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The metalloprotease ADAM17 (a disintegrin and metallopro-
tease 17) is a key regulator of tumor necrosis factor � (TNF�),
interleukin 6 receptor (IL-6R), and epidermal growth factor recep-
tor (EGFR) signaling. ADAM17 maturation and function depend
on the seven-membrane–spanning inactive rhomboid-like pro-
teins 1 and 2 (iRhom1/2 or Rhbdf1/2). Most studies to date have
focused on overexpressed iRhom1 and -2, so only little is known
about the properties of the endogenous proteins. Here, we show
that endogenous iRhom1 and -2 can be cell surface–biotinylated
on mouse embryonic fibroblasts (mEFs), revealing that endoge-
nous iRhom1 and -2 proteins are present on the cell surface and
that iRhom2 also is present on the surface of lipopolysaccharide-
stimulated primary bonemarrow–derivedmacrophages. Interest-
ingly, very little, if any, iRhom2 was detectable in mEFs or bone
marrow–derivedmacrophages lackingADAM17, suggesting that
iRhom2 is stabilized by ADAM17. By contrast, the levels of
iRhom1 were slightly increased in the absence of ADAM17 in
mEFs, indicating that its stability does not depend onADAM17.
These findings support amodel in which iRhom2 andADAM17
are obligate binding partners and indicate that iRhom2 stability
requires the presence of ADAM17, whereas iRhom1 is stable in
the absence of ADAM17.

A disintegrin and metalloprotease 17 (ADAM17)2 is a cell-
surfacemetalloprotease that is required for the proteolytic pro-
cessing of tumor necrosis factor � (TNF�) and is therefore also
referred to as TACE (TNF� convertase). In addition, ADAM17
has a crucial role in the proteolytic release and activation of
several ligands of the epidermal growth factor receptor (EGFR)
as well as of the IL-6 receptor (IL-6R) and other membrane
proteins (1–7). Major functions of ADAM17 include the regu-
lation of the EGFR signaling pathway during development (4,
8–10) and protection of the skin and intestinal barrier in adults
(11–14). Moreover, ADAM17 can contribute to cancers that
involve inappropriate EGFR signaling (15, 16) and to patholo-
gies involving dysregulated TNF� and IL-6R pathways, includ-
ing autoimmune diseases such as rheumatoid arthritis (17, 18).
ADAM17 can be rapidly and post-translationally activated

by a number of different signaling pathways (19–23) and
requires its transmembrane domain, but not its cytoplasmic
domain, for this rapid posttranslational activation (19). The
seven-membrane–spanning protein iRhom2 (inactive Rhom-
boid 2, also referred to as Rhbdf2, Rhomboid 5 homolog 2) was
identified as a crucial regulator of the maturation of ADAM17
in bonemarrow-derivedmacrophages (BMDM) (24, 25). Addi-
tional insight into the relationship of ADAM17 and iRhom2
was provided by a point mutation in the first transmembrane
domain (TMD) of iRhom2, termed sinecure, which results in aThis work was supported by NIGMS, National Institutes of Health, Grants R01

GM64750 and R35 GM134907 (to C. P. B.). This workwas also supported by
the Deutsche Forschungsgemeinschaft (German Research Foundation),
Grant FOR2290 (to S. F. L.) within the framework of the Munich Cluster for
Systems Neurology (EXC 2145 SyNergy, project ID 390857198) (to R. F., and
S. F. L.). D. R.M., T.W.M., T. M., and C. P. B. hold a patent on amethod of iden-
tifying agents for combination with inhibitors of iRhoms. C. P. B. and the
Hospital for Special Surgery have identified iRhom2 inhibitors and have co-
founded the start-up company SciRhom in Munich to commercialize these
inhibitors. The content is solely the responsibility of the authors and does not
necessarily represent the official views of the National Institutes of Health.

1 Towhomcorrespondence shouldbe addressed: Arthritis and TissueDegen-
eration Program, Hospital for Special Surgery at Weill Cornell Medicine,
535 E. 70th St., NewYork, NY 10021. Tel.: 212-606-1429; Fax: 212-774-2560;
E-mail: blobelc@hss.edu.

2 The abbreviations used are: ADAM17, a disintegrin andmetalloprotease 17;
Rhbdf1/2, Rhomboid 5 homolog 1/2; iRhom1/2, inactive Rhomboid-like
protein 1/2; TNF�, tumornecrosis factor�; ER, endoplasmic reticulum; IL-6,
interleukin 6; IL-6R, interleukin-6 receptor; TMD, transmembrane domain;
LPS, lipopolysaccharide; BMDM, bone marrow–derived macrophage(s);
EndoH, endoglycosidase H; PNGase F, N-glycosidase F; EGFR, epidermal
growth factor receptor; STING, stimulator of interferon genes; NLDM, new-
born liver-derivedmacrophage(s); pAb, polyclonal antibody; GAPDH, glyc-
eraldehyde-3-phosphate dehydrogenase; P, postnatal day; E, embryonic
day; Bis-Tris, 2-[bis(2-hydroxyethyl)amino]-2-(hydroxymethyl)propane-1,3-
diol; qPCR, quantitative PCR; HRP, horseradish peroxidase.

croARTICLE

4350 J. Biol. Chem. (2020) 295(13) 4350–4358

© 2020 Weskamp et al. Published under exclusive license by The American Society for Biochemistry and Molecular Biology, Inc.

This is an Open Access article under the CC BY license.

https://orcid.org/0000-0002-3981-367X
mailto:blobelc@hss.edu
http://crossmark.crossref.org/dialog/?doi=10.1074/jbc.RA119.011136&domain=pdf&date_stamp=2020-2-14
http://creativecommons.org/licenses/by/4.0/


strong reduction of ADAM17-dependent TNF� release from
BMDM (26). Mice that are homozygous for the iRhom2 sine-
cure mutation and also lack the related iRhom1 resemble pre-
viously described iRhom1/2�/� double knockout mice (27, 28),
demonstrating that the sinecure point mutation in the first
TMD of iRhom2 results in a strongly hypomorphic phenotype.
Moreover, the substrate selectivity of ADAM17 is differentially
regulated by iRhom1 and -2 (29), and point mutations in the
TMD of ADAM17 that were predicted to affect the interaction
with iRhom2 strongly reduced iRhom2/ADAM17-dependent
shedding events, without affecting iRhom1/ADAM17-depen-
dent shedding (28). The different substrate selectivity of
iRhom2/ADAM17 and iRhom1/ADAM17-dependent shed-
ding (29), the effects of the sinecuremutation onADAM17, and
the effects of point mutations in the TMD of ADAM17 on
ADAM17/iRhom2-dependent shedding (28) suggested that
iRhom2 and ADAM17 form a heteromeric complex. Presum-
ably, this complex associates in the endoplasmic reticulum (ER)
and remains together to regulate iRhom2/ADAM17-depen-
dent shedding on the cell surface or in the late secretory path-
way. This model is further supported by recent studies demon-
strating that mutations in cytoplasmic phosphorylation sites of
iRhom2 affect the activation of ADAM17 (30, 31). In addition, a
newly discovered iRhom2-interacting protein, termed Frmd8
(FERM domain–containing 8) or iTAP (iRhom tail–associated
protein), was found to regulate endocytosis of iRhom2/
ADAM17 and degradation in the lysosome (32, 33).
Most studies on iRhom1 and -2 to date have focused on the

overexpressed proteins (29–34), so there is a paucity of infor-
mation on the cell biological properties of endogenous iRhom1
and only limited information on iRhom2 (25). Themain goal of
the current study was to perform a biochemical characteriza-
tion of endogenous iRhom2 using primary mouse macrophage
cultures and mouse embryonic fibroblasts. In light of the cru-
cial role of iRhom2 in regulating thematuration and function of
ADAM17 (27), we were also interested in whether ADAM17
reciprocally affects the stability of iRhom2 and the related
iRhom1 and their transport to the cell surface. Moreover,
because iRhom2 has been shown to interact with the multi-
membrane-spanning protein stimulator of interferon genes
(STING) (35), this raised questions about the role of STING in
the stability and maturation of iRhom2 and ADAM17.

Results

Characterization of murine iRhom2 in primary bone marrow–
derived macrophages

To characterize endogenousmouse iRhom2,we raised rabbit
polyclonal antibodies (pAbs) against a portion of the N-termi-
nal cytoplasmic domain of murine iRhom2 (amino acid resi-
dues 1–376; see “Experimental procedures” for details). These
anti-iRhom2 pAbs were tested on lysates of primary BMDM
isolated from iRhom2�/� mice or WT controls. Because the
expression of iRhom2 is up-regulated by treatment with LPS
(36), we compared untreated BMDM with cells that had been
stimulated with 10 ng/ml LPS overnight. LPS treatment
induced a band of�95 kDa inWTBMDM(marked by an aster-
isk in Fig. 1A (top)) that was not present in iRhom2�/� BMDM.

However, the anti-iRhom2 pAbs also reactedwith several other
proteins on blots of the BMDM lysates that were present in
iRhom2-deficient samples, and thus nonspecific (Fig. 1A, top).
The LPS treatment strongly induced the levels of pro- and
mature ADAM17 in WT BMDM but only of pro-ADAM17 in
iRhom2�/�BMDM (Fig. 1A (middle); tubulin served as loading
control (bottom)).
To improve detection of the seven-membrane–spanning

iRhom2 and remove nonspecifically recognized soluble pro-
teins, we purified cellular membranes by high-speed centrifu-
gation to enrich for membrane proteins (see “Experimental
procedures” for details). Western blot analysis of the purified
material using the same anti-iRhom2(1–376) rabbit pAbs
revealed a strong band of �95 kDa in the LPS-treated WT
BMDM sample that was not present in the identically prepared
iRhom2�/� control (Fig. 1B, top). Moreover, both pro- and
mature ADAM17 were present in the whole lysate and mem-
brane preparations from WT BMDM, whereas only pro-
ADAM17 could be detected in the iRhom2�/� sample, but not
mature ADAM17, as reported previously (24, 25) (Fig. 1, A and
B, middle panels; the membrane-anchored ADAM10 (A10)
served as a loading control in the bottom panel of Fig. 1B).

Cell-surface biotinylation of endogenous iRhom2 in
LPS-stimulated BMDM

To establish whether the endogenous iRhom2 is present on
the cell surface of LPS-treated BMDM, a non-membrane-per-

Figure 1.Western blot analysis ofmouse iRhom2 in cell lysates andpuri-
fied membranes isolated from mouse BMDM. A, primary BMDM isolated
from WT or iRhom2�/� mice were either not treated or incubated with 10
ng/ml LPS for 14–18 h and then lysed and subjected toWestern blot analysis.
B, Western blotting of high-speedmembrane preparations from LPS-treated
WT or iRhom2�/� BMDM showed a strong enrichment of iRhom2 and much
weaker nonspecific bands compared with the whole-cell lysate. The samples
were either probedwith rabbit polyclonal antibodies against the cytoplasmic
domain of mouse iRhom2 (top panels), or antibodies against the cytoplasmic
domain of ADAM17 (middle panels), or tubulin or ADAM10, as indicated (bot-
tom panels). The heavy line in A (middle) indicates splicing of nonadjacent
lanes. Each panel is representative of three separate experiments.
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meable biotinylation reagent (Sulfo-NHS-LC-Biotin) was used
to label cell-surface proteins on these cells (see “Experimental
procedures” for details). When a Western blot of the purified
biotinylated material was probed with anti-iRhom2 pAbs, a
band of 95 kDa was detected in WT BMDM, but not in
iRhom2�/� BMDM (Fig. 2, top). Endoglycosidase H (EndoH)
typically cannot process N-linked carbohydrates from glyco-
proteins that have migrated through the medial Golgi appara-
tus. However, EndoH treatment of purified cell-surface
iRhom2 led to slightly faster migration of cell surface–
biotinylated iRhom2 (Fig. 2, top). When we instead treated
these same samples with protein-N-glycanase F (PNGase F),
which removes all N-linked carbohydrate residues, iRhom2
migrated faster than the EndoH-treated sample (Fig. 2, top).
The partial susceptibility of N-linked carbohydrates in cell
surface–biotinylated iRhom2 to treatment with EndoH was
reminiscent of the effect of EndoH and PNGase F in Western
blots of total iRhom2 in BMDM lysates in a prior report (25).
The finding that the surface-labeled iRhom2 is partially suscep-
tible to EndoH treatment demonstrates that iRhom2 pro-
gresses though themedialGolgi apparatus on theway to the cell
surface and that at least one N-linked carbohydrate residue in
iRhom2 does not acquire EndoH resistance (25). Similarly,
blots of the cell surface–biotinylated ADAM17 inWT BMDM
showed resistance to EndoH (Fig. 2, left), but sensitivity to
PNGase F, consistent with previous studies on mature
ADAM17 (25, 37). These results also corroborated that no
mature ADAM17 could be biotinylated on the surface of
iRhom2�/� BMDM (24, 25). Finally, cell surface–biotinylated
ADAM9 was included as a control for the iRhom2�/� BMDM.
Like iRhom2, cell surface–labeled ADAM9 is also partially sen-
sitive to EndoH treatment, as described previously (38). To rule
out nonspecific binding of iRhom2, ADAM17, or ADAM9 to

the streptavidin-Sepharose beads used to precipitate cell
surface–biotinylated proteins, we incubated extracts of equiv-
alent cultures of WT cells that were either untreated or cell
surface–biotinylated with streptavidin beads and performed a
Western blot analysis on the bound proteins (Fig. 2B). These
experiments confirmed that only the biotinylated forms of
iRhom2, ADAM17, and ADAM9 bound to streptavidin beads
under the conditions used here, whereas these proteins in the
lysate of an equivalent number of untreated cells did not. The
finding that endogenous iRhom2 can be biotinylated using a
non-membrane-permeable biotinylation reagent demonstrates
that endogenous iRhom2 is present on the cell surface of pri-
mary BMDM, similar to RAW264.7 cells (31).

ADAM17 is required for the stabilization of iRhom2

iRhom2-deficient BMDM lack mature ADAM17, whereas
the levels of pro-ADAM17 do not appear to be significantly
affected (24, 25). This raises questions about whether the loss of
ADAM17 would reciprocally affect the levels of iRhom2.
Because Adam17�/� mice die at birth, we isolated macro-
phages from the livers of newborn Adam17�/�mice and their
WT control littermates to assess the fate of iRhom2 in myeloid
cells in the absence of ADAM17. iRhom2 was only weakly
detectable inmembrane preparations of unstimulated newborn
liver-derived macrophages (NLDM) from WT mice (Fig. 3A,
top, left lane). However, stimulation with 10 ng/ml LPS
increased the production of both iRhom2 andADAM17 inWT
NLDM (Fig. 3A, top and middle panels, right lane), just as in
BMDM from adult mice (Fig. 1). Interestingly, iRhom2 protein
could not be detected by the polyclonal iRhom2 antibody in a
Western blot analysis of membrane preparations of LPS-stim-
ulated Adam17�/� NLDM (Fig. 3B, iRhom2 (top), ADAM17
(middle), and ADAM10 control (bottom)).
To further explore the role of ADAM17 in stabilizing

iRhom2 in mouse embryos, isolated membrane preparations

Figure 2. Labeling of endogenous iRhom2 on the cell surface of primary
LPS-stimulated mouse BMDM. A, LPS-stimulated WT or iRhom2�/� BMDM
were incubated with the non-membrane-permeable biotinylation reagent
EZ-Link Sulfo-NHS-LC-Biotin. Western blots of biotinylated material isolated
with streptavidin-Sepharose 4B beads were either not treated (left lane) or
incubatedwith EndoH (middle lane) or PNGase F (right lane) and then probed
with antibodies against the cytoplasmicdomainof iRhom2,ADAM17 (A17), or
ADAM9 (A9), as indicated. B, a control for the possible nonspecific binding of
iRhom2, ADAM17, or ADAM9 to streptavidin-Sepharose 4B beads. Two con-
fluent plates each of WT or iRhom2�/� BMDM were prepared, and one was
subjected to cell-surface biotinylation as in A, whereas the other was left
untreated. Following lysis in cell lysis buffer, both lysates were incubated in
streptavidin beads under the same conditions as the samples in A. TheWest-
ern blots are representative of three separate experiments with essentially
identical results.

Figure 3. ADAM17 is required for the stabilizationof iRhom2 innewborn
mouse liver-derivedmacrophages and in newbornmice. A, Western blot-
ting of a membrane preparation of NLDM demonstrates that LPS treatment
enhances the production of iRhom2 and ADAM17. B, iRhom2 and ADAM17
can be detected in Western blots of LPS-stimulated WT, but not in
Adam17�/�NLDMmembranepreparations.C,Western blot analysis ofmem-
branes prepared from newborn WTmice show iRhom2 and pro- and mature
ADAM17, whereas no iRhom2 or ADAM17 can be detected in identically pre-
pared membranes from newborn Adam17�/�mice. Western blot analysis of
membranes from iRhom2�/� mice shows no iRhom2, but pro- and mature
ADAM17arepresent. In eachpanel, ADAM10 serves as a loading control. Each
panel is representative of three separate experiments.
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from extracts of newbornmice (see “Experimental procedures”
for details) were probed for iRhom2 or ADAM17. No iRhom2
could be detected in embryos lacking ADAM17 or iRhom2,
although both ADAM17 and iRhom2were present inWT con-
trol extracts (Fig. 3C). Moreover, pro- and mature ADAM17
were present in extracts of newborn iRhom2�/� mice, where
maturation of ADAM17 is supported by iRhom1 (27).

Analysis of mRNA expression

The stabilization of iRhom2 by ADAM17 could depend on
the requirement for a continuous interaction of the two hetero-
meric binding partners, or alternatively, ADAM17 may have a
role in controlling the transcription of iRhom2. We therefore
performed a qPCR analysis of the expression of iRhom2
in NLDM from WT, iRhom2�/�, or Adam17�/� mice. The
results demonstrated that the levels of iRhom2 mRNA were
similar in NLDM fromWT and Adam17�/�mice, whereas no
iRhom2 mRNA was detected in NLDM from iRhom2�/�mice
(Fig. 4A). These findings argue against a role of ADAM17 in
regulating the gene expression of iRhom2. We also addressed
whether the catalytic activity of ADAM17 could have a role in
regulating the levels of iRhom2, such as by affecting a putative
signaling pathway with a role in regulating iRhom2 protein lev-
els. However, when we incubatedWT BMDMwith the general
metalloproteinase inhibitor marimastat, there was no signifi-
cant effect on the levels of iRhom2 protein (Fig. 4B).

Effect of protein degradation inhibitors on iRhom2 stability

We next considered possible degradation pathways for
iRhom2 in the absence of ADAM17. We therefore incubated
LPS-stimulated BMDM from mice, in which floxed alleles of
ADAM17 were conditionally inactivated in myeloid cells
through expression of LysM-Cre (A17LysM-Cre mice) with an
inhibitor of proteasomal degradation (MG132, 10 �M) (30, 39),
an inhibitor of ER-associated degradation (eeyarestatin, 10 �M)
(40), and inhibitors of lysosomal acidification and autophago-

some-lysosome fusion (chloroquine (100 �M) and bafilomycin
(100 nM)) (41, 42). However, at these concentrations, which
have been reported to be effective in cell-based assays (see
“Experimental procedures” for details), neither of these degra-
dation inhibitors had a significant effect on enhancing the sta-
bility of iRhom2, as detected by Western blotting (Fig. 5A,
ADAM10 shown as loading control). Similar results were
obtained when these inhibitors were tested on A17�/� mEFs
(Fig. 5B). In a control experiment for the activity of the degra-
dation inhibitors in WTmEFs, we found that 10 �M eeyaresta-
tin or 10�MMG132 effectively inhibited ubiquitin degradation
(Fig. 5C) (43). Moreover, the addition of 100 nM bafilomycin or
100 �M chloroquine led to a strong increase in LC3-II, an
acceptedmarker of autophagy inhibition (44) (Fig. 5D), corrob-
orating the activity of these compounds.

STING is not required for the stability of iRhom2

The multimembrane-spanning protein STING has been
reported as an interacting partner of iRhom2 (35). To deter-
mine whether STING is required to stabilize iRhom2, we iso-
lated BMDM from Sting�/� mice, or from WT controls. As
shown in Fig. 6A, the lack of STING had no detectable effect on
the protein levels of iRhom2 or ADAM17. Moreover, we found
that inactivation of iRhom2 in BMDM also did not have a
strong effect on the levels of STING that were detectable by
Western blot analysis (Fig. 6B). Finally, the mRNA levels for
iRhom2 were comparable in BMDM from WT and Sting�/�
mice, but undetectable in BMDM from iRhom2�/� mice (Fig.
6C).

Figure 4. Expression analysis of iRhom2 by RT-qPCR and effect of treat-
ment of WT cells with the metalloprotease inhibitor marimastat. A, an
RT-qPCR analysis shows comparable expression of iRhom2 mRNA in WT and
Adam17�/� BMDM (A17�/�), but not in iRhom2�/� BMDM (iR2�/�), used
here as a control. B, LPS-stimulated BMDM fromWTmicewere treatedwith or
without 5 �M marimastat for 18 h and then lysed, and the samples were
subjected toWestern blot analysis for iRhom2or ADAM17, with ADAM10 as a
loading control. The heavy line in the top panel (iR2 samples) indicates that
these two lanes were spliced together. Each experiment was repeated three
times with essentially similar outcomes, and one representative sample is
shown.

Figure 5. Effect of inhibitors of endocytosis or protein degradation on
iRhom2 levels in ADAM17-deficient cells. BMDM from Adam17-LysM-cre
mice (A) or Adam17�/�mEFs (B) were either left untreated or treated with 10
�MMG132, 100 �M chloroquine, 100 nM bafilomycin, or 10 �M eeyarestatin I,
as indicated, for 18 h and then subjected toWestern blot analysis for iRhom2,
ADAM17, or ADAM10 and compared with untreated WT BMDM (A) or mEFs
(B). As controls for the efficacy of the inhibitors, WT mEFs were incubated
under identical conditions as the ADAM17-deficient BMDM (A) or mEFs (B).
Whole-cell lysates of theWTmEFs treated with eeyarestatin I or MG132 were
subjected to Western blot analysis with antibodies against ubiquitin (C), and
Western blots of extracts from WT mEFs treated with bafilomycin or chloro-
quine were probed for LC3-II, a marker for inhibition of autophagy (D). The
data are representative of three replicates with essentially similar results.
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Analysis of the levels of iRhom2 and the related iRhom1 in
mEFs lacking ADAM17

When we attempted to detect the endogenous iRhom2 in
Western blots of mouse embryonic fibroblasts, we found that
the rabbit anti-iRhom2(1–376) polyclonal antibodies against
the cytoplasmic domain of iRhom2 were not reproducibly
effective for this purpose (data not shown). Therefore, new rat
mAbs against mouse iRhom1 or iRhom2 were generated (see
“Experimental procedures” for details). As shown in Fig. 7A, the
rat mAbs specifically recognized iRhom1 or -2 in WT mEFs,
with mEFs lacking iRhom1 (iR1KO) or iRhom2 (iR2KO) or
both iRhom1 and -2 (iR1/2DKO) serving as controls for the
specificity of these mAbs. We noted that the levels of iRhom2
were not significantly affected by the absence of iRhom1 and
that the anti-iRhom2 ratmAb recognized a small but detectable
amount of iRhom2 in A17�/� mEFs. The rat mAb against
iRhom1 demonstrated that the levels of iRhom1 were not sig-
nificantly changed in iRhom2�/� mEFs, but they appeared
slightly increased in the A17�/� mEFs. Cell-surface biotinyla-
tion ofWTmEFs showed that both iRhom1 and iRhom2 could
be detected on the cell surface of these cells (Fig. 7B). The cell
surface biotinylation of only the mature form of ADAM17 and
of ADAM9, used as loading control, but not their pro-forms
served as an internal control that the biotinylation reagent was
specific for cell-surface proteins and did not label intracellular
proteins, in this case pro-ADAM17 or pro-ADAM9.

Discussion

Previous studies have shown that pro-ADAM17 is synthe-
sized in the absence of iRhom2 in BMDM, but not transported
out of the ER to the trans-Golgi network, where its pro-domain
is removed (24, 45). This finding raised questions about the fate
of iRhom2 in the absence of ADAM17 or in the absence of a
recently identified iRhom2-binding partner, STING. More-
over, becausemEFs lacking both iRhom1and iRhom2only have
pro-ADAM17, but no detectable mature ADAM17, we were
interested in exploring whether endogenous iRhom2 and the
related iRhom1 can be detected on the cell surface ofWTmEFs,
as would be predicted if they can function as regulators of
endogenous mature ADAM17. Finally, we were interested in

whether the lack ofADAM17 reciprocally affects the stability of
iRhom1 and -2.
Our observation that little, if any, iRhom2 is detectable by

Western blotting in myeloid cells or in embryos lacking
ADAM17 under conditions where it can readily be detected in
WT controls provides the first evidence that ADAM17 is
required for the stabilization of endogenous iRhom2. Unlike
pro-ADAM17,which is present at comparable levels inWTand
iRhom2�/� BMDM and can be up-regulated by treatment of
BMDM with LPS, we found no detectable iRhom2 in mem-
brane preparations of LPS-treated Adam17�/� NLDM. Treat-
ment with inhibitors of proteasomal degradation, ER-associ-
ated degradation, or lysosomal acidification and degradation
did not restore the ability to detect iRhom2 in Adam17�/�
NLDMor in Adam17�/�mEFs, arguing against a major role of
these pathways in controlling the stability of iRhom2 in the

Figure 6. Expression of STING, iRhom2, and ADAM17 in BMDM lacking STING or iRhom2.Western blot analysis for iRhom2, ADAM17, Sting, or ADAM10
was performed on unstimulated or LPS-stimulated BMDM from Sting�/�mice or wild type (WT) controls (A) or from iRhom2�/�mice andWT controls (B). The
heavy line in B indicates splicing of nonadjacent lanes. C, an RT-qPCR analysis was used to confirm that themRNA for iRhom2was expressed at similar levels in
Sting�/� BMDM compared with WT controls. Each experiment was repeated three times, and representative samples are shown. Error bars, S.E.M.

Figure 7. Rat monoclonal antibodies against iRhom1 or -2 allow detec-
tion of the endogenous proteins in mEFs. A, Western blot analysis of
extracts of WT mEFs or mEFs lacking iRhom1 (iR1KO) or iRhom2 (iR2KO) or
Adam17 (A17KO) or both iRhom1 and -2 (iR1/2DKO) with rat polyclonal anti-
bodies against iRhom1 or iRhom2, or rabbit polyclonal antibodies against
ADAM17, with GAPDH serving as a loading control. B, Western blots of
extracts from nonbiotinylated WT or iR1/2DKO mEFs (left two lanes) or
streptavidin-Sepharose 4B–precipitated samples from cell surface–
biotinylated WT or iR1/2DKO mEFs were probed with antibodies against
iRhom1, iRhom2, ADAM17, or ADAM9,which served as a loading control. The
heavy lines in A (top) and B (bottom) indicate that these lanes were spliced
together. These results are representative examples of three separate
experiments.

iRhom2 is stabilized by ADAM17, but iRhom1 is not

4354 J. Biol. Chem. (2020) 295(13) 4350–4358



absence of ADAM17. In addition, we found that the lack of
ADAM17 did not affectmRNA levels of iRhom2 in LPS-treated
NLDM. Finally, the catalytic activity of ADAM17 is most likely
not required for the stabilization of iRhom2, because the gen-
eral metalloprotease inhibitor marimastat had no detectable
effects on the levels of iRhom2. Further studieswill be necessary
to better understand the mechanism of how the stability of
iRhom2 is regulated in the absence of ADAM17. Taken
together, these results suggest that the presence of the
ADAM17 is required for the stabilization of iRhom2. Con-
versely, because only the mature form of ADAM17 is affected
by the lack of iRhom2 inBMDM(24, 25) orNLDM,whereas the
pro-form is not, these results suggest that pro-ADAM17 is pro-
duced at similar levels in the presence or absence of iRhom2
and does not require iRhom2 for stabilization.
The observation that pro-ADAM17 can exist in the absence

of iRhom2 but requires iRhom2 to be converted into itsmature,
processed, and EndoH-resistant form supports a model in
which pro-ADAM17 assembles with newly synthesized
iRhom2 in the ER, allowing both to exit the ER and enter the
secretory pathway together. The pro-domain of ADAM17 is
then removed by pro-protein convertases in the trans-Golgi
network (37, 46). This is a prerequisite for the activity of
ADAM17, which can be rapidly enhanced by many different
stimuli once ADAM17 has been processed by pro-protein con-
vertases (19, 46). The inability to detect iRhom2 in the absence
ofADAM17 inNLDMand in embryos and the very low levels of
iRhom2 in A17�/�mEFs suggest that it is unstable without its
binding partner. Moreover, because pro-ADAM17 is stable in
the absence of iRhom2, this suggests that iRhom2 can associate
with pre-existing molecules of ADAM17 to form an iRhom2/
ADAM17 complex, presumably after pro-ADAM17 has been
translocated across the ER membrane.
iRhom2 also interacts with another multimembrane-span-

ning protein, STING, which is involved in regulating innate
immunity toDNA viruses (35). However, we found that STING
is not essential for the stabilization of the iRhom2/ADAM17
complex. In addition, iRhom2 also interacts with several cyto-
plasmic molecules, including members of the 14-3-3 family
of signaling adapters and FRMD8/iTAP (30–33). Moreover,
because iRhom2 determines the substrate selectivity of
ADAM17, the iRhom2/ADAM17 complex most likely also
interacts with its substrates. This notion is further supported by
the observation that the phenotype caused by the “curly-bare”
(cub) mutation in the cytoplasmic domain of iRhom2 (curly
hair and bare skin) is only seen in the presence of the iRhom2/
ADAM17 substrate amphiregulin and not in mice lacking
amphiregulin (47, 48). Presumably, the interaction between
WT iRhom2/ADAM17 and its substrates is transient, so as to
allow rapid substrate turnover upon activation of ADAM17.
Similar to iRhom2, the related iRhom1 can be detected on

the surface of mouse embryonic fibroblasts. However, unlike
iRhom2, the levels of iRhom1 are not significantly affected in
the absence of ADAM17, suggesting that it interacts with
ADAM17differently from iRhom2 and can be stable on its own.
The migration of the biotinylated iRhom1 or iRhom2 on SDS-
PAGEwas comparable with that of their nonbiotinylated coun-
terparts that could be detected by Western in whole lysates,

suggesting that the iRhom1 and -2 proteins do not undergo
substantial proteolytic processing en route through the secre-
tory pathway to the cell surface. It will be interesting to charac-
terize the interaction between iRhom1 and ADAM17 in more
detail in the future.
In summary, our results provide the first evidence that

endogenous iRhom2 is stabilized by the presence of ADAM17,
whereas iRhom1 is not. Nevertheless, both iRhom proteins can
be detected on the cell surface ofWT cells, where they presum-
ably interact with ADAM17. Interestingly, a second interacting
partner of iRhom2, STING, is not required for the stability of
iRhom2. These findings support a model in which ADAM17 is
a principal partner or client of iRhom2 and in which both must
be present to support the maturation and function of the
iRhom2/ADAM17 complex on the cell surface.

Experimental procedures

Reagents and antibodies

All reagents were purchased from Sigma–Aldrich unless
specified otherwise. The rabbit antibodies against the cytoplas-
mic domain of iRhom2 were generated by immunizing female
New Zealand White rabbits with a GSH S-transferase fusion
protein with the cytoplasmic domain of mouse iRhom2 (amino
acid residues 1–376, ProSci Inc., Poway, CA). The rat anti-
iRhom1 and anti-iRhom2 monoclonal antibodies were gener-
ated using standard procedures (49). The iRhom1 antibody
(RHF1A 20A8; IgG2a) was generated by immunization of
ovalbumin-coupled peptideMSEARRDSTSSLQRKKPPW. For
the anti-iRhom2 antibody (RHF2B 11H7; IgG2a) ovalbumin-
coupled peptide GDWEGKRQNWHRRSL was used. Antibod-
ies against the cytoplasmic domain of mouse ADAM9 and
ADAM17 have been described previously (37, 50). Antibodies
against A10 were from Abcam (Cambridge, MA) (catalog no.
1244695); antibodies against STING and antibodies against
mouse tubulin were from Cell Signaling (Danvers, MA); and
antibodies against GAPDH were from ABclonal (Woburn,
MA). Anti-LC3was fromNovus Biological (Littleton, CO) (cat-
alog no. Nb100-2220), and anti-ubiquitin clone P4G7 was from
Biolegend (San Diego, CA) (catalog no. 838703). The deglyco-
sylation enzymes EndoH and PNGase F were from New Eng-
land Biolabs (Ipswich, MA). EZ-Link Sulfo-NHS-LC-Biotin
was fromThermo Fisher Scientific (Waltham,MA) (catalog no.
21335). Streptavidin-Sepharose 4B beads were from Thermo
Fisher Scientific (catalog no. 434341). Sigma–Aldrich was the
source for chloroquine (catalog no. C6628), MG132 (catalog
no. 474790), bafilomycin (catalog no. B1793), and eeyarestatin
(catalog no. E1286). The inhibitors of protein degradation or
endocytosis were used at the following concentrations and for
the times indicated: MG132 at 10 �M for 18 h (33), chloroquine
at 100 �M for 18 h (33), bafilomycin at 100 nM for 18 h (32), and
eeyarestatin at 10 �M for 18 h (43). Marimastat was a gift from
Dr. Ouathek Ouerfelli (Memorial Sloan Kettering Cancer Cen-
ter, New York) (51).

Mouse lines

iRhom2�/�mice and Adam17�/�mice have been described
previously (5, 24). Sting�/� mice were kindly provided by
Dr. Liang Deng (Memorial Sloan Kettering Cancer Center) (52,
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53). All animal experiments were approved by the Institutional
Animal Use and Care Committee of the Hospital for Special
Surgery and Weill Cornell Medicine.

Isolation and generation of mouse primary macrophages

To generate primary BMDM, we harvested and cultured the
bone marrow cells of 4-week-old mice (equal distribution of
male and female mice) as described previously (17). Briefly,
femurs and tibiae were flushed with Hanks’ balanced salt solu-
tion, and washed cells were plated on Petri dishes in RPMI
medium supplemented with 20% fetal calf serum and murine
macrophage colony-stimulating factor (Peprotech, Rocky Hill,
NJ) at 10 ng/ml. After 7 days, macrophages were collected with
a plastic tissue culture scraper, plated on fresh plates at 1� 106
cells/10 cm2, and stimulated with 10 ng/ml LPS for 14–18 h.
For the preparation ofNLDMfrommice at postnatal day 1 (P1),
livers were removed after euthanasia and then dispersed
through a 70-�m cell strainer (Denville Scientific, Holliston,
MA). Redblood cellswere removedwith redblood cell lysis buffer
(Sigma–Aldrich) according to the manufacturer’s protocol, and
cellswere thenculturedasdescribedabove.After 5days in culture,
2� 106 differentiated NLDMwere stimulated with 10 ng/ml LPS
for 14 h and processed forWestern blot analysis.

Culture of mouse embryonic fibroblasts

Generation and culture of immortalized mouse embryonic
fibroblasts used in this study has been described previously
(5, 27, 29, 54).

Membrane preparations and lectin purification

For the preparation of membrane protein extracts from
BMDM or NLDM, cells were washed twice with PBS and then
scraped directly in membrane buffer (250 mM sucrose, 20 mM

Hepes, pH 7.4, 10 mM KCl, 1.5 mM MgCl2, 1 mM EGTA, 1 mM

EDTA) containing protease inhibitors plus a 5 mM concentra-
tion of the zinc-binding chelator 1,10-phenanthroline (24, 37).
For membrane preparations from newborn mice (P1), the ani-
mals were euthanized, and the remaining tissues were minced
with razor blades and then mechanically dispersed and sub-
jected to two 30-s treatments with a Polytron homogenizer
(Kinematica, Switzerland) in membrane buffer. The cell sus-
pension or the homogenized tissues were then treated with 30
homogenization cycles in a Dounce homogenizer (Potter–
Elvehjem, Sigma–Aldrich). The cell or tissue suspension was
subjected to a low-speed spin at 720� g for 10 min at 4 °C. The
supernatant was subsequently transferred to a 13-ml ultracen-
trifuge tube (Ultra-Clear tubes, Beckman Coulter, Brea, CA)
adjusted to 12.5 ml with membrane buffer and centrifuged for
1 h at 100,000� g in a Beckmann Optima X Ultracentrifuge in
an SW40 rotor. The resulting membrane pellets were resus-
pended by boiling for 5 min in 1� SDS-sample-loading buffer,
separated on SDS-polyacrylamide gels, transferred to nitrocel-
lulosemembranes (see below), and then probedwith antibodies
against ADAM10, ADAM17, or iRhom2.

Controls for inhibitors of protein degradation

The patterns of ubiquitinated proteins and of a protein
affected by autophagy (LC3 II) were evaluated using Western

blot analysis. Cells from a 6-well culture dish (Nunc, Thermo
Fisher Scientific) were incubated with inhibitors for 18 h and
thenwashed in PBS and suspended in 1� SDS-containing sam-
ple loading buffer. The resulting whole-cell extracts were son-
icated with a Bioruptor Pico sonicator (Diagenode, Denville,
NJ) for three rounds of 10-s bursts at maximal strength and
then boiled for 5 min and then separated on 10% Bis-Tris
NuPage gels (Thermo Fisher Scientific, catalog no. NP0301) in
MES buffer according to the manufacturer’s instructions.
Western blot analyses were performed as described, with anti-
LC3 and anti-ubiquitin primary antibodies used at 1:1000.

Western blot analysis

To generate Western blots for iRhom2 and ADAM17 from
BMDM samples from iRhom2�/�mice and WT controls (Fig.
1A) extracts from 1 � 106 cells were separated on 10% SDS-
polyacrylamide gels and transferred to nitrocellulose mem-
branes (Pall Corp., Port Washington, NY). The Western blot
analyses in Figs. 1B and 3 (A–C) were performed using extracts
from100,000� gmembrane preparations (see above).Western
blots of lysates of mouse embryonic fibroblasts isolated from
WT, iRhom1�/�, iRhom2�/�, and iRhom1/2�/� double
knockout or A17�/� knockout E14.5 embryos were performed
as described previously (27). After blocking in 5%nonfatmilk at
room temperature for 1 h, the nitrocellulose membranes were
incubated in primary antibody overnight at 4 °C (1:2000 dilu-
tion for rabbit anti-iRhom2-cyto) or for 1 h at room tempera-
ture (rat monoclonal anti-iRhom1 and anti-iRhom2 antibodies
at 1:10 culture supernatant dilution). STING antibodies (Cell
Signaling, Danvers, MA) were each incubated overnight at 4 °C
at 1:1000 dilution. The nitrocellulose membranes were then
washed three times in PBS, 0.05%Tween 20 and then incubated
in either HRP-labeled goat anti-rabbit secondary antibody,
HRP-labeled goat anti-mouse secondary antibody (1:5000; Pro-
mega, Madison, WI), or HRP-labeled goat anti-rat secondary
antibody (1:5000; Sigma). Bound antibodies were detected
using the ECL system (Thermo Fisher Scientific) and a Chem-
doc image analyzer (Bio-Rad), and the images were assembled
using Microsoft Powerpoint software. Loading controls were
generated either by Western blotting parallel samples or by
strippingmembranes for 15min at 55 °C in stripping buffer (2%
SDS, 50 mM 2-mercaptoethanol in 62 mM Tris, pH 6.7). These
membranes were blocked as described and then incubatedwith
anti-ADAM9, anti-ADAM10, anti-GAPDH, or anti-tubulin
antibodies at 1:2000, and the bound antibodieswere detected as
described above.

Cell-surface biotinylation

Mouse embryonic fibroblasts or differentiated BMDM that
had been left untreated or had been treated with 10 ng/ml LPS
were cell surface–biotinylated by incubation with a 1 mg/ml
solution of the non-membrane-permeable biotinylation re-
agent EZ-Link Sulfo-NHS-LC-Biotin (Thermo Fisher Scien-
tific) in sterile PBS for 45 min at 4 °C. The reaction was
quenched with 0.1 M glycine in PBS, and then the cells were
lysed in cell lysis buffer (PBS, 1% Triton X-100 containing pro-
tease inhibitors plus a 5 mM concentration of the zinc-binding
chelator 1,10-phenanthroline (24, 37) and 5 �M marimastat).
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Extracts containing biotinylated proteins were incubated with
10 �l of washed streptavidin-Sepharose 4B beads for 30 min at
4 °C. The beads were then washed four times with cell lysis
buffer, and bound proteins were eluted in boiling SDS-sample
buffer and separated on NuPAGE Novex 3–8% Tris acetate
protein gels (Thermo Fisher Scientific) and then subjected to
Western blot analysis with antibodies against iRhom1 or -2,
ADAM17, or ADAM9, as indicated. All other samples were
separated on 10% SDS-polyacrylamide gels.

RT-qPCR analysis

Total RNA from cultured WT, Adam17�/�, or iRhom2�/�
NLDM or fromWT, iRhom2�/�, or Sting�/� BMDM was iso-
lated with RNeasy (Qiagen, Germantown, MA) and subse-
quently reverse-transcribed (Oligo-dT/SuperScript RT III,
Qiagen, Germantown, MA). Oligonucleotides for iR2 and
GAPDH were purchased from Qiagen. Sequences for �-actin
oligonucleotides were as follows: �-actin forward, 5�-AGGTG-
TGCACTTTTATTGGTCTCAA-3�; �-actin reverse, 5�-TGT-
ATGAAGGCTTTGGTCTCCCT-3�. RT-qPCR was per-
formed using SYBR Green on an ABI PRISM 7900HT cycler
(both from Applied Biosystems, Thermo Fisher Scientific).
GAPDH was used as an endogenous control to normalize each
sample. Three independent experiments were performed in
triplicate.

Author contributions—G.W., R. F., S. S., E. F.-P., S. F. L., andC. P. B.
conceptualization; G. W., J. T., D. L., T. M., S. S., E. F.-P., J. E. S.,
S. F. L., and C. P. B. data curation; G. W., E. F.-P., D. R. M., J. E. S.,
S. F. L., and C. P. B. formal analysis; G. W., S. F. L., and C. P. B.
supervision; G. W. validation; G. W., J. T., D. L., T. M., S. F. L., and
C. P. B. investigation; G. W., J. T., D. L., R. F., S. S., S. F. L., and
C. P. B. methodology; G. W., S. F. L., and C. P. B. writing-original
draft; G. W., S. F. L., and C. P. B. project administration; G. W., J. T.,
R. F., T. M., S. S., E. F.-P., D. R. M., J. E. S., S. F. L., and C. P. B. writ-
ing-review and editing; D. R. M., T. W. M., S. F. L., and C. P. B.
resources; J. E. S., S. F. L., and C. P. B. funding acquisition.

Acknowledgments—We thank Elin Mogollon, Sarah Loh and Katrin
Moschke for technical assistance and Gregory Farber for help with the
RT-qPCR analysis.

References
1. Blobel, C. P. (2005) ADAMs: key players in EGFR-signaling, development

and disease. Nat. Rev. Mol. Cell Biol. 6, 32–43 CrossRef Medline
2. Weber, S., and Saftig, P. (2012) Ectodomain shedding and ADAMs in

development. Development 139, 3693–3709 CrossRef Medline
3. Scheller, J., Chalaris, A., Garbers, C., and Rose-John, S. (2011) ADAM17: a

molecular switch to control inflammation and tissue regeneration. Trends
Immunol. 32, 380–387 CrossRef Medline

4. Peschon, J. J., Slack, J. L., Reddy, P., Stocking, K. L., Sunnarborg, S.W., Lee,
D. C., Russell, W. E., Castner, B. J., Johnson, R. S., Fitzner, J. N., Boyce,
R.W., Nelson,N., Kozlosky, C. J.,Wolfson,M. F., Rauch, C. T., et al. (1998)
An essential role for ectodomain shedding in mammalian development.
Science 282, 1281–1284 CrossRef Medline

5. Horiuchi, K., Kimura, T., Miyamoto, T., Takaishi, H., Okada, Y., Toyama,
Y., and Blobel, C. P. (2007) Cutting edge: TNF-�-converting enzyme
(TACE/ADAM17) inactivation in mouse myeloid cells prevents lethality
from endotoxin shock. J. Immunol. 179, 2686–2689 CrossRef Medline

6. Black, R.A., Rauch,C. T., Kozlosky, C. J., Peschon, J. J., Slack, J. L.,Wolfson,
M. F., Castner, B. J., Stocking, K. L., Reddy, P., Srinivasan, S., Nelson, N.,

Boiani, N., Schooley, K. A., Gerhart, M., Davis, R., et al. (1997) A metallo-
protease disintegrin that releases tumour-necrosis factor-� from cells.
Nature 385, 729–733 CrossRef Medline

7. Moss, M. L., Jin, S.-L. C., Milla, M. E., Burkhart, W., Carter, H. L., Chen,
W.-J., Clay, W. C., Didsbury, J. R., Hassler, D., Hoffman, C. R., Kost, T. A.,
Lambert, M. H., Leesnitzer, M. A., McCauley, P., McGeehan, G., et al.
(1997)Cloning of a disintegrinmetalloproteinase that processes precursor
tumour-necrosis factor-�. Nature 385, 733–736 CrossRef Medline

8. Jackson, L. F., Qiu, T. H., Sunnarborg, S. W., Chang, A., Zhang, C., Patter-
son, C., and Lee, D. C. (2003) Defective valvulogenesis in HB-EGF and
TACE-null mice is associated with aberrant BMP signaling. EMBO J. 22,
2704–2716 CrossRef Medline

9. Sternlicht, M. D., Sunnarborg, S. W., Kouros-Mehr, H., Yu, Y., Lee, D. C.,
and Werb, Z. (2005) Mammary ductal morphogenesis requires paracrine
activation of stromal EGFR via ADAM17-dependent shedding of epithe-
lial amphiregulin. Development 132, 3923–3933 CrossRef Medline

10. Sahin, U., Weskamp, G., Kelly, K., Zhou, H.M., Higashiyama, S., Peschon,
J., Hartmann, D., Saftig, P., and Blobel, C. P. (2004) Distinct roles for
ADAM10 and ADAM17 in ectodomain shedding of six EGFR-ligands.
J. Cell Biol. 164, 769–779 CrossRef Medline

11. Franzke, C. W., Cobzaru, C., Triantafyllopoulou, A., Löffek, S., Horiuchi,
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