lysis buffer (20 mM Tris, 150 mM
NacCl, 1 tablet cOmplete protease inhibitor, 1% Triton
X-100, 1 mM PMSF, 10 mM 1,10-phenanthroline, 1 mM
EDTA, 1 mM Na;VO,, 10 uM GI254023X). This solution
was prepared for analysing via western blot by adding
10 ul reducing loading buffer (3% (w/v) SDS, 16% glyc-
erol, 8% 2-mercaptoethanol, 0.01% (w/v) bromphenol
blue, 0.1 M Tris HCI, pH 6.8) and heating it at 65°C for
20 min. As input control, cells were lysed in lysis buffer
(50 mM Tris; 1% Triton X-100; 150 mM NaCl; 2 mM
EDTA; 10 mM 1,10-phenanthroline; 1 tablet cOmplete
protease inhibitor; pH7.5) for 40 min at 4°C and then
centrifuged for 20 min at 16 000 g at 4°C. For western
blotting 40 pl of lysate were mixed with 10 pul reducing
loading buffer and heated at 65°C for 20 min.

FASE‘BJOURNAL

2.7 | RHDBL2-mediated shedding
Proteolysis of ACE2 by rhomboid proteases in HEK293
cells was analysed as described previously.* In brief,
1.8 X 10° HEK293 cells per cell culture dish were seeded
in 10 cm cell culture dishes 24 h before transfection. Cells
were transiently transfected with the respective expres-
sion plasmids using TurboFect Transfection Reagent
(Thermo Fisher Scientific, Waltham, MA, USA) according
to the manufacturer's instructions. 48 h after transfection,
the medium was replaced with 5 ml serum-free medium
and cells and supernatant were collected 4 h later. After
sterile filtration, proteins in the supernatant were precipi-
tated using 20% trichloroacetic acid. After centrifugation
for 20 min at 18 000 g, pellets were washed with acetone,
centrifuged again for 20 min at 18 000 g and dried after-
wards. Subsequently, the pellets were boiled in Laemmli
buffer for 5 min at 96°C in preparation for wester blotting.
The cells were washed with PBS (140 mM NaCl, 2.7 mM
KCI, 80 mM Na2HPO4x2 H20, 1.5 mM KH2PO4) and
lysed in 400 pl lysis buffer consisting of 10 mM Tris-HCl
pH 7.5, 140 mM NacCl, 5 mM EDTA pH 8.0, 1% Triton-
X-100, 1% protease inhibitor cocktail set III, EDTA-free
(Calbiochem/Merck Millipore, Burlington, MA, USA)
and 1% phosphatase inhibitor cocktail PhosSTOP (Roche,
Basel, Switzerland). Cell lysates were also boiled in
Laemmli buffer for 5 min at 96°C.

2.8 | Western blotting

After SDS-PAGE, proteins were transferred onto a
PVDF membrane with pore size 0.45 wm (IPFL00010,
Immobilon®-FL, Millipore, Burlington, Massachusetts,
USA) or onto a nitrocellulose membrane (GE Healthcare,
Chicago, IL, USA) by western blotting. The membrane
was blocked with 5% (w/v) non-fat dry milk in TBS
(50 mM Tris, 150 mM NacCl, pH7.4) with 0,1% Tween-20
(TBST) for 20-30 min at room temperature. This was
followed by three washing steps with TBST. Thereafter,
primary antibody was applied to the membrane: either
for 2 h at room temperature or overnight at 4°C. The
membrane was washed with TBST three times and then
incubated with secondary antibody for 1 h at room tem-
perature. The membrane was washed with TBST once and
with TBS twice. For fluorescence- or chemiluminescence-
based detection of proteins, the ChemiDoc™ MP Imaging
System (Bio-Rad Laboratories Inc., Hercules, California,
USA) was used. Quantification of bands was determined
with Image Studio Lite (LI-COR Biosciences, Lincoln,
Nebraska, USA). In case of using chemiluminescence
for detection, an ECL-solution (ratio of solutions 1:1,
Amersham ECL Prime Western-Blot-System, RPN2232,
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Thermo, Waltham, Massachusetts, USA) was used. The
following primary antibodies with the corresponding di-
lution were applied to the membrane: a-GAPDH (1:2000
in PBS with 0.1% Tween-20 and 5% non-fat milk powder,
MAS5-15738, Thermo, Waltham, Massachusetts, USA),
a-HSP70 (1:1000 in TBST and 5% non-fat milk pow-
der, EXOAB-HSP70A-1, SBI System Biosciences, Palo
Alto, California, USA), a-Myc (1:5000 in TBST and 1%
BSA, ab32, Abcam, Cambridge, United Kingdom), HRP-
conjugated a-Myc (1:1000 in TBST and 1% BSA, ab19312,
Abcam, Cambridge, United Kingdom), a-transferrin re-
ceptor (1 ug/ml in TBST and 1% BSA, ab84036, Abcam,
Cambridge, United Kingdom), aADAM17 (1:1000 in
TBST and 1% BSA, ab39162, Abcam, Cambridge, United
Kingdom), dADAM10 (1:1000 in TBST and 1% BSA,
ab19026, Abcam, Cambridge, United Kingdom) and aHA
(1:2000 in TBST and 1% BSA, 901502, Biolegend, San
Diego, California, USA). The following secondary anti-
bodies with the specified dilution were used: DyLight800-
conjugated donkey-a-rabbit (1:100 000 in TBST and
1% BSA, SA510044, Thermo Fisher Scientific, Thermo,
Waltham, Massachusetts, USA), DyLight680-conjugated
goat-a-mouse (1:100 000, in TBST and 1% BSA, 35519,
Thermo, Waltham, Massachusetts, USA), HRP-conjugated
goat-a-mouse (3:100 000 in TBS with 0,1% Tween-20
and 1% BSA, 115-036-003, Jackson ImmunoResearch,
West Grove, Pennsylvania, USA), HRP-conjugated goat-
a-rabbit (3:100 000 in TBST and 1% BSA, 111-036-003,
Jackson ImmunoResearch, West Grove, Pennsylvania,
USA). Primary and secondary antibodies diluted in TBST
and 1% BSA were filtered (0.22 pm) prior to application
to the membrane. Additionally, the primary antibodies
anti-myc (9B11) mouse mAb (1:1000 in TBS and 1% BSA)
and a-actinin (D6F6) XP® rabbit mAb (1:1000 in TBS and
1% BSA) from Cell Signaling Technology (Frankfurt/M.,
Germany) were used. Here, the fluorescently labelled
secondary antibodies IRDye® 680RD Donkey anti-Mouse
IgG (1:2500 in TBS and 1% BSA), and IRDye® 800CW
Donkey anti-Rabbit IgG (1:2500 in TBS and 1% BSA) from
LI-COR Biosciences (Lincoln, NE, USA) were utilised for
detection.

2.9 | Flow cytometric analysis

Flow cytometry analysis was performed as described ear-
lier.** All steps of the staining were performed at 4°C or
onice. 2 x 10° cells were incubated with primary antibody
for 1 h, washed two times with 400 pl PBS with 0.2% BSA
and afterwards incubated with the secondary antibody in
the dark for 45 min. After two additional washing steps
the fluorescence signal was analysed by flow cytometry
(LSRFortessa, BD Biosciences, Heidelberg, Germany) and

evaluated with FlowJo V10 software (BD Biosciences,
Heidelberg, Germany). Cell surface expression is given as
the geometric mean of the fluorescence intensity. The fol-
lowing primary antibodies with the indicated dilutions in
PBS with 0.2% BSA added were used: tADAM17 (1:100,
MAB 9301, R&D Systems, Minneapolis, Minnesota, USA),
aHA (1:500, 901502, Biolegend, San Diego, California,
USA). The following secondary antibodies with the indi-
cated dilutions were used: allophycocyanin-conjugated
amouse (1:200, 115-135-164, Jackson ImmunoResearch,
West Grove, Pennsylvania, USA).

2.10 | Gene expression analysis
For mRNA expression analysis in different human tissues
of healthy human samples the transcriptome data from
different public repositories, which were generated with
Affymetrix Human Genome U133Plus 2.0 Arrays, were
studied by using the Genevestigator suite.>*

2.11 | Statistic

Statistical analysis was performed as described before**:
All experiments were performed at least three times as
indicated in the figure legends. Quantitative data are al-
ways presented as mean with standard deviation (SD).
Statistical analyses were performed utilising the gener-
alised mixed model analysis (PROC GLIMMIX, SAS 9.4,
SAS Institute Inc., Cary, North Carolina, USA) and as-
sumed to be from either normal, lognormal or beta distri-
bution with the day of experiment conduction as random
to assess differences in the size of treatment effects across
the results. Residual analysis and the Shapiro-Wilk test
were used as diagnostics. In the case of heteroscedasticity
(according to the covtest statement) the degrees of free-
dom were adjusted by the Kenward-Roger approximation.
All p-values were adjusted for multiple comparisons by
the false discovery rate (FDR). p < .05 was considered sig-
nificant with *p < .05, **p < .01.

3 | RESULTS

3.1 | Differential ACE2 expressions in
tissues underline importance of soluble
ACE2

The release of soluble and functional ACE2 may be of
particular interest for tissues with low ACE2 expression,
where circulating ACE2 can exert its function in place of
membrane-bound ACE2. We analysed mRNA expression
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levels of ACE2 in different human tissues by utilising
transcriptome data from healthy human samples from
public repositories (File S1). Most tissues indeed show ex-
tremely low ACE2 expression levels including the lung,
which is in line with an earlier report.”® In contrast, only
the small intestine and the kidney show high ACE2 gene
expression (File S1). This is in line with previous reports
that the kidney is a main source of soluble ACE2.° Thus,
understanding the ACE2 shedding mechanism and sub-
sequent formation of SACE2 is crucial for gaining insight
into ACE2-dependent (patho)physiological processes.
Noteworthy, our study revealed that in the tissues with
increased ACE2 expression, the mRNA expression of
ADAM10 is higher than that of ADAM17 (File S1), which
is so far believed to be the predominant sheddase for
ACE2.

3.2 | ADAMI10 is a constitutive
ACE2 sheddase

ACE2 gene expression is high in kidney tissue (File S1) and
the kidney seems to be a main source of soluble ACE2.%%!
Additionally, it is known that there is activity of mature
ADAM10 in cells of the intestine, the kidney and the lung,
where ACE2 plays a vital role.'®?°¢57 Additionally, we
verified the presence of mature ADAMI10 in these tissues
on the protein level (Figure S1A). In the following ex-
periments we used the human embryonic kidney cell line
HEK293, which was described to have epithelial and mes-
enchymal characteristics. This cell line served as model
system for most of the previous analyses on the molecu-
lar mechanisms of ADAM17-mediated ACE2 cleavage
as well as for studies on SARS-CoV infection.”"*'*** To
quantitatively investigate ACE2 shedding, we designed
an ACE2 construct fused to an alkaline phosphatase (AP-
ACE2) (Figure 1A), as shown before with other ADAM
substrates.*>® We transiently transfected HEK293 cells
with AP-ACE2 and analysed constitutive ACE2 release
over 24 h. ACE2 was released into the supernatant and
this could be blocked by the inhibitor TAPI1 (Figure 1B),
as previously described.” However, TAPI1 is not specific
for ADAM17 and has already been described as an effec-
tive inhibitor of ADAM10.*!

In fact, ACE2 shedding was also reduced by the
broad-spectrum metalloprotease inhibitor marimastat
(Ma) and GI254023X (GI) (Figure 1B), which is 100-fold
more potent inhibitor for ADAM10 than for ADAM17.>!
We additionally found that ACE2-release is also reduced
by GI in the intestine-derived epithelial cell line TC-7
(Figure S1B). Furthermore, the strong ADAM17 activator
phorbol 12-myristate 13-acetate (PMA), significantly in-
creases long-term ACE2 release within 24 h of stimulation
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(Figure 1C). This increased release is in turn inhibitable
by TAPI1, Ma and GI (Figure 1C).

We further verified the involvement of both ADAMs
as ACE2 sheddases using our CRISPR/Cas9-derived
HEK?293 cells deficient for ADAM17, ADAMI10 or both.?
In these cells, as expected, the ADAM17 substrate TGF«
is not cleaved in the absence of ADAM17, whereas BTC
is not cleaved in the absence of ADAM10 (Figure S1C).
Interestingly, we could not observe a reduction in ACE2
release in ADAM17-deficient cells (Figure 1D). In con-
trast, cells deficient for ADAM10 show a significant de-
crease in ACE2 release (Figure 1E,F). Additionally, in
ADAM17-deficient cells, ACE2 release can still be blocked
by TAPI1, Ma and GI (Figure S1D). Together these results
clearly point to ADAM10 as a novel ACE2 sheddase. In
contrast, ACE2 release in ADAM10-deficient cells cannot
be reduced by GI (Figure S1E), also highlighting the spec-
ificity of the inhibitor against ADAM10 over ADAM17.
In these cells, TAPI1 and Ma still decrease ACE2 release
(Figure S1E), indicating still the involvement of ADAM17.
In cells lacking both ADAMs ACE2 release is not sensitive
to any of the used inhibitors (Figure S1F). Overall, these
results demonstrate for the first time an involvement of
ADAMIO in constitutive ACE2 release.

3.3 | ACE2release is enhanced by the
ADAM10 activator ionomycin

Having observed involvement of ADAM10 in long-term
ACE2 release,” we also analysed short-term release (2 h).
For a more homogenous ACE2 expression resulting in a
better yield of soluble ACE2, HEK293 cells stably express-
ing AP-ACE2 were used (Figure S2A). We confirmed
that these cells show the same TAPI1- and GI-sensitive
long-term ACE2 shedding as the transiently transfected
cells (Figure 2A). Further inhibition kinetics indicated
that the ICs, for GI was about 15 nM. In comparison,
the ICy, for TAPI1 and Ma were 1500 nM and 250 nM,
respectively (Figure S2B,C,D), demonstrating again that
ADAMI10 seems to be a major sheddase for constitutive
ACE2 shedding.

Additionally, we observed constitutive ACE2 release
within 2 h, which can be reduced again by TAPI1 and GI
(Figure 2B). We also attempted to stimulate short-term
ADAM17-mediated ACE2 release with PMA. However,
we did not observe any additional increase of ACE2 re-
lease compared with the control (Figure 2B). Instead,
ACE2 release was no longer inhibitable by GI, but was
still inhibitable by TAPI1, indicating that there was a shift
from ADAM10 (loss of ADAM10-mediated ACE2 shed-
ding) to ADAMI17 activity (stimulation of ADAM17-
mediated ACE2 shedding) with PMA treatment. This
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FIGURE 2 ADAMI10- and ADAM17-mediated ACE2 shedding can be induced. (A-C) HEK293 cells stably expressing 4xmycAP-ACE2
were used to analyse release via AP assay. Treatment as labelled: 100 nM PMA; 1 uM ionomycin (Iono); 10 uM TAPI1; 10 uM GI, and
incubated for 24 h (A) or 2 h (B andC). n > 4. (D) HEK293 cells stably expressing 4xmycAP-ACE2 or GFP as negative control (ctr.) were
used to isolate extracellular vesicles (e.v.). Isolated e.v. and lysates were immunoblotted and analysed for AP-ACE2, HSP70 and GAPDH.
Quality of e.v. isolation was evaluated by quantifying the ratio of GAPDH and HSP70 signals. n > 3. (E-H) HEK293 cells (E and F) or
HEK293 cells stably expressing iRhom2 (G and H), which were transfected with ACE2, were used to analyse proteolytic activity of soluble
ACE?2 via fluorogenic peptide cleavage assay. Cells were treated as labelled: 100 nM PMA; 40 uM TAPI1; 10 uM GI, and incubated for 2 h
(E, F, and H). n = 3. (G) Stable expression of iRhom2 with HA-tag was analysed by immunoblotting. ADAM17 maturation is represented
by the comparison of mature (mMADAM17) with immature ADAM17 (imADAM17). The transferrin receptor (TfR) served as input control.
Quantitative analysis of maturation is shown in Figure S3G. n = 4
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is consistent with the model that short-term ADAM17
activity can be induced by PKC activation such as PMA
treatment, whereas ADAMI10 activation depends on
Ca?" influx.?®33¢ Moreover, Ca*" influx can be inhib-
ited by PKC activity.**®! Consequently, PMA can decrease
ADAMI10 activity and increase ADAM17 activity, which
would explain the observed shift. To support this as-
sumption, we used the pan-PKC inhibitor BIMIL. In PMA
stimulated cells, neither BIMII nor the ADAMI10 inhib-
itor GI alone could inhibit ACE2 shedding significantly.
However, in combination both inhibitors significantly re-
duced the shedding, indicating that ADAM10 contributes
to the shedding when PKCs are inhibited (Figure S2E).
Additionally, stimulation with the ADAMI10 activator
ionomycin, which leads to Ca?" influx, induced a signif-
icant increase in short-term ACE?2 release, which can be
inhibited by TAPI1 and GI (Figure 2C). These results in-
dicate the involvement of ADAM10 in the upregulation
of ACE2 shedding in response to ionomycin but not in re-
sponse to PMA in the short-term.

3.4 | ACE2isreleased by
extracellular vesicles

While ADAM10- and ADAM17-mediated shedding can
be efficiently blocked by Ma, TAPI1 and GI, ACE2 re-
lease was only reduced by up to 50% (Figures 1B,C and
2A-C). Since the rhomboid protease RHBDL?2 also shares
substrates with ADAM17 and ADAM10 such as the IL6
receptor and IL11 receptor,*”** we additionally tested this
protease for its ability to shed ACE2. However, we found
that overexpression of RHBDL2 and closely related mem-
bers of the rhomboid superfamily have no influence on
ACE2 release (Figure S2F). While there may still be other
ACE2 sheddases, it was recently described that ACE2 can
also be released via extracellular vesicles.’*%* To test this,
we purified extracellular vesicles from HEK293 cells ex-
pressing AP-ACE2. Indeed, AP-ACE2 was detected in ex-
tracellular vesicles (Figure 2D). As control of purity of the
isolated extracellular vesicles the exosomal marker HSP70
was used, which is enriched in extracellular vesicles com-
pared to GAPDH (Figure 2D). In summary, sACE2 is not
only released by ADAM10- and ADAM17-mediated shed-
ding but also in extracellular vesicles.

3.5 | Shed ACE2 is catalytically active

Since circulating soluble ACE2 has been proven to be
catalytically active in humans,” we investigated whether
SACE2 released by shedding retains its proteolytic ac-
tivity. For this purpose, we measured the cleavage of an
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ACE?2 peptide substrate. Indeed, shed ACE2 was catalyti-
cally active, and its release could be reduced by TAPI1
and GI (Figure 2E). Furthermore, we did not observe
any additional release of active ACE2 after short-term
stimulation with PMA (Figure 2F). This is in line with
our finding that there is no additional release of ACE2
after short-term stimulation with PMA. Furthermore, we
tested whether ACE2 is proteolytically active in extracel-
lular vesicles using the ACE2 peptide substrate assay. We
found that isolated extracellular vesicles from HEK293
cells overexpressing ACE2 showed proteolytic ACE2 ac-
tivity (Figure S2G).

3.6 | iRhom?2 expression facilitates
a switch to ADAM17-mediated
ACE2 shedding

As previously reported iRhom2 is a crucial promo-
tor of ADAMI17 activity under pro-inflammatory
conditions.**3%%% Thus, we hypothesised that iRhom2-
dependent increase in ADAMI17 activity increases
ACE2 shedding.

We used HEK293 cells stably expressing iRhom2, as
described before.** Stable expression of iRhom2 increased
the level of mature ADAM17 significantly (Figure 2G;
Figure S3A,C), which subsequently increased ADAM17
expression on the cell surface (Figure S3B). Noteworthy,
in iRhom?2 overexpressing cells, the release of active ACE2
was significantly reduced by TAPI1 but no longer by GI
(Figure 2H). Importantly, the release of active ACE2 in
iRhom2 overexpressing cells was stimulated by PMA,
which was not the case in cells without iRhom?2 overex-
pression (Figure 2F,H). This stimulated release was sig-
nificantly blocked by TAPI1 and only to a lesser extent by
GI (Figure 2H). These results indicate, that ADAMI10 is
the major ACE2 sheddase for constitutive release under
homeostatic conditions, whereas overexpression of the
pro-inflammatory iRhom2 increases ADAM17-dependent
ACE2 shedding.

3.7 | The collectrin-like part of ACE2 is
sufficient for shedding

ACE2 consists of the N-terminal MD and the C-
terminal CLP (Figure 3B). In general, ADAMI10 and
ADAM17 cleave proximal to the membrane within stalk
regions of their substrates. Hence, it would be expected
that the CLP is a main determinant for the shedding pro-
cess. However, previously Jia et al."> have described that
the MD but not the CLP (Figure 3B) is necessary for shed-
ding. They assumed the start of the CLP to be at R621.
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FIGURE 3 Structural overview of ACE2. (A) Sequence alignment of human collectrin (start of protein) and human ACE2 (border
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(dark blue) exists a short linker. Enlarged section shows the CLD. 1618 represents the end of the linker. Jia, et al."? set the start of the CLP at
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We bioinformatically analysed the sequence of ACE2
and collectrin. We used secondary structure prediction and
alignments to compare both sequences (Figure 3A). We
found that the CLP of ACE2 is highly conserved to collec-
trin. The high conservation starts at K619 indicating that
this is the first amino acid of the collectrin-like domain
(CLD) (Figure 3B), which together with the stalk region,
the transmembrane helix and a cytosolic tail represents
the CLP. There is a short sequence between the predicted

borders of the MD and the CLD. Since no secondary struc-
ture was predicted within this region, we assumed that
this may be a short linker region (Figure 3A,B).

Based on our in silico determination of the domain
boundaries, we designed a construct consisting only
of the CLP starting at K619, comprising the CLD, the
stalk region with the putative cleavage site(s), the TMH
and the cytosolic tail, and fused it N-terminally to AP
(Figure 4A). Long-term (24 h) release of soluble CLP was
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PMA; 1 uM ionomycin (Iono); 40 uM TAPI1 (B), 10 uM TAPI1 (C and D); 10 uM GI; 25 uM Ma, and incubated for 24 h (B and C) or 2 h (D)
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detectable, which can again be blocked by Ma, TAPI1
as well as GI (Figure 4B). Moreover, the release of CLP
is increased after stimulation with PMA, which is also
inhibitable by the different used metalloprotease inhib-
itors (Figure 4B). In cells deficient for ADAM17 there is
still GI- and TAPI1-inhibitable shedding (Figure S3D),
which is completely lost in cells deficient for both
ADAM17 and ADAMI10 (Figure S3D). Interestingly, al-
ready the loss of only ADAM10 seems to prevent TAPI1
and GI-sensitive shedding (Figure S3D), again indicat-
ing that ADAM10 seems to be the more relevant shed-
dase in this instant.

Cells stably expressing CLP show similar results to
transient expression in long-term shedding. (Figure 4B,C).
Short-term release of CLP, which was also blockable by GI

and TAPI1, was also detected in these stably expressing
cells (Figure 4D). To analyse whether ADAM17 is still able
to shed the CLP, we also generated HEK293 cells deficient
for ADAM10, ADAM17 or both stably expressing AP-CLP.
While no inhibitable shedding could be detected in cells
lacking both ADAMs, ADAM17-deficient and ADAM10-
deficient cells continue to show GI- and TAPI1-blockable
shedding, respectively (Figure S3E).

Short-term release of AP-CLP can also be additionally
stimulated by the ADAM10 stimulator ionomycin and can
be decreased by TAPI1 and GI (Figure 4D). Interestingly,
in contrast to full-length ACE2 (Figure 2B), CLP short-
term release can be increased by PMA and can be blocked
by GI and TAPI1. This could indicate that the CLP alone is
generally more susceptible to the shedding process.
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In summary, we could for the first time demonstrate
that the CLP of ACE2 alone is sufficient for the ADAM10-
and ADAM17-mediated shedding process.

4 | DISCUSSION

ACE2 is a central player in the RAS by counterbalancing
the activity of ACE and thereby promoting physiological
processes such as vasodilation, anti-fibrotic actions and
anti-inflammatory effects (Figure 5). On the other site it
is as the receptor of SARS-CoV-1 and -2 critically involved
in virus infection and hence an important target to over-
come the recent health crisis (Figure 5). Interestingly, we
and others found that ACE2 is only low expressed in most
human tissue including the lung® but is highly expressed
in the human kidney (File S1). Released sACE2 that circu-
lates through the body and is still active may act in a distal
manner in the RAS (Figure 5).

A currently more pressing involvement of ACE2 shed-
ding would be its putative effect on infections with
SARS-CoV-1 and the various current and future strains
of SARS-CoV-2. Here, shedding ACE2 as a SARS-CoV
receptor from the cell surface would potentially promote
protection from virus binding and thus infection. In ad-
dition, soluble ACE2 ectodomains could act as scavenger
receptors and bind the spike protein of the virus particles.
This would prevent the virus particles from binding to
cell-surface ACE2. This process, which would also block
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viral infection, has been described previously.'****” Hence
a proposed strategy to counter SARS-CoV infections is
the use of recombinant ACE2 derivates.'*%"% However,
soluble ACE2 may have also a negative effect on SARS-
CoV-2 progression in patients.”” Additionally, it was re-
cently described that soluble ACE2 may actually facilitate
SARS-CoV-2 infections.!” Finally, in the vascular system
the enzymatic activity of released ACE2 may influence
development of COVID19. Further studies are needed
to gain more insight in either protective or detrimental
roles of ACE2 cleavage during the course of the disease.
Initially, before the contact with the virus constitutive
shedding by ADAM10 might be more relevant to provide
soluble ACE2. Later ADAM17-mediated shedding could
be stimulated by inflammatory conditions and, as previ-
ously described, by interaction with the spike protein of
SARS-CoV-1, leading to more soluble ACE2.”*

It is also worth noting that these mechanisms might
not only be relevant for SARS-CoV-1 and SARS-CoV-2,
but also for others (corona)viruses that might use ACE2
as an entry receptor. So far, however, only the coronavirus
NL63 has been found that appears to bind to ACE2, but
with less affinity than SARS-CoV.”

Previously, it was demonstrated that ADAM17 consti-
tutively sheds ACE2,”**!* which we could also confirm in
this study. It is known that ADAM17 and ADAM10 share
substrates such as IL6R,”> CX3CL17*” and Notch1.”®7”’
With this study, we highlight that this is also true for ACE2
and that ADAM10 is a major ACE2 sheddase. We could

soluble ACE2

ADAM17

FIGURE 5 ACE2 release via ADAM10- or ADAM17-mediated shedding. ACE2 can either be released by ADAM10 or ADAM17.
ADAM17-mediated ACE2 release seems to be coupled to the proinflammatory regulator iRhom?2. Released circulating ACE2 is able to

promote its main function within the RAS, the conversion of angiotensin II (Ang II) into Angiotensin,_; (Ang;_;), within tissues with low

ACE2 gene expression. Furthermore, soluble ACE2 may agonise or antagonise the SARS-CoV infection process by binding the spike protein
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also demonstrate that SACE2 derived from ADAM10- or
ADAM17-mediated shedding is proteolytically active and
that ACE2 is additionally released in extracellular vesicles.

It is known that ADAMI10 is mainly a constitutively
active sheddase, while ADAMI17-mediated shedding
often requires stimulation. Based on our results, the pri-
mary sheddase of ACE2 seems to be ADAMI10, while
ADAM17 seems to play only a minor role even after
stimulation (Figure 5). We found that ADAM10 medi-
ated shedding of ACE2 can be further upregulated by
stimulation with ionomycin. This is in line with reports
showing that stimulation of ion channels can enhance
ADAMI0 activity.*””® Interestingly, it was reported that
ACE2 shedding by ADAM17 is also stimulated during
infection with SARS-CoV-1."! Furthermore, it was re-
ported that SACE2 levels are elevated in different pathol-
ogies.” Noteworthy, ADAM17 activity is also upregulated
after inflammatory stimuli. Here, not the upregulation of
ADAM17 mRNA or protein levels are crucial but the up-
regulation of iRhom?2 as an important ADAM17 interactor
and regulator.*®**%>"># Under physiological conditions
iRhom?2 is mainly expressed in immune cells (File S1).
However, we recently found that iRhom2 can also be in-
duced in other cells such as endothelial cells under inflam-
matory conditions causing elevated ADAM17 activity.* In
this study we demonstrated that there is a switch to more
ADAM17-dependent ACE2 shedding when iRhom2 is
overexpressed (Figure 5), which mimics ADAM17 activity
under inflammatory conditions,**4%-6>66.7-81

Previously, it was reported that the main structural de-
terminant for ADAM17-mediated ACE2 shedding is not
the CLP but the MD of ACE2."* Noteworthy, Jia et al."* de-
fined the start of the CLP at R621 in their used construct.
However, our secondary structure prediction demon-
strated that this domain boundary determination would
destroy a putative f-sheet (Figure 3A). This may possibly
cause misfolding and explain the reported absence of
shedding of this partial CLP. We determined via our in
silico analyses that the CLP domain should start at K619.
The recently solved structure of the whole ACE2 ecto-
domain*’ confirmed this (Figure 3B). In fact, we demon-
strated that this complete CLP was well shed by ADAM10
and ADAM17. Moreover, we showed that the CLP with-
out the MD seems to be even more susceptible to PMA-
induced short-term shedding than full length ACE2. We
can just speculate that this may be due to the loss of steric
hindrance by the MD. Interestingly, Heurich et al.'* tried
to determine the cleavage sites of ADAM17 and TMPRSS2
by mutating different clusters. However, as all these clus-
ters are located within the structured parts of the CLD,
these constructs will most likely affect the structural in-
tegrity of the CLD and should therefore be interpreted
with caution.
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Furthermore, the ACE2 paralogue collectrin (TMEM27)
is described as a necessary chaperone/trafficking partner
of the amino acid transporter BOAT1 in the kidney, while
ACE2 assumes this function in the small intestine, where
collectrin expression is low.*** Without either collectrin
or ACE2 expression BOAT1 is neither detectable at the cell
membrane nor can amino acid uptake take place. While
the importance of ACE2 for BOAT1 in the small intestine
is clear, it is not yet known if there is any effect on ACE2
functions when the ACE2-BOAT complex is formed. Vice
versa, it has been reported that BOAT1 is neither neces-
sary for ACE2 cell surface expression nor SARS-CoV-1 or
SARS-CoV-2 infection.*>'* However, this complex was
still considered during the design of BNT162b vaccines
against SARS-CoV-2.** It was recently described that the
heterodimer consisting of ACE2 and BOAT1 forms a te-
tramer consisting of two heterodimers.*”* It is not known
what effects BOAT1 has on the functions of ACE2, nor
what the interaction dynamics of the ACE2-BOAT1 com-
plex are. However, previous in silico data suggest that it
is a steric hindrance for sheddases such as ADAM17 to
reach the ACE2 stalk region with the putative cleavage
sites when ACE?2 is in complex with BOAT1, especially if
it is a tetrameric formation.*”*>’ As this has implications
for the ACE2 shedding event, especially in the intestine
where BOAT1 expression is high, this needs to be thor-
oughly analysed in future experiments.

Overall, we provide evidence that ACE2 is released via
ADAM10- and ADAM17-mediated shedding (Figure 5) as
well as in extracellular vesicles and that for the shedding
process only the CLP is sufficient. There might be further
sources of SACE2 which should be analysed in further
studies. It will also be crucial to define the cleavage site(s).
Even more importantly it should be analysed which form
of ACE2 release is of either physiological or pathophysio-
logical relevance for ACE2 biology and whether different
forms of soluble ACE2 have different (patho)physiological
consequences.

During the SARS-CoV-2 outbreak, it has been heavily
debated whether the ADAM17-ACE2 axis can be targeted
to protect against viral infection.*® On the one hand, it is
assumed that the increase in ADAM17-mediated shed-
ding has a protective effect.**° On the other hand, it has
been shown that ADAMI17 activity itself may facilitate
viral entry.”"*"2 Therefore, it is of crucial interest to con-
sider alternative forms of soluble ACE2 release with par-
allel depletion of ACE2 at the cell surface, e.g. release via
extracellular vesicles or ADAM10-mediated shedding, in
future therapeutic strategies.

ACKNOWLEDGMENTS
Funding: To S.D.: Research Fellowship of the German
Research Foundation (DU 1582/1-1) and START grant



NIEHUES ET AL.

et | PASEB o

(#691903-06/19) of the Medical Faculty of the RWTH
AachenUniversity. ToA.L.: German Research Foundation
(LU869/9-1) and Grant from the Bundesministerium fiir
Bildung und Forschung (01K120207).

DISCLOSURES
The authors declare no competing interests.

AUTHOR CONTRIBUTIONS

Stefan Diisterhoft and Andreas Ludwig conceived, designed
and coordinated the study. Stefan Diisterhoft, Andreas
Ludwig and Rabea Victoria Niehues wrote the manuscript.
Stefan Diisterhoft, Andreas Ludwig and Rabea Victoria
Niehues analysed data and revised the manuscript. Stefan
Diisterhoft performed in silico analysis. Rabea Victoria
Niehues, Justyna Wozniak, Eva Lilienthal, Florian Wiersch,
Christoph Garbers, Tim Schumertl and Nikola Tacken per-
formed experiments and analysed the results. All authors
read and approved the final version of the manuscript.

DATA AVAILABILITY STATEMENT

For gene expression data analysis the Genevestigator da-
tabase was accessed by using the Genevestigator suite
(https://genevestigator.com).>*

ORCID
Christoph Garbers
Stefan Diisterhoft

https://orcid.org/0000-0003-4939-6950
https://orcid.org/0000-0002-6926-136X

REFERENCES

1. Donoghue M, Hsieh F, Baronas E, et al. A novel angiotensin-
converting enzyme-related carboxypeptidase (ACE2) converts
angiotensin I to angiotensin 1-9. Circ Res. 2000;87:E1-E9.

2. Kuba K, Imai Y, Penninger JM. Multiple functions of
angiotensin-converting enzyme 2 and its relevance in cardio-
vascular diseases. CircJ. 2013;77:301-308.

3. Jia H, Yue X, Lazartigues E. ACE2 mouse models: a toolbox
for cardiovascular and pulmonary research. Nat Commun.
2020;11:5165.

4. Li W, Moore MJ, Vasilieva N, et al. Angiotensin-converting
enzyme 2 is a functional receptor for the SARS coronavirus.
Nature. 2003;426:450-454.

5. Hoffmann M, Kleine-Weber H, Schroeder S, et al. SARS-CoV-2
cell entry depends on ACE2 and TMPRSS2 and is blocked by a
clinically proven protease inhibitor. Cell. 2020;181:271-280.e8.

6. Epelman S, Tang WH, Chen SY, Van Lente F, Francis GS, Sen S.
Detection of soluble angiotensin-converting enzyme 2 in heart
failure: insights into the endogenous counter-regulatory path-
way of the renin-angiotensin-aldosterone system. J Am Coll
Cardiol. 2008;52:750-754.

7. Lambert DW, Yarski M, Warner FJ, et al. Tumor necrosis factor-
alpha convertase (ADAM17) mediates regulated ectodomain
shedding of the severe-acute respiratory syndrome-coronavirus
(SARS-CoV) receptor, angiotensin-converting enzyme-2 (ACE2).
J Biol Chem. 2005;280:30113-30119.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Xiao F, Zimpelmann J, Agaybi S, Gurley SB, Puente L, Burns
KD. Characterization of angiotensin-converting enzyme 2 ect-
odomain shedding from mouse proximal tubular cells. PLoS
One. 2014,9:e85958.

Anguiano L, Riera M, Pascual J, Soler MJ. Circulating ACE2
in cardiovascular and kidney diseases. Curr Med Chem.
2017;24:3231-3241.

Riera M, Anguiano L, Clotet S, et al. Paricalcitol modulates
ACE2 shedding and renal ADAM17 in NOD mice beyond pro-
teinuria. Am J Physiol Renal Physiol. 2016;310:F534-F546.
Iwata M, Greenberg BH. Ectodomain shedding of ACE and
ACE2 as regulators of their protein functions. Curr Enzym
Inhib. 2011;7:42-55.

Clarke NE, Fisher MJ, Porter KE, Lambert DW, Turner Al.
Angiotensin converting enzyme (ACE) and ACE2 bind integrins
and ACE2 regulates integrin signalling. PLoS One. 2012;7:e34747.
Jia HP, Look DC, Tan P, et al. Ectodomain shedding of angio-
tensin converting enzyme 2 in human airway epithelia. Am J
Physiol Lung Cell Mol Physiol. 2009;297:184-1L96.

Heurich A, Hofmann-Winkler H, Gierer S, Liepold T, Jahn O,
Pohlmann S. TMPRSS2 and ADAM17 cleave ACE2 differen-
tially and only proteolysis by TMPRSS2 augments entry driven
by the severe acute respiratory syndrome coronavirus spike
protein. J Virol. 2014;88:1293-1307.

Iwata M, Silva Enciso JE, Greenberg BH. Selective and specific
regulation of ectodomain shedding of angiotensin-converting
enzyme 2 by tumor necrosis factor alpha-converting enzyme.
Am J Physiol Cell Physiol. 2009;297:C1318-C1329.

Chan KK, Dorosky D, Sharma P, et al. Engineering human
ACE?2 to optimize binding to the spike protein of SARS corona-
virus 2. Science. 2020;369:1261-1265.

Yeung ML, Teng JLL, Jia L, et al. Soluble ACE2-mediated cell
entry of SARS-CoV-2 via interaction with proteins related to the
renin-angiotensin system. Cell. 2021;184:2212-2228.e12.
Dreymueller D, Pruessmeyer J, Groth E, Ludwig A. The role of
ADAM-mediated shedding in vascular biology. Eur J Cell Biol.
2012;91:472-485.

Saftig P, Reiss K. The “A Disintegrin And Metalloproteases”
ADAM10 and ADAM17: novel drug targets with therapeutic
potential? Eur J Cell Biol. 2011;90:527-535.

Kato T, Hagiyama M, Ito A. Renal ADAM10 and 17: their phys-
iological and medical meanings. Front Cell Dev Biol. 2018;6:153.
Lambrecht BN, Vanderkerken M, Hammad H. The emerg-
ing role of ADAM metalloproteinases in immunity. Nat Rev
Immunol. 2018;18:745-758.

Horiuchi K, Kimura T, Miyamoto T, et al. Cutting edge: TNF-
alpha-converting enzyme (TACE/ADAM17) inactivation in
mouse myeloid cells prevents lethality from endotoxin shock.
J Immunol. 2007;179:2686-2689.

Dreymueller D, Martin C, Kogel T, et al. Lung endothelial
ADAM17 regulates the acute inflammatory response to lipo-
polysaccharide. EMBO Mol Med. 2012;4:412-423.

Arndt PG, Strahan B, Wang Y, Long C, Horiuchi K, Walcheck B.
Leukocyte ADAM17 regulates acute pulmonary inflammation.
PLoS One. 2011;6:€19938.

Schulz B, Pruessmeyer J, Maretzky T, et al. ADAMI10 reg-
ulates endothelial permeability and T-Cell transmigration
by proteolysis of vascular endothelial cadherin. Circ Res.
2008;102:1192-1201.


https://genevestigator.com
https://orcid.org/0000-0003-4939-6950
https://orcid.org/0000-0003-4939-6950
https://orcid.org/0000-0002-6926-136X
https://orcid.org/0000-0002-6926-136X

NIEHUES ET AL.

15 of 16

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Hundhausen C, Schulte A, Schulz B, et al. Regulated shedding
of transmembrane chemokines by the disintegrin and metal-
loproteinase 10 facilitates detachment of adherent leukocytes.
J Immunol. 2007;178:8064-8072.

Dreymueller D, Martin C, Schumacher J, et al. Smooth mus-
cle cells relay acute pulmonary inflammation via distinct
ADAM17/ErbB axes. J Immunol. 2014;192:722-731.

Zunke F, Rose-John S. The shedding protease ADAMI17:
Physiology and pathophysiology. Biochim Biophys Acta Mol Cell
Res. 2017;1864:2059-2070.

Sommer A, Kordowski F, Buch J, et al. Phosphatidylserine
exposure is required for ADAM17 sheddase function. Nat
Commun. 2016;7:11523.

Sommer A, Bhakdi S, Reiss K. How membrane asym-
metry regulates ADAM17 sheddase function. Cell Cycle.
2016;15:2995-2996.

Bleibaum F, Sommer A, Veit M, et al. ADAM10 sheddase ac-
tivation is controlled by cell membrane asymmetry. J Mol Cell
Biol. 2019;11:979-993.

Diisterhdoft S, Babendreyer A, Giese AA, Flasshove C, Ludwig
A. Status update on iRhom and ADAM17: it's still complicated.
Biochim Biophys Acta Mol Cell Res. 2019;1866:1567-1583.
Riethmueller S, Ehlers JC, Lokau J, et al. Cleavage site localiza-
tion differentially controls interleukin-6 receptor proteolysis by
ADAM10 and ADAM17. Sci Rep. 2016;6:25550.

Horiuchi K, Le Gall S, Schulte M, et al. Substrate selectivity of
epidermal growth factor-receptor ligand sheddases and their
regulation by phorbol esters and calcium influx. Mol Biol Cell.
2007;18:176-188.

Le Gall SM, Bobe P, Reiss K, et al. ADAMs 10 and 17 represent
differentially regulated components of a general shedding ma-
chinery for membrane proteins such as transforming growth
factor alpha, L-selectin, and tumor necrosis factor alpha. Mol
Biol Cell. 2009;20:1785-1794.

Nagano O, Murakami D, Hartmann D, et al. Cell-matrix inter-
action via CD44 is independently regulated by different metal-
loproteinases activated in response to extracellular Ca(2+)
influx and PKC activation. J Cell Biol. 2004;165:893-902.
Endres K, Deller T. Regulation of alpha-secretase ADAMI0 in
vitro and in vivo: genetic, epigenetic, and protein-based mecha-
nisms. Front Mol Neurosci. 2017;10:56.

Babendreyer A, Rojas-Gonzalez DM, Giese AA, et al
Differential induction of the ADAM17 regulators iRhom1 and
2 in endothelial cells. Front Cardiovasc Med. 2020;7:610344.
Adrain C, Zettl M, Christova Y, Taylor N, Freeman M. Tumor
necrosis factor signaling requires iRhom?2 to promote traffick-
ing and activation of TACE. Science. 2012;335:225-228.
Maretzky T, Mcllwain DR, Issuree PD, et al. iRhom2 controls
the substrate selectivity of stimulated ADAM17-dependent ecto-
domainshedding. Proc Natl Acad SciU S A.2013;110:11433-11438.
Ketteler R, Glaser S, Sandra O, Martens UM, Klingmuller U.
Enhanced transgene expression in primitive hematopoietic pro-
genitor cells and embryonic stem cells efficiently transduced by
optimized retroviral hybrid vectors. Gene Ther. 2002;9:477-487.
Diisterhoft S, Kahveci-Turkoz S, Wozniak J, et al. The iRhom homol-
ogy domain is indispensable for ADAM17-mediated TNFalpha and
EGF receptor ligand release. Cell Mol Life Sci. 2021;78:5015-5040.
Sievers F, Wilm A, Dineen D, et al. Fast, scalable generation
of high-quality protein multiple sequence alignments using
Clustal Omega. Mol Syst Biol. 2011;7:539.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

61.

FASE‘BJOURNAL

Simossis VA, Heringa J. The PRALINE online server: optimis-
ing progressive multiple alignment on the web. Comput Biol
Chem. 2003;27:511-519.

Drozdetskiy A, Cole C, Procter J, Barton GJ. JPred4: a pro-
tein secondary structure prediction server. Nucleic Acids Res.
2015;43:W389-W394.

Pettersen EF, Goddard TD, Huang CC, et al. UCSF ChimeraX:
Structure visualization for researchers, educators, and develop-
ers. Protein Sci. 2021;30:70-82.

Yan R, Zhang Y, Li Y, Xia L, Guo Y, Zhou Q. Structural basis
for the recognition of SARS-CoV-2 by full-length human ACE2.
Science. 2020;367:1444-1448.

Ho SN, Hunt HD, Horton RM, Pullen JK, Pease LR. Site-directed
mutagenesis by overlap extension using the polymerase chain
reaction. Gene. 1989;77:51-59.

Koch L, Kespohl B, Agthe M, et al. Interleukin-11 (IL-11) recep-
tor cleavage by the rhomboid protease RHBDL2 induces IL-11
trans-signaling. FASEB J. 2021;35:€21380.

Adrain C, Strisovsky K, Zettl M, Hu L, Lemberg MK, Freeman
M. Mammalian EGF receptor activation by the rhomboid pro-
tease RHBDL2. EMBO Rep. 2011;12:421-427.

Ludwig A, Hundhausen C, MH, et al
Metalloproteinase inhibitors for the disintegrin-like metal-
loproteinases ADAM10 and ADAMI17 that differentially
block constitutive and phorbol ester-inducible shedding of
cell surface molecules. Comb Chem High Throughput Screen.
2005;8:161-171.

Seifert A, Diisterhoft S, Wozniak J, et al. The metalloproteinase
ADAMI10 requires its activity to sustain surface expression. Cell
Mol Life Sci. 2021;78:715-732.

Groth E, Pruessmeyer J, Babendreyer A, et al. Stimulated
release and functional activity of surface expressed metal-
loproteinase ADAM17 in exosomes. Biochim Biophys Acta.
2016;1863:2795-2808.

Hruz T, Laule O, Szabo G, et al. Genevestigator v3: a reference
expression database for the meta-analysis of transcriptomes.
Adv Bioinformatics. 2008;2008:420747.

Wang Y, Wang Y, Luo W, et al. A comprehensive investigation
of the mRNA and protein level of ACE2, the putative receptor
of SARS-CoV-2, in human tissues and blood cells. Int J Med Sci.
2020;17:1522-1531.

Dempsey PJ. Role of ADAMIO in intestinal crypt homeosta-
sis and tumorigenesis. Biochim Biophys Acta Mol Cell Res.
2017;1864:2228-2239.

Wozniak J, Floege J, Ostendorf T, Ludwig A. Key
metalloproteinase-mediated pathways in the kidney. Nat Rev
Nephrol. 2021;17:513-527.

Inada M, Izawa G, Kobayashi W, Ozawa M. 293 cells express
both epithelial as well as mesenchymal cell adhesion mole-
cules. Int J Mol Med. 2016;37:1521-1527.

Lorenzen I, LokauJ, KorpysY, et al. Control of ADAM17 activity
by regulation of its cellular localisation. Sci Rep. 2016;6:35067.
Harper MT, Poole AW. PKC inhibition markedly enhances Ca**
signaling and phosphatidylserine exposure downstream of
protease-activated receptor-1 but not protease-activated recep-
tor-4 in human platelets. J Thromb Haemost. 2011;9:1599-1607.
Shivnan E, Alexander DR. Protein kinase C activation in-

Lambert

hibits TCR-mediated calcium influx but not inositol tri-
sphosphate production in HPB-ALL T cells. J Immunol.
1995;154:1146-1156.



oo | EASEB unue

62.

63.

64.

65.

66.

67.
68.

69.

70.
71.

72.
73.
74.
75.

76.
77.
78.

79.

NIEHUES ET AL.

Johnson N, Brezinova J, Stephens E, et al. Quantitative pro-
teomics screen identifies a substrate repertoire of rhomboid
protease RHBDL2 in human cells and implicates it in epithelial
homeostasis. Sci Rep. 2017;7:7283.

Cocozza F, Nevo N, Piovesana E, et al. Extracellular vesicles con-
taining ACE2 efficiently prevent infection by SARS-CoV-2 Spike
protein-containing virus. J Extracell Vesicles. 2020;10:e12050.
Wang J, Chen S, Bihl J. Exosome-mediated transfer of ACE2
(Angiotensin-Converting Enzyme 2) from endothelial progen-
itor cells promotes survival and function of endothelial cell.
Oxid Med Cell Longev. 2020;2020:4213541.

Mcllwain DR, Lang PA, Maretzky T, et al. iRhom2 regulation
of TACE controls TNF-mediated protection against Listeria and
responses to LPS. Science. 2012;335:229-232.

Siggs OM, Xiao N, Wang Y, et al. iRhom?2 is required for the
secretion of mouse TNFalpha. Blood. 2012;119:5769-5771.
Zoufaly A, Poglitsch M, Aberle JH, et al. Human recombi-
nant soluble ACE2 in severe COVID-19. Lancet Respir Med.
2020;8:1154-1158.

Abd El-Aziz TM, Al-Sabi A, Stockand JD. Human recombinant
soluble ACE2 (hrsACE2) shows promise for treating severe
COVID-19. Signal Transduct Target Ther. 2020;5:258.

Wysocki J, Ye M, Hassler L, et al. A novel soluble ACE2 vari-
ant with prolonged duration of action neutralizes SARS-CoV-2
infection in human kidney organoids. J Am Soc Nephrol.
2021;32:795-803.

Rahman MM, Hasan M, Ahmed A. Potential detrimental role
of soluble ACE2 in severe COVID-19 comorbid patients. Rev
Med Virol. 2021;31:1-12.

Haga S, Nagata N, Okamura T, et al. TACE antagonists blocking
ACE2 shedding caused by the spike protein of SARS-CoV are
candidate antiviral compounds. Antiviral Res. 2010;85:551-555.
Glowacka I, Bertram S, Herzog P, et al. Differential downregu-
lation of ACE2 by the spike proteins of severe acute respiratory
syndrome coronavirus and human coronavirus NL63. J Virol.
2010;84:1198-1205.

Matthews V, Schuster B, Schutze S, et al. Cellular choles-
terol depletion triggers shedding of the human interleukin-6
receptor by ADAM10 and ADAM17 (TACE). J Biol Chem.
2003;278:38829-38839.

Hundhausen C, Misztela D, Berkhout TA, et al. The disintegrin-
like metalloproteinase ADAM10isinvolved in constitutive cleav-
age of CX3CL1 (fractalkine) and regulates CX3CL1-mediated
cell-cell adhesion. Blood. 2003;102:1186-1195.

Garton KJ, Gough PJ, Blobel CP, et al. Tumor necrosis factor-
alpha-converting enzyme (ADAM17) mediates the cleav-
age and shedding of fractalkine (CX3CL1). J Biol Chem.
2001;276:37993-38001.

Brou C, Logeat F, Gupta N, et al. A novel proteolytic cleav-
age involved in Notch signaling: the role of the disintegrin-
metalloprotease TACE. Mol Cell. 2000;5:207-216.

Pan D, Rubin GM. Kuzbanian controls proteolytic processing
of Notch and mediates lateral inhibition during Drosophila and
vertebrate neurogenesis. Cell. 1997;90:271-280.

Caolo V, Debant M, Endesh N, et al. Shear stress activates
ADAM10 sheddase to regulate Notchl via the Piezol force sen-
sor in endothelial cells. Elife. 2020;9:e50684.

Issuree PD, Maretzky T, McIlwain DR, et al. iRHOM2 is a criti-
cal pathogenic mediator of inflammatory arthritis. J Clin Invest.
2013;123:928-932.

80. Yoda M, Kimura T, Tohmonda T, et al. Systemic overexpression
of TNFalpha-converting enzyme does not lead to enhanced
shedding activity in vivo. PLoS One. 2013;8:€54412.

81. Christova Y, Adrain C, Bambrough P, Ibrahim A, Freeman
M. Mammalian iRhoms have distinct physiological functions
including an essential role in TACE regulation. EMBO Rep.
2013;14:884-890.

82. Camargo SM, Singer D, Makrides V, et al. Tissue-specific
amino acid transporter partners ACE2 and collectrin differ-
entially interact with hartnup mutations. Gastroenterology.
2009;136:872-882.

83. Kowalczuk S, Broer A, Tietze N, Vanslambrouck JM, Rasko JE,
Broer S. A protein complex in the brush-border membrane ex-
plains a Hartnup disorder allele. FASEB J. 2008;22:2880-2887.

84. Vogel AB, Kanevsky I, Che YE, et al. BNT162b vaccines protect
rhesus macaques from SARS-CoV-2. Nature. 2021;592:283-289.

85. Stevens BR, Ellory JC, Preston RL. B(0)AT1 amino acid trans-
porter complexed with SARS-CoV-2 receptor ACE2 forms a
heterodimer functional unit: in situ conformation using radia-
tion inactivation analysis. Function (Oxf). 2021;2:zqab027.

86. Stevens BR. TMPRSS2 and ADAM17 interactions with ACE2
complexed with SARS-CoV-2 and BOAT1 putatively in intes-
tine, cardiomyocytes, and kidney. bioRxiv. 2020. doi:10.1101/2
020.1110.1131.363473

87. Andring JT, McKenna R, Stevens BR. Amino acid transporter
BOAT1 influence on ADAM17 interactions with SARS-CoV-2 re-
ceptor ACE2 putatively expressed in intestine, kidney, and car-
diomyocytes. bioRxiv. 2020. doi:10.1101/2020.1110.1130.361873

88. Stepanova G. Biologia futura: is ADAM 17 the reason for
COVID-19 susceptibility in hyperglycemic and diabetic pa-
tients? Biol Futur. 2021;72:291-297.

89. Danser AHJ, Epstein M, Batlle D. Renin-angiotensin system
blockers and the COVID-19 pandemic: at present there is
no evidence to abandon renin-angiotensin system blockers.
Hypertension. 2020;75:1382-1385.

90. Gheblawi M, Wang K, Viveiros A, et al. Angiotensin-converting
enzyme 2: SARS-CoV-2 receptor and regulator of the renin-
angiotensin system: celebrating the 20th anniversary of the dis-
covery of ACE2. Circ Res. 2020;126:1456-1474.

91. Palau V, Riera M, Soler MJ. ADAM17 inhibition may exert
a protective effect on COVID-19. Nephrol Dial Transplant.
2020;35:1071-1072.

92. Jaimes JA, Andre NM, Chappie JS, Millet JK, Whittaker GR.
Phylogenetic analysis and structural modeling of SARS-CoV-2
spike protein reveals an evolutionary distinct and proteolyti-
cally sensitive activation loop. J Mol Biol. 2020;432:3309-3325.

SUPPORTING INFORMATION
Additional supporting information may be found in the
online version of the article at the publisher’s website.

How to cite this article: Niehues RV, Wozniak J,
Wiersch F, et al. The collectrin-like part of the
SARS-CoV-1 and -2 receptor ACE2 is shed by the
metalloproteinases ADAM10 and ADAM17. FASEB
J. 2022;36:€22234. doi:10.1096/1j.202101521R



https://doi.org/10.1101/2020.1110.1131.363473
https://doi.org/10.1101/2020.1110.1131.363473
https://doi.org/10.1101/2020.1110.1130.361873
https://doi.org/10.1096/fj.202101521R

