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Abstract
Loss of iRhom2, a catalytically inactive rhomboid-like protein, blocks maturation of TACE/
ADAM17 in macrophages, resulting in defective shedding of the cytokine TNF. Apart from the
resulting inflammatory defects, iRhom2-null mice appear normal: they do not exhibit the multiple
defects seen in TACE knockouts, suggesting that TACE maturation is independent of iRhom2 in
cells other than macrophages. Here we show that the physiological role of iRhoms is much
broader. iRhom1 knockout mice die within 6 weeks of birth. They exhibit a severe phenotype,
with defects in multiple tissues including highly penetrant brain haemorrhages. The non-
overlapping phenotypes imply that iRhom 1 and 2 have distinct physiological roles, although at a
cellular level both promote the maturation of TACE (but not other ADAM proteases). Both
iRhoms are co-expressed in many contexts where TACE acts. We conclude that all TACE
activity, constitutive and regulated, requires iRhom function. iRhoms are therefore essential and
specific regulators of TACE activity, but our evidence also implies that they must have additional
physiologically important clients.

Introduction
iRhoms are non-protease members of the rhomboid-like superfamily of polytopic membrane
proteins. They are endoplasmic reticulum proteins that regulate the trafficking and fate of
membrane proteins in a variety of contexts (Zettl et al., 2011; Adrain et al., 2012; McIlwain
et al., 2012). Mouse iRhom2 is the best understood; it is a myeloid-specific regulator of the
activation of TACE, an important shedding protease that releases proteins from the cell
surface (Gooz, 2010). TACE (also called ADAM17) was first discovered as the enzyme
responsible for the release of active TNF (Peschon et al., 1998), the primary inflammatory
cytokine. It has now been shown to have many other substrates, including ligands of the
epidermal growth factor receptor (EGFR) and therefore to control a wide range of
physiologically and medically significant functions (Blobel, 2005).

Because of its role in macrophage TACE activation, iRhom2 knockout mice have specific
inflammatory defects: they fail to release active TNF in response to immune activation by
LPS or specific pathogens (Adrain et al., 2012; McIlwain et al., 2012; Siggs et al., 2012).
We discovered that the cellular cause of this phenotype was a failure of TACE maturation in
iRhom2 mutant macrophages (Adrain et al., 2012). In the absence of iRhom2, TACE is
unable to leave the ER, thereby preventing it from being trafficked through the Golgi
apparatus. Consequently, its inhibitory prodomain cannot be removed by furin, and TACE
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remains fully inactive. We concluded that iRhom2 acts in macrophages to promote the ER
exit of TACE (Adrain et al., 2012).

Beyond the inflammatory defects of iRhom2 loss, the mutant mice appear healthy: there is
no sign of the wide spectrum defects associated with loss of TACE activity in other tissues
(Peschon et al., 1998). This implies that, aside from in macrophages, where iRhom2 is
expressed at high levels, TACE trafficking in other cell types does not depend on iRhom2.
Significantly though, there are two iRhoms in mammals (Lemberg and Freeman, 2007).
Mouse iRhom1 is 57% identical and 69% similar to iRhom2 and is expressed more broadly
than the latter. Here we report that the role of iRhom1 and 2 in mouse physiology and
development is distinct but, at a cellular level, both participate in TACE trafficking. We also
show that that iRhoms are required not only for constitutive TACE activity but also for
stimulus induced shedding. Our genetic and cellular data strongly suggest that all TACE
activity in all mouse tissues depends on iRhom function. Moreover, the iRhom double
knockout phenotype, which is lethal during mid-embryogenesis, indicates that TACE is not
the only client for iRhoms.

Results and Discussion
We targeted the mouse iRhom1 gene by homologous recombination to generate a loss of
function mutation (Fig. S1). Homozygous knockout mice were born in a Mendelian ratio
and were indistinguishable from littermates at birth but failed to gain weight, becoming
obviously small and malnourished by about 6-14 days after birth (Fig. 1A, B); heterozygotes
showed no phenotype. Homozygotes had no detectable white fat deposits (not shown). The
rate of deterioration was dependent on genetic background (Fig 1C), but all homozygous
mutants died between 9 days (background strain C57BL/6J) and 6 weeks (background strain
129S6/SvEvTac) after birth (Fig. 1C). Subsequently, knockout animals from both
backgrounds were sacrificed when weight loss approached 20%.

Attempts to establish a possible primary defect by looking for the earliest phenotypes in the
most severely affected mice proved inconclusive due to the pleiotropic phenotype. We
therefore focused on knockouts on the milder 129S6/SvEvTac background, which normally
survived 25-40 days before the end point of 20% weight loss was reached. Post-mortem
investigation of these mice revealed that all had pronounced intracerebral haemorrhages (Fig
1D-F); no other gross brain abnormalities were apparent. Brain haemorrhages were also
found in 100% of animals culled at 25 days, prior to exhibiting severe weight loss (8/8
animals), suggesting that this defect might be a primary consequence of iRhom1 loss.

Beyond the fully penetrant brain haemorrhages on the129S6/SvEvTac background, we also
found a range of other organ defects in the mixed (C57BL/6J × 129S6/SvEvTac) genetic
background. There was evidence of cardiac infarction, and histological analysis indicated
formation of thrombi in and around the ventricular septum close to the site of infarction (Fig
2A; 4/4 hearts examined). The spleen (Fig 2B) and thymus (not shown) were
disproportionately small; the bone marrow was hypocellular, although erythroid, myeloid
and megakaryocyte maturation looked normal (Fig 2C). The exocrine part of the pancreas
was defective: the acini appeared small and pale and zymogen granules were absent (Fig
2D). Knockouts on both backgrounds also showed behavioural abnormalities consistent with
neurological defects: B6 mice were uncoordinated and ataxic, with the hind legs being
particularly affected. In 129 mice, in addition to exhibiting splayed legs and a mild transient
lack of coordination around the age of 14-18 days, the main observation was obsessive
eating around the time of weaning (13/13 animals examined).
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The phenotype of iRhom1 knockout is much more severe than that caused by loss of
iRhom2, which appears immune cell specific (Adrain et al., 2012; McIlwain et al., 2012).
Loss of iRhom1 causes some similar characteristics to loss of TACE: for example, small
size, reduced fat mass and brain haemorrhages (Peschon et al., 1998; Gelling et al., 2008;
Canault et al., 2010). Nevertheless, iRhom1 loss does not phenocopy loss of TACE, which
has specific hallmarks including eyes open at birth and hair follicle defects (Peschon et al.,
1998). We therefore examined the phenotype of double knockout mice, in which iRhom1
and 2 are absent, on 129S6/SvEvTac and C57BL/6J backgrounds. The double knockout
phenotype proved to be more severe than TACE mutants: loss of both iRhom1 and 2 caused
embryonic lethality (note that iRhom1+/−; iRhom2−/− were viable and fertile). This contrasts
with the TACE knockouts, which depending on genetic background, exhibit perinatal
lethality. We examined embryos from 129S6/SvEvTac mice in utero and found no live
double mutants beyond E9.5-10.5, indicating that in the absence of both iRhoms, death
occurred at this stage. We conclude three things from these genetic data. First, because loss
of both iRhoms causes a more severe phenotype than loss of TACE, this implies that the
physiological role of iRhoms is broader than TACE regulation alone. Second, the fact that
the double knockout is worse than a simple combination of the two single mutants implies
that there is some redundancy between them. Third, the non-overlapping phenotypes of
iRhom1 and iRhom2 single mutants implies that they have distinct physiological roles.

Both iRhoms promote trafficking and maturation of TACE
To examine whether, iRhom1 and 2 have similar molecular functions, we tested whether
cellular TACE trafficking depended on both iRhoms. We isolated embryonic fibroblasts
(MEFs) from iRhom1, iRhom2 and double knockout embryos. Loss of either iRhom had
similar partial inhibitory effects on TACE trafficking and maturation; double knockout
MEFs showed no sign of any TACE maturation (Fig 3A). This result is consistent with
recent RNAi data in which knockdown of iRhom1 was shown to contribute to TACE defects
in iRhom2 knockout fibroblasts (Issuree et al., 2013). Interestingly, we consistently saw that
total TACE levels were reduced in iRhom KO cells. We do not understand this phenomenon
but it is possible that homeostatic mechanisms prevent TACE overaccumulation when it
cannot be trafficked from the ER. The conclusion that in cells other than macrophages both
iRhoms contribute to TACE trafficking was further supported by a clear dependency of
TACE maturation upon the levels of total iRhom (Fig 3B). The defect in TACE trafficking/
maturation was mirrored in enzyme activity assays, loss of either iRhom alone reduced the
proteolytic activity of TACE, but that loss of both led to complete absence of TACE
mediated proteolysis (Fig 3C).

Overexpression of iRhom1 in human HEK cells enhanced the production of mature active
TACE (Fig. 3D), implying that not only is iRhom1 necessary for TACE maturation in MEFs
but it is also rate limiting: it acts as a bottleneck on the levels of mature TACE in cells,
making it a potential point of regulation of TACE activity.

iRhom2 acts as a cargo receptor for TACE by direct binding (Adrain et al., 2012). We found
that iRhom1 also binds specifically and strongly to TACE when co-immunoprecipitated,
even under quite harsh conditions (Fig 3E). In control experiments to rule out non-specific
binding between membrane proteins, we found no evidence of iRhom1 binding to other
single pass transmembrane proteins including cadherin and the EGFR.

In support of the mechanistic overlap between iRhom1 and 2, we found that extracts from
double knockout embryos were completely devoid of mature TACE, suggesting an essential
universal role for iRhoms in the developing embryo (Fig 3F).
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iRhom expression patterns explains redundancy in TACE regulation
To investigate the potential extent of redundancy between iRhom1 and 2 in TACE
regulation, we measured the relative expression of the two iRhoms. mRNA isolated from a
panel of mouse tissues was used in real-time PCR experiments to assess the relative levels of
iRhom1 and 2. These quantitative approaches showed that although iRhom2 is highly
elevated in macrophages, significant levels can be found in most cell types (Fig 4). In most
places, however, iRhom1 is expressed more highly than iRhom2, providing a good
explanation for the more severe and widespread phenotype of iRhom1 loss. We observed
that iRhoms are expressed most highly in cell types with high levels of TACE, consistent
with their functional relationships (Fig 4). It is also striking that the tissues where a TACE-
like phenotype is most expected (eg lung, heart, skin (Peschon et al., 1998; Jackson et al.,
2003)), correspond to the tissues in which iRhom1 and 2 are significantly co-expressed (Fig
4). This provides some explanation for the lack of several characteristic TACE phenotypes
in the single knockouts; in the double knockout, embryonic lethality precludes analysing
later developing phenotypes.

iRhom specificity
The severity of the iRhom1/2 double knockout phenotype compared to the loss of TACE
indicates that iRhoms regulate more than just TACE. An obvious possibility is that other
members of the ADAM family of shedding proteases might also be dependent on iRhoms.
To test this we examined the trafficking and maturation of a panel of other members of the
ADAM family in double knockout fibroblasts. None were affected (Fig.5 A,B, Fig S2). We
also tested the trafficking of a variety of other type 1 transmembrane proteins (amphiregulin,
betacellulin, EGF, EGFR, ErbB2, epiregulin, neuregulin 4, and TGFa) and, again, found
none to be affected by the complete absence of both iRhoms (data not shown). Overall, we
conclude that, beyond TACE, iRhoms act on additional unknown clients but that they
nevertheless show a very high level of client specificity.

iRhoms are required for stimulated TACE activity
An important feature of TACE regulation, both pharmacologically and pathophysiologically,
is its ability to be activated by a variety of external stimuli (Gooz, 2010). For example,
TACE activity is acutely stimulated by phorbol esters and some GPCR signalling. Indeed,
TACE mediates the process of transactivation, in which EGF receptor signalling is triggered
indirectly by GPCR agonists, a major physiological pathway of growth factor control
(Prenzel et al., 1999; Lappano and Maggiolini, 2011; Liebmann, 2011). We investigated
whether such external activation of TACE was able to bypass the need for iRhom function.
To test this, we fused luciferase to the TACE substrate HB-EGF and measured the ability of
wild type or double knockout MEFs to shed this substrate when stimulated with PMA (Fig
5C) or the GPCR agonist, bombesin (Fig 5D). Although the double knockout cells were
capable of releasing unmodified secreted luciferase as efficiently as the WT cells (Fig 5E),
implying no general secretory defects, they were refractile to stimulated release of HB-EGF
by either PMA or bombesin. This provides a mechanistic explanation of a previous
observation that silencing of iRhom1 reduces EGFR transactivation in a specific squamous
cancer cell line (Zou et al., 2009). Overall, we conclude that iRhoms are essential regulators
of TACE activation not only constitutively, in all cell types we have examined, but also in
response to physiological and pathological stimuli.

Concluding remarks
Our genetic data reveal that the two iRhoms have widespread and essential physiological
functions in mammals. Not only do these results make clear the central role of iRhoms in
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TACE activation, but our observation that the double iRhom1/2 knockout is more severe
than a TACE knockout implies that iRhoms have additional biological roles. The
recognition of the central position of iRhoms in regulating TACE, and the crucial role of
TACE in cytokine and growth factor signalling, provides a strong incentive to understand
iRhom mechanisms and to consider them as potential new pharmacological targets.

Specific point mutations in iRhom2 have recently been shown to cause the inherited
condition tylosis, characterised by palmoplantar hyperkeratosis and oesophageal cancer
(Blaydon et al., 2012; Saarinen et al., 2012). Furthermore, iRhoms have also been
genetically implicated in several other human diseases including ovarian cancer (Yan et al.,
2008; Zou et al., 2009; Galvan et al., 2011; Wojnarowicz et al., 2012). It now becomes a
major goal to identify which iRhom clients – TACE or others – mediate these pathological
roles. Evidently the other clients are not most of the other ADAM proteases: we show that a
wide selection, most notably ADAM10, the closest homologue of TACE (Saftig and Reiss,
2010), are unaffected by iRhoms. It is an attractive possibility that, during their evolution
from active rhomboid proteases (which recognize and cleave TMDs), the iRhoms have
retained the ability to recognise TMDs with high selectivity. If this evolutionary logic is
correct, it implies that the unknown iRhom clients are likely to be other single pass
transmembrane domains.

We do not yet understand the unifying functional theme of the rhomboid-like superfamily
(Lemberg and Freeman, 2007; Adrain and Freeman, 2013), but given the range of functions
we already know, they could widely regulate trafficking, maturation, protein stability, or
degradation of membrane proteins. Another possible function might be to protect
transmembrane domains from inappropriate or premature heterotypic or homotypic
interactions. Finally, our observation that iRhoms mediate the activation of TACE by
important physiological stimuli, including GPCRs, implies that they are potential new
targets to regulate and manipulate TACE regulated inflammatory and growth factor
signalling pathways.

Materials and Methods
Details of reagents and antibodies, and generation of iRhom1 KO mice are described in
Supplemental Methods and outlined in Fig S1A. Co-immunoprecipitations and analysis of
TACE activity in cells were performed as described (Adrain et al., 2012). To analyse TACE
in embryos, E10.5 embryos were obtained following timed matings between iRhom1+/−/
iRhom2−/− animals. Embryos were disrupted in a pellet pestle homogenizer (Kontes) in
TX-100 lysis buffer (see reagents in Suplemental Methods). Lysates were then enriched for
glycoproteins using concanavalin A-sepharose (ConA) (Sigma) as described below.

Glycoprotein enrichment using ConA
To improve the detection of TACE and other ADAMs, cells were lysed in TX-100 buffer
supplemented with 1 mM EDTA, 1 mM MnCl2, 1 mM CaCl2 and glycoproteins were
captured using ConA. Beads were washed twice in the same buffer and eluted into SDS-
PAGE buffer supplemented with 15% sucrose.

Generation and immortalization of MEFs
For iRhom1 and iRhom2 single knockout embryos, embryonic fibroblasts were generated
from E14.5 embryos. As iRhom1/2 double knockout embryos died in utero, embryonic
fibroblasts were generated from E10.5 embryos. All MEFs were immortalised using
lentiviral transduction of SV40 virus large T antigen (Ef1a_Large T-antigen_Ires_Puro,
Addgene plasmid 18922 (Mali et al., 2008)).
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Deglycosylation analysis
Lysates from MEFs generated as described above were denatured at 65oC and treated with
endoglycosidase H or PNGase F according to the manufacturer’s instructions (New England
Biolabs). Note that for all assays requiring western blot analysis, lysis buffer was
supplemented with 10 mM 1,10-phenanthroline to prevent autoproteolysis of TACE
(Schlondorff et al., 2000).

Lentiviral/retroviral transduction and expression of ADAMs in MEFs
Lentivirus was produced as described previously (Adrain et al., 2012). 293 ET cells were
transduced with either pLEX.puro empty vector or pLEX.puro containing mouse iRhom1,
iRhom2, TMEM115 and Unc93b1, all with a C-terminal HA tag. Cells were selected in 5
μg/ml puromycin. For retroviral transduction of MEFs, the cDNAs of ADAMs −7, −8, −15,
−19,− 22 and −33 were fused to a C-terminal V5 tag and cloned into pM6P.BLAST (kind
gift of F.Randow). MEFs were selected in 4 μg/ml blasticidin. The cDNAs of ADAMs −18,
−21 and −28 were fused to a C-terminal V5 tag, cloned into pcDNA6 and transfected into
MEFs as described in the section below. ADAM12-GFP was a gift of Marie Kveiborg and
ADAM23-HA was a gift of S. Cal.

Transient transfection of MEFs
For shedding assays and assessment of EGFR ligand and ADAM trafficking, MEFs were
plated at a density of 0.15 × 106 per well in 6-well plates. The following day they were
transfected with 1 μg DNA and 4.5 μl of fugene-6 (Promega).

Quantitative RT PCR measurements of iRhom and TACE mRNA levels in mouse tissues
qPCR was performed as described previously (Adrain et al., 2012) with probes for mouse
TBP (Mm01277045_m1), iRhom1/RHBDF1 (Mm00711711_m1), iRhom2/RHBDF2
(Mm00553469_m1) and TACE (Mm00456428_m1). The levels of iRhom1 or iRhom2 were
normalized relative to the TBP mRNA levels in each sample. After this normalisation step,
the most abundant signal (TACE in lung mRNA) was set as 100% and all other signals were
expressed as a percentage of this.

Shedding assays
Shedding assays were based on a chimeric form of the TACE substrate HB-EGF, lacking the
first 84 amino acids, fused to Gaussia luciferase. Further details are given in Supplemental
Methods.

Statistical analysis
Where indicated, values are expressed as means −/+ standard deviation. Unpaired, two-
tailed Student T tests were used for statistical analysis.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Phenotype of iRhom1 knockout mice
(A) Photograph of 11 day-old WT versus iRhom1 KO pups from a mixed C57/B6J × 129S6/
SvEvTac background.
(B) Growth curve of WT versus iRhom1 KO pups from a mixed B6/129 background. The
WT curve represents mean weight +/− SD of seven WT or heterozygous animals, compared
to four individual KO littermates.
(C) Kaplan Meier survival plot of iRhom1 KO animals from pure B6 (blue), mixed B6×129
(green) or pure 129 (red) background.
(D) Photograph of brains from 129 mice illustrating an intracerebral haemorrhage in the KO
animals. The site of haemorrhage is indicated by an arrow.
(E, F) Haematoxylin and eosin (H & E)-stained brain sections from an iRhom1 KO mouse
(5×, 50× magnification).
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Figure 2.
Pathological features of mixed genetic background iRhom1 KO animals
(A) H & E stained heart section from 9 day-old iRhom1 KO mouse (10× magnification). An
arrow indicates a thrombus within the intraventricular septum.
(B) Photograph of spleens from 15 day-old WT and iRhom1 KO littermates.
(C,D) H & E-stained sections of bone marrow (C) or pancreas (D) from WT (left) and KO
(right) 9 day-old littermates (200×, 400× magnification).
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Figure 3.
iRhoms are essential for TACE maturation
(A) Western blot of Concanavalin-A (ConA)-enriched protein extract from WT, iRhom1
KO (iR1−/−), iRhom2 KO (iR2−/−) and iRhom1/2 double KO (DKO) MEFs. Here and
subsequently, immature and mature TACE are indicated by black and white arrowheads
respectively.
(B) Western blot of ConA-enriched protein extract from iRhom2 KO MEFs containing two,
one or no iRhom1 alleles.
(C) In vitro TACE activity assay on anti-TACE immunoprecipitates from WT, iRhom single
KO, and DKO MEFs. *P<0.01, t test; pairwise comparisons between WT and each of the
other treatments.
(D) Western blot showing TACE maturation in HEK293 ET cells stably expressing iRhom1,
iRhom2 or the control polytopic proteins, tmem115 and Unc93b1. Expression of iRhoms,
tmem115 and Unc93b1 was confirmed by anti-HA western.
(E) Western blot showing TACE binding in anti-HA immunoprecipitates from cells
expressing HA-tagged iRhom1, iRhom2 or tmem115.
(F) Western blot showing TACE maturation in embryonic extracts from iRhom1−/+/
iRhom2−/− versus double knockout embryos.
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Figure 4.
iRhom and TACE expression
Quantitative PCR analysis of RNA isolated from tissues from WT 129 mice. iRhom and
TACE expression levels were normalized against TBP mRNA. Then, the most abundant
signal (TACE in lung) was fixed at 100% and all other signals expressed as a proportion of
this (Y axis). The individual tissues from which the RNA was obtained are indicated on the
X axis. A representative result from three replicate experiments is shown.
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Figure 5.
iRhoms are specific to TACE and are essential for stimulated TACE shedding
(A) Western blot of endogenous ADAM9, ADAM10 and TACE from ConA-enriched
lysates from WT or iRhom DKO MEFs. Immature and mature ADAMs are indicated by
black and white arrowheads, respectively.
(B) Western blot showing tagged ADAMs −7, −8, −12, −15, −19, −22, −23, and −33
expressed in WT and iRhom DKO MEFs. Immature and mature ADAMs are indicated by
black and white arrowheads, respectively. The immature and mature forms of ADAM7 can
only be revealed by deglycosylation (see Fig S2A). The panel for ADAM23 shows three
bands: the upper band (asterisk) is the Golgi species with prodomain intact, the middle band
(black arrowhead) is the immature ER form; the lower band is mature ADAM23 lacking the
prodomain (white arrowhead).
(C) Shedding of luciferase-HB-EGF after stimulation with 250 nM PMA for 1 hour. *P< =
0.01, t test.
(D) Shedding of luciferase-HB-EGF after stimulation with 1 μM bombesin for 1 hour. **P
<0.05, t test.
(E) Shedding of unmodified secreted luciferase by WT versus iRhom DKO MEFs.
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