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Abstract

Dysregulation of the ERBB/EGFR signalling pathway causes multiple types of cancer (1, 2).
Accordingly, ADAM17, the primary shedding enzyme that releases and activates ERBB
ligands, is tightly regulated. It has recently become clear that iRhoms, inactive members of
the rhomboid-like superfamily, are regulatory cofactors for ADAM17 (3, 4). Here we show
that oncogenic KRAS mutants target the cytoplasmic domain of iRhom2 to induce ADAM17-
dependent shedding and the release of ERBB ligands. Activation of ERK1/2 by oncogenic
KRAS induces the phosphorylation of iRhom2, recruitment of the phospho-binding 14-3-3
proteins, and consequent ADAM17-dependent shedding of ERBB ligands. In addition,
cancer-associated mutations in iRhom2 act as sensitisers in this pathway by further
increasing KRAS-induced shedding of ERBB ligands. This mechanism is conserved in lung
cancer cells, where iRhom activity is required for tumour xenograft growth. In this context,
the activity of oncogenic KRAS is modulated by the iRhom2-dependent release of ERBB
ligands, thus placing iRhom2 as a central component of a positive feedback loop in lung
cancer cells. Overall, the cytoplasmic domain of iRhom2 is a critical component of KRAS-
induced oncogenesis of lung cancer cells. Both ADAM17 and iRhom2 have also been
implicated in a wide range of other cancers (5-10), so the mechanism we have revealed may

also have wider oncogenic significance.

Introduction

The ERBB/EGFR signalling pathway is dysregulated in numerous cancers, especially of the
lung, breast and ovary (1, 2). In addition to oncogenic receptor mutations, tumorigenesis can
be driven by excess ERBB ligand production (11). ERBB family ligands are mostly
synthesised as type | transmembrane domain proteins, and become active upon proteolytic
cleavage and release (shedding) from the plasma membrane. Thus, shedding of ERBB
ligands is a primary regulator of signalling that controls pathogenesis as well as cell

proliferation, survival and differentiation.

This mode of regulation puts into the spotlight the enzymes responsible for shedding
ligands. The metalloprotease ADAM17 is the most widespread sheddase of ERBB ligands,
as well as controlling the release of many other growth factors, cytokines and other cell
surface proteins (12). Consistent with its potency, an intricate regulatory mechanism exists
to control ADAM17, centred on iRhom1 and iRhom2, which are rhomboid-like proteins that

act as ADAM17 cofactors (4). For example, iRhom2 is required for the maturation and


https://doi.org/10.1101/2021.08.06.455383
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.08.06.455383; this version posted August 6, 2021. The copyright holder for this preprint

61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96

(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is

made available under aCC-BY 4.0 International license.

subsequent activation at the plasma membrane of ADAM17 to catalyse the shedding of
TNFa, the primary inflammatory cytokine. This plasma membrane activation of ADAM17 can
be triggered by ERK1/2-dependent phosphorylation of the cytoplasmic domain of iRhom2
(13, 14).

Several lines of evidence have implicated iRhoms and ADAM17 in tumorigenesis,
especially in lung, breast, cervical, oesophageal and colorectal cancers. iRhom2 and
ADAM17 levels increase during cancer progression and correlate with lower survival rates
(5-7, 15-18). The most direct link between the iRhoms and cancer are mutations in the
cytoplasmic domain of iRhom2, which cause a rare familial syndrome, tylosis with
oesophageal cancer (TOC), characterised by a very high lifetime risk of developing
oesophageal cancer (8, 19-22). Increased activity of ADAM17 has been observed for
iRhom27°¢ mutations (23, 24) but, despite this strong genetic link, the precise mechanistic

role of iRhoms in oncogenic signalling has been poorly explored.

ADAM17 is better characterised than iRhoms with respect to cancer, although until
recently it too has not been the subject of the intense focus commensurate with its regulatory
importance. For instance, oncogenic SRC triggers the ADAM17-dependent release of the
ERBB ligand TGFa (25). It has also become clear that ADAM17 is important in cancers
mediated by mutations in KRAS, which are the most frequent oncogenic mutations in human
cancers, particularly in lung, colorectal and pancreatic tumours (26). Although oncogenic
KRAS has long been considered to be constitutively active, and thus independent of
upstream signals, a requirement for ADAM17 and ERBB1/EGFR in KRAS-induced
pancreatic cancer has challenged this idea (27, 28). Indeed, ERBB signalling has now been
shown to contribute to lung tumorigenesis by supporting activation of oncogenic KRAS (29,
30). In this context, it is also significant that KRAS-driven tumours express higher levels of
ERBB ligands, in particular amphiregulin and TGFa (27, 29). However, as described above,
ERBB ligands must be proteolytically shed to be active, and the regulation of shedding in
cancer has been largely unknown. A recent advance has been the demonstration of a
requirement for ADAM17 in KRAS-induced lung tumorigenesis (31). Using NSCLC and

672D mouse model, Saad et al. showed that

patient-derived xenografts, as well as the Kras
depletion of ADAM17, or inhibition of its activity, suppressed lung tumour growth. They also
found that oncogenic KRAS leads to increased p38 activity, which induces the

phosphorylation of ADAM17, a marker of its activity (3, 12), as well as causing upregulated

shedding of the ADAM17 substrate IL-6R.
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97 Here, we report that that iRhoms are essential for the oncogenic release of ERBB

98 ligands by KRAS-G12 mutants. Specifically, KRAS-induced shedding of ERBB ligands is

99 triggered by the phosphorylation of the cytoplasmic domain of iRhom2, which allows the
100 recruitment of the phospho-binding proteins 14-3-3. Human cancer-associated mutations in
101 the cytoplasmic domain of iRhom2 are sufficient to amplify this pathway, thus further
102  establishing iRhom2 as an important component of oncogenic signalling. The pathological
103  significance of this pathway was validated upon oncogenic KRAS expression in HEK239T
104  cells and in non-small-cell lung carcinoma (NSCLC) cell line A549 harbouring an

105 endogenous oncogenic KRAS®'?S

mutation. Furthermore, loss of iRhom activity completely
106  suppressed KRAS-driven tumour xenograft growth, demonstrating the requirement of

107  iRhoms in a widely used model of lung cancer. Finally, we report that the cytoplasmic

108 domain of iRhom2 is a hub for an ERBB-dependent positive feedback loop that maintains
109  KRAS activity in lung cancer cells. Overall, our results demonstrate that iRhom2 plays a

110  central role in oncogenic KRAS-induced signalling.

111

112

113  Results

114

115 iRhoms are required for KRAS-driven shedding of ERBB ligands by ADAM17

116

117  Oncogenic KRAS induces the activation of ADAM17 (27, 31, 32), so we questioned whether
118 iRhoms play a role in this process. First, to establish the effect of oncogenic KRAS in

119  HEK293T cells, we expressed KRAS®'?V. As expected, we observed a significant increase in
120 the release of the ADAM17 substrate TGFa (Fig. 1A) especially compared to the effect of
121 KRAS®'N (Fig. 1A), a mutant with reduced GTPase activity (33, 34). Using the inhibitors
122 GI254023X and GW280264X, which respectively inhibit ADAM10, or ADAM10 and ADAM17
123  (35), we confirmed that TGFa shedding by oncogenic KRAS was dependent on ADAM17
124  (Fig. 1B), which agrees with the reported ability of oncogenic KRAS to increase ADAM17-
125 dependent shedding (27, 31, 32).

126

127 Although KRAS®'? is one of the most well studied oncogenic forms of KRAS (36),
128  several other KRAS®'?* mutations are found in human cancers (37, 38). We found that

129  KRAS®'?S KRAS®'2° and KRAS®'?P all caused elevated TGFa release (Fig. 1C). We also
130  demonstrated that both isoforms of KRAS, 4A and 4B, induce shedding of TGFa (Fig. 1D).
131 Overall, these results demonstrate the shared ability of KRAS oncogenic mutants to trigger
132  growth factor release.

133
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Having shown that oncogenic mutations in KRAS induce ADAM17-dependent
shedding of TGFa, we next asked whether iRhoms are required for this activity. We found
that KRAS-induced shedding of TGFa was completely blocked in HEK293T double-knockout
(DKO) cells mutant for both iRhom1 and iRhom2 (Fig. 1E, S1A). In single knockout lines,
loss of iRhom1 had little effect, whereas iRhom2 KO showed a strong reduction in TGFa
shedding (Fig. 1F), thereby demonstrating that iRhom2 is the primary mediator of KRAS-
induced ADAM17-dependent shedding of TGFa.

KRAS-induced shedding depends on phosphorylation of the cytoplasmic domain of
iRhom2 by the Raf/MEK/ERK pathway

To determine whether, as in inflammatory signalling (13, 14), iRhom2 phosphorylation
participates in oncogenic ADAM17 signalling, we used a mutant version of iRhom2
(iRhom2™'-3) in which the three primary phosphorylation sites are changed to alanine (14).
We found that without iRhom2 phosphorylation at these three main sites, shedding of TGFa
was significantly reduced (Fig. 2A). Importantly, this phosphorylation-deficient form of
iRhom2 supported ADAM17 maturation as efficiently as iRhom2"T (Fig. S2A), which aligns
with our previous findings that

iRhom2 phosphorylation is not needed for ADAM17 maturation (14). These results reveal

the role of iRhom2 phosphorylation in oncogenic signalling by KRAS.

In inflammatory signalling, iRhom2 phosphorylation is MAP kinase dependent (13, 14);
it is also well established that oncogenic KRAS mutations act through the Raf/MEK/ERK
MAP kinase pathway (36, 39). We therefore asked whether the RAS/MAPK cascade also
participates in iRhom2-dependent oncogenic signalling. TGFa shedding induced by
KRAS®'? was strongly inhibited by treating the cells with U1026 (Fig. 2B), a specific inhibitor
of MEK1/2 (40), the kinases upstream of ERK1/2. We also found that oncogenic KRAS
triggers the recruitment of 14-3-3 epsilon to iRhom2 and that, consistent with 14-3-3 proteins
binding to phosphorylated residues (41), this recruitment was inhibited by treatment with
U1026 (Fig. 2C). 14-3-3 recruitment to iRhom2 was associated with decreased binding
between iRhom2 and ADAM17 (Fig. 2C). Although we have not investigated this
phenomenon further it agrees with our previous work on inflammatory signalling (14) and
suggests that the activation of ADAM17 by phosphorylated iRhom2 depends on an altered
interaction between them. Since the recruitment of 14-3-3 to iRhom2 is sufficient for
ADAM17 activation (13, 14), these results demonstrate that KRAS-induced shedding of
ERBB ligands is mediated by ERK1/2-dependent phosphorylation of iRhom2.
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ERK1/2 activation is not only induced by oncogenic KRAS but also by several other
oncogenes (42-44), so we asked whether these other ERK1/2 activating oncogenes can
similarly drive ADAM17 activity. HRAS®'?Y, BRAFY6%F and SRC"**F, all of which activated
ERK1/2 (Fig. S2B), also induced elevated release of TGFa from HEK293T cells (Fig. 2D).
This result is consistent with an increase in TGFa release by oncogenic SRC (25). ERK-
activating oncogenes KRAS®'?Y and BRAF"5%°F also triggered the release of amphiregulin
(Fig. S2C), another ADAM17-dependent ERBB ligand with a well-established role in
oncogenesis (45, 46). This contrasted with no increase of pERK levels (Fig. S2B) (47, 48)
and little effect on amphiregulin release (Fig. S2C) caused by the oncogene AKTE'X. These
results suggest that the ability of ERK1/2-activating oncogenes to trigger the release of

ERBB ligands depends on a common mechanism driven by phosphorylated iRhom2.

Cancer-associated mutations in iRhom2 potentiate KRAS-induced shedding of ERBB

ligands

Our data demonstrate that iRhom2 phosphorylation participates in oncogenic signalling. The
strongest and most direct evidence for the involvement of iRhom2 in human cancer is in the
case of a rare inherited syndrome called tylosis with oesophageal cancer (TOC), which is
caused by mutations in a small and highly conserved region within the cytoplasmic N-
terminal domain of iRhom2 (Fig. 3A) (8). TOC is characterised by hyperkeratosis,
oesophageal cancer, and at least in the case of one of the familial mutations, iRhom2P18N
by a susceptibility to other cancers (22). We therefore investigated whether the tylotic
mutations affect oncogenic signalling through ADAM17. Replacing wild-type iRhom2 with
tylotic iRhom2P 88N
ADAM17 substrate and ERBB ligand amphiregulin (Fig. 3B). The shedding of EGF, which is
triggered by ADAM10 rather than ADAM17 (49), is not affected by iRhom2°'®N (Fig. 3B),

demonstrating the specificity of the oncogenic iRhom2 mutation for ADAM17. Strikingly, all

caused a strong enhancement of KRAS-induced shedding of the

analysed TOC mutations, including when combined, amplified KRAS-induced amphiregulin
release (Fig. 3C); none affected EGF shedding (Fig. S3B). Furthermore, none of the tylotic
mutations altered ADAM17 maturation (Fig. S3A), consistent with our previous conclusion
that the cytoplasmic tail of iRhom2 does not participate in the earlier iRhom2 function of
promoting ER to Golgi trafficking of ADAM17 (14). We conclude that TOC mutations are
sufficient to potentiate KRAS-induced shedding of ADAM17 substrates in HEK293T cells,
thereby establishing the direct effect of mutations in N-terminus of iRhom2 in oncogene-

driven signalling.
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iRhoms are required for KRAS-driven tumorigenesis

Increased activation of ERBB1/EGFR as well as of the other ERBB receptors have
widespread involvement in cancers (1, 50, 51) including, it has recently been established, in
KRAS-induced lung tumorigenesis (29, 30). We therefore addressed the potential role of
iRhoms in A549 cells, a widely used human lung adenocarcinoma cell model. These cells

S€725 one of the mutations that we

were selected because they are homozygous for KRA
have shown to drive TGFa release (Fig 1C). Using CRISPR/Cas9, we knocked out both
iRhom1 and iRhom2 in A549 cells to create a A549-DKO cell line, lacking all iRhom activity
(Fig. S4A). Consistent with our data from HEK293T cells, loss of iRhoms abolished all
shedding of the endogenous ERBB ligand amphiregulin (Fig. 4A), demonstrating that
iRhoms promote growth factor signalling in a lung cancer cell line. In support of this

conclusion, DKO cells also showed a decrease in cell proliferation (Fig. S4B).

We next assayed the requirement for iRhoms in the growth of A549 spheroids, 3-
dimensional models of solid tumours (52, 53). Supporting the significance of the standard 2D
cell culture result (Fig. S4B), loss of iRhom1 and iRhom2 also significantly inhibited spheroid
growth (Fig. 4B). Consistent with the implication that iRhom-induced release of ERBB
ligands contributes to spheroid growth, inhibition of ADAM17 but not ADAM10 also inhibited
growth (Fig. 4C, S4C).

These results prompted us to ask whether iRhoms also participate in tumorigenesis in
vivo, using a xenograft model in which A549 cells are injected into immunodeficient mice.
This xenograft model allows preclinical evaluation of the role of candidate target genes in
tumour formation and maintenance (54). We established xenografts of A549 parental cells
and A549-DKO cells, and found that loss of iRhoms had a profound effect, preventing all
detectable tumour growth (Fig. 4D). We conclude that in three models of lung cancer, A549
cells in 2D cell culture, 3D spheroid growth, and tumour xenografts, iRhoms are required for

oncogenic signalling and tumour growth.

iRhom2 phosphorylation regulates ADAM17-dependent release of ERBB ligand and

tumour spheroid growth in lung cancer cells

Having established that iRhoms are required in lung tumorigenesis models, we addressed
the molecular mechanism that underlies the pro-tumorigenic function of iRhomz2 in A549
cells, using our earlier work in HEK293T cells as a guide. First, we made a phosphomutant

version of iRhom2 in which the important phosphorylation sites were mutated to alanine
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245  (iRhom2PMUT): these changes significantly inhibited the release from A549 cells of

246  endogenous amphiregulin (Fig. 5A, B). Second, ERK1/2 kinases drive this mechanism, as
247  the inhibitor U1026 blocked this release (Fig. S5A). Third, phosphorylation of iRhom2 is
248  required for 14-3-3 binding in A549 cells (Fig. 5C), indicating that the phosphorylated

249  iRhom2/14-3-3/ADAM17 activation pathway controls shedding of the ERBB ligands in these
250 lung cancer cells. Together with our results in HEK293T cells, these results support the

251  conclusion that oncogenic KRAS drives ERBB signalling by inducing iRhom2

252  phosphorylation. As ERBB signalling has recently been shown to contribute to lung

253  tumorigenesis, including in A549 xenograft tumours (29, 30), our results highlight the pro-
254  tumorigenic role of iRhom2-dependent shedding of ERBB ligands in lung cancer cells. We
255  directly tested this conclusion using the spheroid assay, which showed that spheroid growth
256  of A549-DKO cells was significantly reduced in iRhom2”"YT expressing cells, compared to
257  cells expressing iRhom2"T (Fig. 5D).

258

259 Cancer-associated mutations in iRhom2 increase RAS activity and drive a positive
260 feedback loop in lung cancer cells

261

262  In HEK293T cells the cancer causing tylotic iRhom2 mutant D188N enhanced amphiregulin
263 release by oncogenic KRAS mutations (Fig. 3). The same experiment in A549 cells

264  confirmed this result in the lung cancer cell line: compared to iRhom2"", expressing

265 iRhom2P™® in A549-DKO cells caused a more than two-fold increase in the release of

266  endogenous amphiregulin in the presence of oncogenic KRAS (Fig. 6A, B), indicating that

2D188N aISO

267 tylotic mutation sensitises iRhom2 to oncogenic signalling. Strikingly, iRhom
268  further increased spheroid growth compared to iRhom2"T (Fig. 6C), demonstrating that even
269 in transformed A549 cells, the elevated release of ERBB ligand caused by the tylotic iRhom2
270 mutation was sufficient to further promote tumour-like growth. To emphasise the implication
271  of this result, it demonstrates that a single point mutation in the N-terminus of iRhom2 is

272  sufficient to increase the tumorigenic growth of lung cancer cells.

273

274 Our observation that iRhoms, and in particular tylotic iRhom2P'®® induce ERBB

275  signalling, suggests the existence of a tumorigenic positive feedback loop: oncogenic KRAS,
276  signalling through iRhom2, ADAM17 and amphiregulin, promotes ERBB activity and

277  ultimately further KRAS activity. This possibility builds on recent results that show that

278  oncogenic KRAS mutations are not fully constitutive: using an allele-specific inhibitor it was
279  shown that the activity of KRAS mutant is modulated by upstream ERBB signalling (55, 56).
280 To test this hypothesis, we assayed the activity of oncogenic KRAS in A549 cells by using
281  the RAS-binding domain of Raf1 to pulldown active RAS®™. Compared to parental cells,
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RASC®™ was as reduced by the absence of iRhoms in A549-DKO as upon the treatment with
the pan-ERBB inhibitor afatinib (Fig. 6D, S6A), thus suggesting that iRhoms are required to
maintain RAS activity by activating ERBB signalling. As tylotic iRhom2P'®N triggers a strong
increase in RAS®™ (Fig. 6E, S6B), it further establishes the central role of iRhoms in
controlling RAS activity. To definitively conclude whether this feedback loop acts through
iRhom2-dependent shedding in the extracellular medium, we assessed the effect of
conditioned medium from A549 cells on the ERBB1/EGFR reporter cell line A431.

218N caused elevated activated ERK1/2 compared

Conditioned medium from tylotic iRhom
to iRhom2"T (Fig. 6F, S6C). We confirmed that iRhom2-driven activation of the
Raf/MEK/ERK pathway depends on ERBB signalling by using afatinib (Fig. 6F, S6C).
Together, these results support that iRhom-dependent shedding of ERBB ligands in the
extracellular medium drives a positive feedback loop to maintain the activity of oncogenic

KRAS in lung cancer cells.

Discussion

We have discovered that, by regulating ADAM17-dependent release of ERBB ligands,
iRhoms are required for KRAS-driven tumorigenesis. Oncogenic mutants of KRAS induce
ERK1/2-dependent phosphorylation of the cytoplasmic domain of iRhom2, triggering the
recruitment of the phospho-binding proteins 14-3-3, which in turn activate ADAM17 to shed
ERBB ligands from the plasma membrane (Fig. 7) The relevance of this mechanism to
human disease is demonstrated by our discovery that mutations in the cytoplasmic domain
of iRhom2, known to be causative of the human cancer syndrome TOC, are sufficient to
amplify this signalling pathway. The significance of iRhom2 to cancer pathogenesis is further
reinforced by the result that loss of iRhom activity from A549 lung cancer cells completely

blocks their ability to form tumours in a xenograft model.

As well as identifying iRhom2 as an essential player in KRAS-induced tumorigenesis,
these results reveal the existence of a previously unidentified positive feedback loop that
maintains RAS activity in lung cancer cells. In agreement with biochemical evidence proving
that, contrary to prior belief, activated KRAS mutations are 'hyperexcitable' rather than
constitutively locked in an active state (55, 56), two recent studies have shown that
oncogenic KRAS relies on upstream ERBB signalling to remain active, and thus to drive lung
tumorigenesis (29, 30). Our data establish that the cytoplasmic domain of iRhom2 is crucial
in this mechanism: by being both downstream of oncogenic KRAS, and sufficient to increase

ERBB-dependent RAS activation, the cytoplasmic domain of iRhom2 represents a central
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319  component of this newly uncovered positive feedback loop (Fig. 7). The existence of this
320 feedback mechanism presupposes a sufficient pool of immature, plasma membrane-bound
321 ERBB ligands that can be released in response to elevated iRhom2/ADAM17 activity to

322  reinforce oncogenic KRAS activity. This requirement is supported by the recent observation
323  that the expression of amphiregulin (and other ERBB ligands) is indeed elevated in KRAS-
324  induced lung tumours (29) . Overall, our results strengthen a now compelling body of

325 evidence that overturns the earlier belief that oncogenic KRAS mutations are fully

326  constitutive: instead, it is clear that KRAS-driven tumours are driven by signalling input to the
327  activated KRAS oncoprotein. This opens a new potential strategy for therapeutic

328 intervention.

329

330 Our results demonstrate that oncogenic and inflammatory signalling pathways share
331  aconserved mechanism for the activation of the iRhom2/ADAM17 complex (this study and
332 (13, 14)). One molecular aspect of the activation of ADAM17 by iRhom2 that we previously
333  reported was that phosphorylation and 14-3-3 binding to iRhom2 causes some kind of

334  conformational change in the complex between the two proteins, detected by weaker binding
335  between them (14). This partial uncoupling also occurred during KRAS-induced shedding
336  (Fig. 2C), thus further demonstrating the conserved activation of the iRhom2/ADAM17

337  complex. Finally, the growing number of functional signalling complexes in which iRhom2
338  participates — iRhom2 and ADAM17 (13, 14, 57, 58), iRhom2 and KRAS (Fig. 2C, (59)), and
339 iRhom2 and the previously described binding partner FRMD8 (60, 61) — strengthen the

340 incentives to adopt mechanistic and structural approaches to understanding how iRhom2
341 controls ADAM17 signalling.

342

343 In work that complements these results, Saad et al. reported that phosphorylation of
344  ADAM17 is also important in KRAS-induced lung tumorigenesis (31). They demonstrated
345  that oncogenic KRAS induces the phosphorylation of ADAM17, leading to the shedding of
346  soluble IL-6R and an increase of ERK1/2 activation. Together with our work demonstrating a
347  pathway dependent on phosphorylation of iRhom2 that leads to shedding of ERBB ligands,
348 this establishes the wider significance of MAPK-induced shedding by ADAM17 as a mediator
349  of oncogenic KRAS signalling. It will be interesting to explore the differences and possible
350 crosstalk between the systems that lead, on one hand to shedding of soluble IL-6R triggered
351 by phosphorylated ADAM17, and on the other, to ERBB ligand shedding induced by

352  phosphorylated iRhom2.

353

354 Oncogenic KRAS is a driver of multiple cancers in addition to lung adenocarcinoma,

355  so our work raises the question of whether iRhom2 also has a role in these other cancers.
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356  Pancreatic adenocarcinoma, the seventh leading cause of cancer-related deaths worldwide,
357 is considered the most KRAS-addicted cancer (62-64). Strikingly, ADAM17 and

358 ERBB1/EGFR are both required to maintain high RAS activity in a Kras®?® mouse model of
359  pancreatic ductal carcinoma (27, 28). In the light of the results we report here, it will be

360 interesting to investigate whether iRhom2 plays a similar role in supporting a positive

361 feedback loop in this particularly aggressive oncogenic context. In support of this possibility,
362 the cytoplasmic domain of iRhom2 has been found to be phosphorylated in the presence of
363 KRAS®'? in pancreatic cancer cells (65). Another case where there is now a strong

364  incentive to explore the possible involvement of iRhomz2 is colorectal cancer, the second
365 leading cause of cancer-related deaths worldwide (62, 66), which can also be driven by

366  oncogenic KRAS mutations (67). Using patient-derived organoids and xenografts it has

367  recently been demonstrated that ERBB signalling promotes tumorigenesis by maintaining
368 ERK activity in colorectal tumours (68). Although ADAM17 has been shown to be required
369 for colorectal tumour growth (10), the possible contribution of iRhom2 phosphorylation in
370  colorectal tumorigenesis is currently unexplored.

371

372 In summary, we have shown that by driving ADAM17-dependent ERBB signalling,
373 iRhoms are essential components in KRAS-driven tumorigenesis. On a mechanistic level,
374  we report the existence of a KRAS-iRhom2-ERBB positive feedback loop that maintains
375 oncogenic KRAS activity and may explain the potency of KRAS-induced cancers. Finally, by
376  establishing the role of iRhom2 in oncogenic activation of ADAM17, our results provide new
377  routes to explore future therapeutic opportunities.

378

379

380
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Material and Methods

Molecular cloning

iRhom2, KRAS4A, KRAS4B SRC, BRAF and AKT1 constructs were amplified by PCR from
iRhom2 cDNA (60), KRAS4A cDNA (69), KRAS4B cDNA (kind gift from Julian Downward
(Francis Crick Institute, London)), SRC cDNA (antibodies-online), BRAF cDNA (antibodies-
online) and AKT1 cDNA (antibodies-online). They were mutated using QuikChange Multi
Site-Directed Mutagenesis Kit (Agilent Technologies, 200515) and subcloned using In-
Fusion HD Cloning Kit (Takara Bio, 639649) according to the manufacturer’s instructions.
For all constructs, single colonies were picked and extracted DNA was verified by Sanger
sequencing (Source Bioscience, Oxford, UK).

List of plasmids
Designation Source or reference
pSpCas9n(BB)2A-Puro V2.0 (pX462 V2.0) (70)
pHRSIN.pSFFV.blast-mouse iRhom2"T-3xHA This paper
pHRSIN.pSFFV.blast-mouse iRhom2-S58A-S60A-S83A-  This paper
S85A-S87A-S357A-S359A-S360A-T361A (iRhom2s'-3)-
3xHA

pHRSIN.pSFFV.blast-human iRhom2""-3xHA This paper
pHRSIN.pSFFV.blast-human iRhom2P'®"-3xHA This paper
pHRSIN.pSFFV .blast-human iRhom2-S88A-S90A- This paper
S113A-S115A-S117A-S129A-S177A-Y229A-S323A-
S325A-S328A-S385A-S387A-S388A-

T389A(IRhom2PMUT)-3xHA

pLEX.puro-human iRhom2"T-3xHA (60)
lentiviral packaging plasmid (57)
lentiviral envelope plasmid (57)
pEGFP-N1-EGFP (GFP) Freeman lab
pEGFP-GFP-KRAS4A®"?Y (69)
pEGFP-GFP-KRAS4AS™N This paper
pEGFP-GFP-KRAS4A®'?S This paper
pEGFP-GFP-KRAS4AC®'%¢ This paper
pEGFP-GFP-KRAS4AC®'?P This paper
pEGFP-GFP-KRAS4B¢'#Y This paper
pEGFP-GFP-SRC"**%F This paper
pEGFP-GFP-BRAF 6% This paper

pEGFP-GFP-HRAS®™® (69)

PEGFP-AKT1E™

This paper

pLVX-TetOne-zeo

Michael van de Weijer

pLVX-TetOne-zeo-human iRhom2""-SNAP This paper
pLVX-TetOne-zeo-human iRhom2'"®T-SNAP This paper
pLVX-TetOne-zeo-human iRhom2°'8Y_-SNAP This paper
pLVX-TetOne-zeo-human iRhom2P'¢N.SNAP This paper
pLVX-TetOne-zeo-human iRhom2°'®*-_.SNAP This paper
pLVX-TetOne-zeo-human This paper
iRhom2|186T,D188Y,P189L_SNAP

pLVX-TetOne-zeo-human This paper

iRhom2I186T,D188N,P189L_SNAP
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395  Cell culture and DNA Transfection

396  Human embryonic kidney (HEK) 293T cells and human non-small-cell lung cancer (NSCLC)
397  Ab549 cells were cultured in DMEM (Sigma-Aldrich) supplemented with 10% fetal bovine
398 serum (FBS) (Sigma-Aldrich) and 2 mM L-Glutamine (Gibco) at 37°C with 5% CO,. Human
399  carcinoma A431 cells were cultured in EMEM (Lonza) supplemented with 10% FBS and 2
400 mM L-Glutamine (Gibco). FUGENE HD (Promega) was used for transient DNA transfection
401 in HEK293T cells, with a ratio of 1 uyg DNA and 4 pl transfection reagent diluted in OptiMEM
402  (Gibco). Lipofectamine 2000 (Thermo Fisher Scientific) was used for transient DNA

403 transfection of A549 cells, with a ratio of 0.3 yg DNA and 1 pl transfection reagent. HEK
404  DKO stably expressing pLVX-TetOne-zeo constructs were stimulated with 100 ng/ml

405  doxycycline (MP Biomedicals, 195044).

406

407 CRISPR/Cas9 genome editing in A549 and HEK293T cells

408 CRISPR/Cas9-mediated single knockout of human RHBDF1/iRhom1 or RHBDF2/iRhom?2 in
409 HEK293T was performed as described before (60). In brief, the plasmids co-expressing

410  Cas9 nickase (Cas9n) and the gRNA targeting RHBDF1 or RHBDF2 were transfected into
411 HEK293T cells. Upon puromycin selection and isolation of single colonies, the loss of

412  RHBDF1 or RHBDF2 was analysed by PCR.

413  For CRISPR/Cas9-mediated double knockout of human RHBDF1/iRhom1 and

414  RHBDF2/iRhom2 in A549 cells, 4 pg of plasmids co-expressing Cas9n and the gRNA were
415 transfected using the Neon Transfection System (Invitrogen) according to the manufacturers’
416  instructions. The following electroporation settings were used: 1,230 volts, 30 seconds pulse
417  width, 2 pulses number and 8 x 10° cells/ml. Antibiotic selection was performed using 0.5
418  ug/ml puromycin for 48 hrs, before selecting single colonies to establish clonal cell lines, and
419  analysing loss of RHBDF1 and RHBDF2 by PCR.

420

421 List of primers
Designation Reference Additional

information

gRNA targeting exon 3 of human (60) gRNA targeting
RHBDF1 exon 3
(GGAACCATGAGTGAGGCCCCQC) of human RHBDF1
gRNA targeting exon 3 of human (60) gRNA targeting
RHBDF1 exon 3
(GGGTGGCTTCTTGCGCTGCC) of human RHBDF1
gRNA targeting exon 10 of human (60) gRNA targeting
RHBDF1 exon 10
(AGCCGTGTGCATCTATGGCC) of human RHBDF1
gRNA targeting exon 10 of human (60) gRNA targeting
RHBDF1 exon 10
(CCGTCTCATGCTGCGAGAAC) of human RHBDF1
gRNA targeting exon 2 of human (60) gRNA targeting
RHBDF2 exon 2
(GCAGAGCCGGAAGCCACCCC) of human RHBDF2
gRNA targeting exon 2 of human (60) gRNA targeting
RHBDF2 exon 2
(GGGTCTCTTTCTCGGGTGGC) of human RHBDF2
gRNA targeting exon 9 of human (60) gRNA targeting
RHBDF2 exon 9
(AAACTCGTCCATGTCATCATCACC) of human RHBDF2
gRNA targeting exon 9 of human (60) gRNA targeting
RHBDF2 exon 9
(ACGGGTGCGATGCCATACGC) of human RHBDF2

422
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423 Lentiviral transduction of cell lines

424  A549 or HEK293T DKO cells stably expressing iRhom2 constructs were generated by

425 lentiviral transduction using the pLVX-TetOne or pHRSIN constructs as previously described
426  (57). Cells were selected by adding 50 pg/ml zeocin or 10 ug/ml Blasticidin S HCI.

427

428 List of cell lines

Designation Source or  Additional information

reference
HEK293T cells Freeman

lab
HEK293T iRhom1/iRhom2 (60) CRISPR/Cas9-mediated KO cell line
double-knockout (DKO)
HEK239T iRhom1/iRhom2 (60) HEK293T DKO cells transduced with
DKO + iRhom2"" pLEX.puro-human iRhom2"T-3xHA

HEK293T iRhom1 knockout This paper  CRISPR/Cas9-mediated KO cell line
HEK293T iRhom2 knockout This paper  CRISPR/Cas9-mediated KO cell line
HEK293T iRhom1/iRhom2 This paper HEK293T DKO cells transduced with

DKO + iRhom2"T pHRSIN.pSFFV.blast-mouse iRhom2"-
3xHA, used as control for HEK-DKO-
iRh0m25|te1-3

HEK239T iRhom1/iRhom2 This paper HEK293T DKO cells transduced with

DKO + iRhom2stte!-3 pHRSIN.pSFFV.blast-mouse iRhom2st!-3.
3xHA

HEK293T iRhom1/iRhom2 This paper HEK293T DKO cells transduced with

DKO + iRhom2"T (inducible) pLVX-TetOne-zeo-human iRhom2"'-

SNAP, used as control for HEK DKO
expressing iRhom2 TOC constructs
HEK293T iRhom1/iRhom2 This paper HEK293T DKO cells transduced with

DKO + iRhom2'"8T (inducible) pLVX-TetOne-zeo-human iRhom2'#-
SNAP

HEK293T iRhom1/iRhom2 This paper HEK293T DKO cells transduced with

DKO + iRhom2P188Y pLVX-TetOne-zeo-human iRhom2P'88Y-

(inducible) SNAP

HEK293T iRhom1/iRhom2 This paper HEK293T DKO cells transduced with

DKO + iRhom2P188&N pLVX-TetOne-zeo-human iRhom2P'88N.

(inducible) SNAP

HEK293T iRhom1/iRhom2 This paper HEK293T DKO cells transduced with

DKO + iRhom2P'8% (inducible) pLVX-TetOne-zeo-human iRhom2"18¢--
SNAP

HEK293T iRhom1/iRhom2 This paper HEK293T DKO cells transduced with

DKO + iRhom?2!'186T.D188Y,P189L pLVX-TetOne-zeo-human

(inducible) iRhom?2'186T.D188Y.P185L_gN AP

HEK293T iRhom1/iRhom2 This paper HEK293T DKO cells transduced with

DKO + iRhom?2!'186T.D188N,P189L pLVX-TetOne-zeo-human

(inducible) iRhom2!186T.D188N.P18SL_gNAP

A549 cells (71)

A549 iRhom1/iRhom2 DKO This paper  CRISPR/Cas9-mediated KO cell line

A549 iRhom1/iRhom2 DKO + This paper = A549 DKO cells transduced at high

iRhom2"VT multiplicity of infection (MOI) with
pHRSIN.pSFFV.blast-human iRhom2WT-
3xHA, used as control for A549-DKO-
iRhom2P188N
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A549 iRhom1/iRhom2 DKO + This paper = A549 DKO cells transduced with

iRhom2P188N pHRSIN.pSFFV.blast-human iRhom2P'88N.
3xHA

A549 iRhom1/iRhom2 DKO + This paper  A549 DKO cells transduced at low MOI

iRhom2"T with pHRSIN.pSFFV .blast-human

iRhom2"T-3xHA, used as control for A549-
DKO-iRhom?2PMYT
A549 iRhom1/iRhom2 DKO + This paper  A549 DKO cells transduced with
iRhom2°PMUT pHRSIN.pSFFV.blast-human iRhom2PMUT-
3xHA

A431 cells Freeman
lab

Co-immunoprecipitation

Cells were washed three times with ice-cold PBS before lysis in Triton X-100 lysis buffer (1%
Triton X-100, 150 mM NaCl, 50 mM Tris-HCI (pH 7.5)) supplemented with EDTA-free
complete protease inhibitor mix (Roche, 11873580001) and 10 mM 1,10-phenanthroline
(Sigma-Aldrich, 131377-5G). Pre-washed anti-HA magnetic beads (Thermo Scientific,
88837) were added to the lysates cleared from cell debris by centrifugation at 15,000 rpm at
4°C for 15 min and incubated for at least 2 hr on a rotor at 4°C. Beads were washed five
times with Triton X-100 lysis buffer and eluted with a 10-minute incubation at 65°C in 2x
SDS sample buffer (0.25 M TrisHCI pH6.8, 10% SDS, 50% glycerol, 0.02% bromophenol
blue) supplemented with 200 mM DTT.

Concanavalin A enrichment

Cell lysates were incubated with 30 yl concanavalin A sepharose (Sigma-Aldrich, C9017-
25ML) at 4°C for 2 hr on a rotor. Beads were pelleted at 4000 rpm for 2 min at 4°C and
washed five times with Triton X-100 lysis buffer. Glycoroteins were eluted with 2x LDS buffer
(Invitrogen) supplemented with 25% sucrose and 50 mM DTT for 10 min at 65°C.

RAS-GTP pulldown

To detect active RAS in A549 cells, RAS-GTP pulldown was performed according to the
manufacturers’ instructions using the Active Ras Detection Kit (Cell Signaling Technology,
#8821). In brief, one confluent 10 cm dish of cells was rinsed with ice-cold PBS and lysed in
0.5 ml ice-cold lysis buffer supplemented with 1 mM PMSF. Cell lysates were cleared by
centrifugation and protein concentration was determined by Bradford assay. Cleared lysates
were added to the pre-washed spin cup which contains 100 ul of the 50% resin slurry and 80
Mg of GST-Raf1-RBD and incubated at 4°C for 1 hr on a rotor. The resin was washed three
times with Wash Buffer and the proteins bound to the resin were eluted with 50 pl of the
sample buffer supplemented with 200 mM DTT. Samples were denatured at 95°C for 5 min
and were subjected to western blot analysis.

SDS-PAGE and western blotting

Cell lysates were denatured at 65°C for 10 min in sample buffer supplemented with 100 mM
DTT. Samples were run in 4-12% Bis-Tris NUPAGE gradient gels (Invitrogen) and MOPS
running buffer (60 mM MOPS, 50 mM Tris, 0.1 % SDS, 1 mM EDTA), or in Novex 8-16%
Tris-Glycine Mini Gels with WedgeWell format (Thermo Scientific) and Tris-Glycine running
buffer (25 mM Tris,192 mM glycine, 0.1% SDS). Proteins were then transferred to a
methanol activated polyvinylidene difluoride (PVDF) membrane (Millipore) in Bis-Tris or Tris-
Glycine transfer buffer. 5% milk in PBST (0.1% Tween 20) or TBST (0.05% Tween 20) was
used for blocking and antibody incubation, and PBST or TBST was used for washing. The
membranes were incubated with secondary antibodies at the room temperature for 1 hr.
Blots were quantified using ImageJ.
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471 List of antibodies

Name Source Catalogue number Dilution
anti-ADAM17, rabbit polyclonal Abcam ab39162 1:2000
anti-beta-actin, mouse monoclonal  Santa Cruz sc-47778 1:2000
anti-14-3-3 epsilon, rabbit CST 9635 1:500
polyclonal
anti-HA-HRP, rat monoclonal Roche 12013819001 1:2000
(clone 3F10)
anti-GFP, chicken polyclonal Abcam ab13970 1:4000
anti-phosphoERK1/2 (T202/Y204), CST 4377 1:500
rabbit monoclonal (clone 197G2)
anti-ERK1/2, rabbit polyclonal CST 9102 1:1000
anti-V5, goat polyclonal Santa Cruz sc-83849 1:2000
anti-AKT,rabbit polyclonal CST 9272 1:1000
anti-pSRC (Y416), rabbit polyclonal CST 2101 1:1000
anti-pAKT (S473), rabbit polyclonal CST 9271 1:1000
anti-calreticulin, rabbit polyclonal Invitrogen PA3-900 1:2000
anti-transferrin receptor1, mouse Invitrogen 13-6800 1:2000
monoclonal (clone H68.4)
anti-rabbit-HRP, goat polyclonal CST 7074 1:2500
anti-goat-HRP, mouse monoclonal  Santa Cruz sc2354 1:2500
anti-mouse-HRP, horse polyclonal CST 7076 1:2500
anti-chicken-HRP, goat polyclonal ~ Novus NB7303 1:10000
Biologicals

472

473  AP-shedding assay

474  HEK293T cell lines were seeded in poly-(L)-lysine (PLL, Sigma-Aldrich) coated 24-well

475 plates in triplicates 24 hours before transfection. 50 ng alkaline phosphatase (AP)-

476  conjugated substrates were transfected with FUGENE HD (Promega, E2312). In KRAS

477  related experiments, 100 ng control plasmids or KRAS plasmids were transfected together
478  with AP-substrates. 24 hrs after transfection, cells were washed twice with PBS and

479  incubated for 18 hr in 300 pl phenolred-free OptiMEM (Gibco, 11058-021) supplemented
480  with 1 yM GW280264X (GW) (Generon, AOB3632-5) or G1254023X (Gl) (Sigma, SML0789-
481 5MG) when indicated. For kinase inhibition assay, 300 ul phenolred-free OptiMEM were
482  supplemented with 10 uM U0126 (abcam, ab120241-5mg) and the supernatant was

483  collected after 3 hr. The supernatants were then collected, and cells were lysed in 300 pl
484  Triton X-100 lysis buffer supplemented with EDTA-free protease inhibitor mix (Roche). 100
485  pul supernatant and 100 pl diluted cell lysates were independently incubated with 100 pl AP
486  substrate p-nitrophenyl phosphate (PNPP) (Thermo Scientific, 37620) at room temperature
487  and the absorbance was measured at 405 nm by a plate reader (SpectraMax M3, Molecular
488 Devices). The percentage of substrate release was calculated by dividing the signal from the
489  supernatant by the total signal (supernatant and cell lysate).

490

491  Spheroid assay

492  Tumour spheroid were generated as previously described in (72). In brief, 2,500 cells were
493  resuspended in culture medium supplemented with 2.5% growth-factor reduced Matrigel
494  (Scientific Laboratory Supplies #356231) and placed in a 96-well round-bottom ultra-low
495  attachment plate (Corning #7007). Formation of the spheroids was initiated by centrifugation
496  at 1,200 rpm for 4 minutes. After 13 days, tumour spheroids were imaged using a

497  stereoscopic microscope (Leica DFC310 FX), and cell viability was measured using the
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CellTiter-Glo Cell viability assay (Promega, #G9681) according to the manufacturer’s
instructions.

Cell proliferation assay

To assay cell proliferation in a 2D adherent format, 1,000 cells were seeded in standard 96-
well tissue culture plate. After five days, cell viability was measured using the CellTiter-Glo
Cell viability assay (Promega, #G9681) according to the manufacturer’s instructions, as
previously described in (56).

A431 ERBB1/EGFR activation assay

1.5x10° A549 or 3x10° A431 cells were seeded in a 10 cm tissue culture dish. After three
days, A431 cells were washed once with PBS, and serum-starved in 10ml of OptiMEM
supplemented with 1 uyM afatinib when indicated, and with 2 yM GW and to prevent growth
factor release from A431 cells. The following day, the medium of A431 cells was renewed
with OptiMEM supplemented with the same inhibitors, while A549 cells were washed once
with PBS before adding 5 ml OptiMEM constituting the conditioned medium. After four hours
of collection, A431 cells were incubated with the conditioned medium for three minutes
before being placed on ice and lysed as described above.

ELISA

80,000 A549 cells were seeded in triplicates per well of a 24-well plate. To study the loss of
shedding in A549-DKO and A549-DKO-iRhom2°"UT, the medium was replaced the following
day with 350 pl of full medium and collected after 18 hr of incubation. To determine the
increased shedding in A549-DKO-iRhom2P'®N 3 4-hr collection was performed 48 hr after
seeding the cells. Similarly, a 4-hr collection in 350 pl of full medium supplemented with 10
MM U0126 was performed to determine the contribution of ERK1/2. In all cases, the
concentration of amphiregulin in the supernatant was determined using the Human
Amphiregulin Quantikine ELISA Kit (R&D Systems, DARO0O) according to the manufacturers’
instructions. In parallel, the cells were lysed in Triton X-100 lysis buffer and the total protein
concentration was measured using the BCA Assay (Life Technologies). The substrate
release was determined by normalising the amphiregulin concentration by the total protein
concentration.

Xenograft model

1x10° Ctrl and iRhom1/2 double-knockout (DKO) A549 cells were resuspended in
Matrigel:PBS (50:50 v/v) before being subcutaneously injected in one flank of 12 (n=6 mice
per cell line) 6-week-old female immunodeficient NOD.Cg-Prkdcsli2rg™"'/SzJ (NSG) mice
(Charles River UK Ltd (Margate, Kent)). Xenograft growth was monitored with a calliper
twice weekly; tumour volume was determined using the following formula: (length x
width?)/2. At the end of the experiment, tumours were collected and photographed. Animal
experiments were performed under the Home Office Project Licence PPL30/3395 (A.J. Ryan
licence holder).
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750 Figure legends

751

752

753 Figure 1. iRhoms are required for KRAS-driven shedding of the ERBB ligands by
754  ADAM17

755

756  A-D. HEK293T cells were co-transfected with alkaline-phosphatase (AP)-tagged TGFa and
757  GFP or GFP-tagged KRAS constructs. Unless specified otherwise, constructs of KRAS4A
758  were used in all experiments. Overnight medium collection was performed in presence of 0.5
759  uM ADAM10 inhibitor (Gl), 0.5 yM ADAM10/ADAM17 inhibitor (GW) or with DMSO.

760  E-F. Wild-type, iRhom1 KO, iRhom2 KO, or iRhom1/2 double knockout (DKO) HEK293T
761 cells were transiently co-transfected with AP-tagged TGFa and GFP or GFP-tagged KRAS-
762 G112V, followed by overnight medium collection.

763  Substrate release is the level of alkaline phosphatase in the medium divided by the total
764  alkaline phosphatase level. Data are from six biological replicates. Error bars represent
765 standard deviations and statistical tests were performed using two-tailed student t-test. ns =
766  p value>0.05, **** = p value<0.0001.

767

768  Figure S1

769

770  A. Concanavalin A (ConA) enrichment of lysates prepared from iRhom1/2 DKO or WT

771 HEK293T and immunoblotted for ADAM17, transferrin receptor (TfR) or beta-actin. The lack
772  of mature ADAM17 (grey arrowhead), compared to immature proADAM17 (black

773  arrowhead), in the absence of iRhoms demonstrates the loss of all iRhom activity. This

774  experiment was repeated three times.
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775 Figure 2. KRAS-induced shedding depends on the phosphorylation of the

776  cytoplasmic domain of iRhom2 by the Raf/MEK/ERK pathway

777

778  A.iRhom1/2 DKO HEK293T cells reconstituted with iRhom2"" and iRhom2 lacking the three
779  primary phosphorylation sites (iRhom2s*'-®)were co-transfected with GFP or GFP-tagged
780 KRAS®™ and alkaline-phosphatase (AP)-tagged TGFa, and medium was collected

781  overnight. The right panel shows the percentage of AP release induced by KRAS®'?Y in the
782 indicated cell lines. Data are from six biological replicates.

783  B.iRhom1/2 DKO HEK293T reconstituted with iRhom2"™ and co-transfected with GFP or
784  GFP-tagged KRAS®'?Y and AP-TGFa were treated with 10 uM U0126 during three hours of
785  medium collection. Data are from six biological replicates.

786  C. HA-based immunoprecipitates and lysates from iRhom1/2 DKO HEK293T reconstituted
787  with HA-iRhom2"T and transfected with GFP or GFP-tagged KRAS®'? were immunoblotted
788  for 14-3-3¢, ADAM17, HA and GFP. To assess the contribution of Raf/MEK/ERK cascade,
789  cells were treated with 10 yM U0126 for two hours and blotted for phosphorylated ERK1/2
790  (pERK1/2). Orange arrowhead indicates 14-3-3¢, black and grey arrowheads indicate

791 immature proADAM17 and mature ADAM17 respectively, white arrowhead indicates HA-
792  tagged iRhom2"T. The experiment was repeated three times. A schematic of the rationale of
793  the experiment is shown below the immunoblot.

794  D. HEK293T cells were transiently co-transfected with AP-tagged TGFa and GFP or GFP-
795  tagged ERK-activating oncogenes SRC"%%F, KRAS®'?Y, BRAF®%E HRAS®'?V followed by
796  overnight medium collection. Data are from six biological replicates.

797  Substrate release is the level of released alkaline phosphatase in the medium divided by the
798 total alkaline phosphatase level. Error bars represent standard deviations and statistical
799 tests were performed using two-tailed student t-test. ns = p value>0.05, **** =p

800  value<0.0001.

801

802  Figure S2

803

804  A. Lysates from iRhom1/2 DKO HEK293T cells reconstituted with HA-tagged iRhom2"T or
805  iRhom2%"'3 were immunoblotted for HA, ADAM17 and beta-actin. Grey and black

806  arrowheads indicate mature and immature ADAM17 respectively. iRhom2 and mature

807 ADAMA17 levels from at least three biological replicates were quantified relative to beta-actin
808 level using Imaged.

809  B.HEK293T cells transfected with GFP or GFP-tagged SRCY>*F KRAS®'2Y, BRAF 600F,
810 HRAS®'?Y, untagged AKT15'"¥ were immunoblotted for oncogene expression (GFP and

811  AKT1), induction of phosphorylated ERK1/2 (pERK1/2) or for beta-actin. The level of

812  phosphorylated SRC and AKT were probed as a control of their constitutive activity. The
813  experiment was performed in biological triplicates.

814  C. HEK293T cells were transiently co-transfected with AP-tagged AREG and GFP or GFP-
815 tagged KRAS®'?Y, BRAFY®E untagged AKT15"7K. Overnight medium collection was

816  performed in three biological replicates. Substrate release is the level of released alkaline
817  phosphatase in the medium divided by the total alkaline phosphatase level. Error bars

818  represent standard deviations and statistical tests were performed using two-tailed student t-
819  test. * = p value<0.05, **** = p value<0.0001.
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Figure 3. Cancer-associated mutations in iRhom2 potentiate KRAS-induced
shedding of ERBB ligands

A. Schematic of the N-terminal domain of iRhom2 with the three main sites of
phosphorylation and the conserved region that harbours mutations causing tylosis with
oesophageal cancer (TOC). The four analysed TOC mutations are shown in the insert.

B-C. iRhom1/2 DKO HEK293T cells were reconstituted with iRhom2"T or with an iRhom2
variant harbouring one of the TOC mutations or the three mutations combined: T+Y+L
(1186T, D188Y, P189L) or T+N+L (1186T, D188N, P189L). Upon co-transfection with GFP or
GFP-tagged KRAS®'?Y, and alkaline-phosphatase (AP)-tagged AREG or EGF, overnight
collection of medium was performed in biological triplicates. Substrate release is the level of
released alkaline phosphatase in the medium divided by the total alkaline phosphatase level.
The far right panels show the percentage of AP-AREG release induced by KRAS®'?" in the
indicated cell lines. Error bars represent standard deviations and statistical tests were
performed using two-tailed student t-test. *** = p value<0.001.

Figure S3

A. Concanavalin A (ConA) enrichment of lysates from iRhom1/2 DKO HEK293T cells
reconstituted with HA-tagged iRhom2"T or iRhom2 variant harbouring one or a combination
of the TOC mutations, followed by immunoblotting for ADAM17 and calreticulin. Black and
grey arrowheads indicate immature and mature ADAM17 respectively. Stable expression of
HA-tagged iRhom2 variants was detected by HA and beta-actin antibodies. iRhom2 and
mature ADAM17 levels from three biological replicates were quantified using Imaged relative
to beta-actin and total ADAM17 (immature and mature) respectively.

B. iRhom1/2 DKO HEK293T cells reconstituted with iRhom2" or with an iRhom2 variant
harbouring one of the TOC mutations or the three mutations combined: T+Y+L (1186T,
D188Y, P189L) or T+N+L (I1186T, D188N, P189L) were co-transfected with GFP or GFP-
tagged KRAS®'?Y, and alkaline-phosphatase AP-EGF. Overnight collection of medium was
performed in biological triplicates.
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Figure 4. iRhoms are required for KRAS-driven tumorigenesis

A. Release of endogenous amphiregulin (AREG) from control (Ctrl) and iRhom1/2 DKO lung
cancer cells A549 was measured after overnight collection in biological triplicates. AREG
concentration determined by ELISA was normalised to the total protein concentration in
A549 cells, and the average level of A549 Ctrl was defined as the reference (100%). Unless
specified otherwise, ELISA experiments are similarly normalised in all experiments. Error
bars represent standard deviations and statistical tests were performed using two-tailed
student t-test. **** = p value<0.0001.

B-C. Spheroid growth of Ctrl and DKO A549 cells in ultra-low attachment plates was
performed for 13 days and treated with 2 yM ADAM10 inhibitor (Gl) or 2uM
ADAM17/ADAM10 inhibitor (GW) when indicated. Cell viability quantified using CellTiter Glo
was normalised to Ctrl. At least three biological replicates were performed per condition,
error bars represent standard deviations and statistical tests were performed using two-tailed
student t-test. ns = p value>0.05, **** = p value<0.0001. Representative spheroids of B are
shown as insets, scale bar = 0.2 mm.

D. Tumour volume of Ctrl and iRhom1/2 DKO A549 xenografts assessed twice weekly,
starting 7 days post injection of 10° cells in immunodeficient NSG mice (n=6 mice per cell
line). Error bars represent standard errors of the mean and statistical tests were performed
using two-tailed student t-test. ** = p value<0.01, *** = p value<0.001. Insets show
representative tumours, scale bar = 5 mm.

Figure S4

A. Concanavalin A (ConA) enrichment of lysates from Ctrl and iRhom1/2 DKO A549 cells,
immunoblotted for ADAM17, transferrin receptor (TfR) or beta-actin. The absence of mature
ADAM17 (grey arrowhead) compared to immature proADAM17 (black arrowhead)
demonstrates the lack of iRhom activity. The experiment was repeated three times.

B. Cell proliferation of Ctrl and iRhom1/2 DKO A549 cells was measured five days after
seeding the cells using CellTiter Glo. The luminescence level was normalised to the level of
A549 Ctrl (100%). Three biological replicates were performed per cell line, the error bars
represent standard deviations and the statistical tests were performed using two-tailed student
t-test. **=p value <0.01.

C. Representative images of A549 spheroids performed in triplicate are shown after 13 days
treatment with 2 yM GI or 2 yM GW when indicated. scale bar = 0.2 mm.
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885 Figure 5. iRhom2 phosphorylation regulates ADAM17-dependent release of ERBB
886 ligand and tumour spheroid growth in lung cancer cells

887

888  A.iRhom1/2 DKO A549 cells reconstituted with HA-tagged iRhom2"™ or phosphomutant
889  iRhom2 (iRhom2°"UT) were immunoblotted for HA, ADAM17 and beta-actin. Grey and black
890 arrowheads indicate mature and immature ADAM17 respectively. iRhom2 and mature

891  ADAM17 levels from five biological replicates were quantified relative to beta-actin level
892  using ImagelJ.

893  B. Release of endogenous amphiregulin (AREG) from DKO A549 parental cells, or those
894  stably expressing iRhom2"™ or iRhom2°MUT was measured in six biological replicates by
895  ELISA after overnight collection and normalised as described previously. Error bars

896 represent standard deviations and statistical tests were performed using two-tailed student t-
897  test. **** = p value<0.0001.

898 C. HA immunoprecipitates and lysates from A549 DKO cells stably expressing HA-tagged
899  iRhom2™T or iRhom2°"T immunoblotted for 14-3-3¢, HA and actin. Orange and open

900 arrowheads indicate 14-3-3¢ and HA-tagged iRhom2 constructs respectively. This

901 experiment was performed in biological triplicates.

902  D. Spheroid growth of DKO A549 parental cells, or those stably expressing iRhom2"T or
903  iRhom2”YTwas measured after 14 days in five biological replicates by CellTiter Glo and
904 normalised as described previously. Error bars represent standard deviations and statistical
905 tests were performed using two-tailed student t-test. ** = p value<0.01, *** = p value<0.001.
906

907 Figure S5

908

909 A. Release of endogenous AREG from DKO A549 parental cells or those stably expressing
910  iRhom2"™T, measured by ELISA after four hours of treatment with DMSO or 10 uM U0126.
911 Substrate release was normalised as previously described, error bars represent standard
912  deviations and statistical tests were performed using two-tailed student t-test. *** = p

913  value<0.001, **** = p value<0.0001.
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Figure 6. Cancer-associated mutations in iRhom2 increase RAS activity and drive a
positive feedback loop in lung cancer cells

A. iRhom1/2 DKO A549 cells reconstituted with HA-tagged TOC iRhom2P'N or iRhom2"T
were immunoblotted for HA, ADAM17 and beta-actin. Grey and black arrowheads indicate
mature and immature ADAM17 respectively. iRhom2 and mature ADAM17 levels from three
biological replicates were quantified relative to beta-actin level using ImagedJ.

B. Release of endogenous amphiregulin (AREG) from DKO A549 parental cells, or those
stably expressing iRhom2"" or iRhom2P'®N was measured in three biological replicates by
ELISA after overnight medium collection and normalised as described previously. Error bars
represent standard deviations and statistical tests were performed using two-tailed student t-
test. *** = p value<0.001.

C. Spheroid growth of DKO A549 parental cells, or those stably expressing iRhom2"T or
iRhom2P'8N 'was measured after 14 days in five biological replicates by CellTiter Glo and
normalised as described previously. Error bars represent standard deviations and statistical
tests were performed using two-tailed student t-test. ** = p value<0.01.

D-E. Active RAS was assayed in Ctrl, iRhom1/2 DKO parental A549 cells, or DKO cells
stably expressing HA-tagged iRhom2"T™ or TOC iRhom2P'8N ysing RAS-GTP pulldown.
Cells were treated with 1 yM the pan-ERBB inhibitor afatinib for 20 hours when indicated,
and immunoblotted for RAS, HA or beta-actin. The experiments were performed in biological
triplicates.

F. Conditioned medium from iRhom1/2 DKO A549 cells stably expressing iRhom2"" or TOC
iRhom2P'88N was used to stimulate the ERBB1/EGFR reporter cell line A431 treated with 1
MM afatinib when indicated. Following stimulation, A431 cells were immunoblotted for
ERK1/2, phosphorylated ERK1/2 (pERK1/2) and beta-actin. The experiment was performed
in biological triplicates.

Figure S6

A-B. Quantification of active RAS-GTP level from three biological replicates described in Fig.
6D-E was performed using ImagedJ. The level of RAS-GTP was normalised to the loading
control beta-actin. Error bars represent standard deviations and statistical tests were
performed using two-tailed student t-test. ns = p value>0.05, **=p value <0.01.

C. Quantification of phosphorylated ERK1/2 (pERK1/2) level from three biological replicates
described in Fig. 6F was performed using ImagedJ. The level of pPERK1/2 was normalised on
the loading control beta-actin. Error bars represent standard deviations and statistical tests
were performed using two-tailed student t-test. *=p value <0.05, *** = p value<0.01.
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951  Figure 7. iRhom activity drives an ERBB-dependent feedback loop on oncogenic
952 KRAS

953

954  A. Activation of ERK1/2 by oncogenic KRAS®™ triggers the phosphorylation of iRhom2 and
955  subsequent recruitment of the phospho-binding proteins 14-3-3. Together with mutations
956 responsible for tylosis with oesophageal cancer (TOC), this induces the ADAM17-dependent
957  release of ERBB ligands into the extracellular medium. Upon binding their ligands, ERBBs
958 maintain KRAS in the active GTP-bound state, thus enabling a positive feedback loop for
959 KRAS oncogenesis. This feedback loop can be inhibited by blocking ERBB signalling with
960  afatinib.
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