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Summary

Deregulated HER? is a target of many approved cancer drugs. We analyzed 111,176 patient
tumors and identified recurrent HER2 transmembrane domain (TMD) and juxtamembrane domain
(JMD) mutations, including G660D, R678Q, E693K and Q709L. Using a saturation mutagenesis
screen and testing of patient-derived mutations we found several activating TMD and JMD
mutations. Structural modeling and analysis showed that the TMD/JMD mutations function by
improving the active dimer interface or stabilizing an activating conformation. Further, we found
that HER2 G660D employed asymmetric kinase dimerization for activation and signaling.
Importantly, anti-HER2 antibodies and small molecule kinase inhibitors blocked the activity of
TMD/IJMD mutants. Consistent with this, a G660D germline mutant lung cancer patient showed
remarkable clinical response to HER2 blockade.

Summary

Pahuja et al. show that recurrent HER2 transmembrane domain and juxtamembrane domain
mutations enhance HER2 activity by improving the active dimer interface or stabilizing an
activating conformation. Importantly, HER?2 inhibiting antibodies and small molecules can block
the activity of these mutants.

Graphical Abstract

Cancer Cell. Author manuscript; available in PMC 2019 November 12.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Pahuja et al.

Keywords

Page 3

Ree
Breastg

it

Liver Bilary, .

: Gastric .

e SCANCET
R e wr

Die Survive

WT  Mutl Mut2 Mutn... 1
O O | C O S Trastuzumab
W Pertuzumab
A2 Afatinib

ety

AL

o -3 - TR
3. Neratinib

O O

Do e L N
Die Survive Q752 Lapatinib

ERBB2/HER2; ERBB2 activation; transmembrane domain (TMD) mutation; juxtamembrane
(JMD) domain mutation; HER2 germline mutation; HER2 somatic mutation; anti-HER?2
antibodies; HER2 kinase inhibitors; ERBB2 structure

Introduction

The human epidermal growth factor receptor (HER) tyrosine kinase family consists of
ERBB1/EGFR/HER1, ERBB2/HER2, ERBB3/HER3 and ERBB4/HER4. These receptors
play an important role in cellular processes including growth, proliferation, differentiation
and survival (Baselga and Swain, 2009; Hynes and Lane, 2005). ERBB receptors contain an
extracellular domain (ECD), a transmembrane domain (TMD), an intracellular region that
consists of a juxtamembrane domain (JMD), a kinase domain (KD) and a carboxy terminal
tail domain (CTD) (Kovacs et al., 2015). The ECD is comprised of four subdomains (I-1V).
In the absence of ligand, the ECD adopts an auto-inhibited tethered (closed) conformation
that involves domain Il and 1V. Upon ligand binding between domains | and Il1l, the
dimerization arm in domain Il is untethered, leading to receptor homo or heterodimerization,
allosteric kinase activation, CTD phosphorylation and downstream signaling (Kovacs et al.,
2015).

HER?2 is an atypical member of the ERBB family, as its ECD adopts an untethered
conformation constitutively (Roskoski, 2014). Unlike the other ERBB family members,
HER?2 does not have a ligand. HER2 preferentially heterodimerizes with ligand bound
untethered (open) HER3 or EGFR to initiate cellular signaling, although HER2 homodimers
capable of signaling have been reported in HER2 overexpressing cells (Brennan et al., 2000;
Roskoski, 2014).
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The transforming ability of HER2 was originally discovered in a nitrosoethylurea (neu)-
induced glioblastoma rat model (Schubert et al., 1974; Schechter et al., 1985). Cloning and
analysis of the HER2 sequence in this model revealed a Val to Glu mutation at codon 664
(V664E; V659E in humans) in the TMD of HER2 (Bargmann et al., 1986). Subsequent
studies showed amplification and overexpression of the HER2 gene (ERBBZ2) as the
oncogenic driver in ~20% of human breast and gastric cancers (Roskoski, 2014). Its
established role as a potent oncogene has made HER2 a major target for therapy (Stern,
2012). Three HER2 antibody drugs trastuzumab, adotrastuzumab emtansine (T-DM1) and
pertuzumab, and two small molecule HER2 kinase inhibitors lapatinib and neratinib have
been approved by the FDA for use in the clinic for treating HER?2 driven tumors (Gianni,
2018).

While overexpression remains a major mechanism of HER2-driven tumorigenesis, recent
large-scale sequencing efforts have identified oncogenic mutations in the ECD and KD
(Greulich et al., 2012; Zabransky et al., 2015; Ross et al., 2016). Mutations in the TMD and
JMD have also been reported, albeit at a low frequency, and their relevance in oncogenesis is
not fully understood (Bose et al., 2013; Yamamoto et al., 2014; Kavuri et al., 2015; Ou et al.,
2017; Chang et al., 2018).

We hypothesized that HER2 TMD and JMD play significant role in oncogenesis and
recurrent mutations in these domains are candidates of anti-HER2 therapy.

Recurrent somatic HER2 TMD and JMD mutations in human cancers

To understand the spectrum of HER2 somatic alterations in sporadic cancers we analyzed
targeted exome data from 111,176 tumors representing 54 disease groups and about 400
cancer types (Frampton et al., 2013). We detected HER2 mutations in 3,851 tumors (3.5%).
While the ECD and KD accounted for the majority of these mutations (~40% each), the
TMD and JMD accounted for ~2.8% and ~7.7% of the mutations, respectively (Figure 1A,
B and Table S1). Since the KD and ECD mutants have been studied extensively, we focused
on the TMD and JMD mutations. In the TMD we found mutations in 24 of the 27 amino
acids. The most frequent mutations occurred at codons 652 (Thr), 653 (Ser), 659 (Val) and
660 (Gly) (Figure 1B and Table S1). The recurrent HER2 TMD mutations included
P650L/S (2 cases), T652M/R (7 cases), S653C/P (12 cases), 1654L/M/T (5 cases), 1655M (5
cases), AB57V (2 cases), V659E (19 cases), V659D/ins (7 cases), G660D (16 cases), G660R
(1 case), L662V (3 cases), V664F/1 (4 cases), V665M/del (5 cases), G668E/R (2 cases),
V669A/L (3 cases), G672R (2 cases), 1673F/M/V (3 cases) and L6741/V (3 cases) (Table
S1). Additional mutation data sources such as cBioPortal (http://www.cbioportal.org; August
28, 2017), confirmed the presence of recurrent mutations in the HER2 TMD (7/27 residues)
(Table S2), including G660D/R in 5 cases and V659E/D in 3 cases (Cerami et al., 2012).
Recently, the HER2 G660D mutation was reported in lung adenocarcinoma cases from a
family of Japanese descent (Yamamoto et al., 2014). The adjacent residue, Val at codon 659,
was previously found mutated in a rat model of chemically induced carcinoma (Bargmann
and Weinberg, 1988).
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Further, we found mutations in 30 of the 39 amino acids that comprise the JMD. (Figure 1B
and Table S1). Among the most recurrent IMD mutations were R678Q/P/W (192 cases),
V697L/M/del (24 cases) and P702L/S (9 cases), R677L/Q (8 cases), R683Q/W (6 cases),
E693G/K (5 cases), Q709L/K (5 cases), 1675L/M/T (4 cases), T686A/M/R (4 cases),
R688L/Q/W (4 cases), R713L/Q/W (4 cases) and Q711H (3 cases). Additional IMD
mutations found in at least 2 cases included Q679E/H, 1682M/T, Y685H, R6891/K, E695K,
P699S/del, G704E/R, A705V, A710V and M712L. The R678Q mutation in the IMD was the
third most common mutation among all the non-synonymous mutations observed in HER2.

To better understand recurrent TMD mutations within the context of HER2 structure, we
assessed the local environment of the recurring TMD mutations in an NMR structure of the
HER2 TMD (PDB ID: 2JWA,; Figure 1C). We observed that the TMD possesses an
amphiphilic quality resulting from a stretch of polar residues along one face of the N-
terminus of the TMD helix (S649, T652, S653, S656; Figure 1C). The most frequent
mutations identified in patient data set (V659E and G660D/R) extend this polar strip. This
observation implies the polar character of these mutations amplifies intrinsic properties of
the native TMD which may be an essential feature leading to the activating effect of these
mutations on HER2.

Saturation mutagenesis identifies activating mutations in HER2 TMD/IJMD

Since we found recurrent mutations in the HER2 TMD and JMD in cancer patients we
hypothesized that perturbing residues in the TMD and JMD could lead to HER2 activation.
To test this, we mutagenized the entire TMD (27 amino acids, Ala 648 to Leu 674) and
adjoining flanking regions corresponding to the C-terminal portion of domain IV (residues
641 — 647) and JMD region (residues 675 — 684) (Figure 2A, B). Using a pool of
oligonucleotides, each replacing one amino acid at every position along the region Gly 641
to Lys 684 with one of the other possible 19 amino acids, we generated a library of 836
HER2 mutants. We assessed our pool for the representation of the mutant alleles by deep
sequencing and detected 466 of the possible 836 mutants in the library. The retroviral pool
of mutants was then used to generate stable BaF3 cells either with or without WT HER2
(Figure 2B) as these were heterozygous mutations in patient tumors. The stable BaF3 cells
expressing the mutants were placed on Interleukin-3 (IL-3) free media for four days. We
used DNA extracted from the surviving cells to amplify the HER2 TMD region and then
deep sequenced the amplified region to assess the allele frequency of HER2 mutants.

Among the enriched mutant alleles were G660D and V659E (Figure 2B) both in the
presence and absence of WT HER2. Additionally, we identified G641S, A644F, E645K,
AB48L, S649T, L651W, L663H, V664F, V665D, F671N, L674H, 1675M, R677T, Q680F
and 1682G mutants to be enriched in parental BaF3 cells expressing the mutant library
(Figure 2B). Interestingly, certain mutants such as R678Q and R647T were highly enriched
in the presence of WT HER2 (Figure 2B). In addition, we found E645F, V659E, G660D
and K676T to be enriched in the presence of WT HER2. Several of the recurrent mutations
identified in patient tumors were enriched in saturation mutagenesis screen. These include
G641S, A644F, E645K, R647T, V659E, G660D, R678Q, K676T and R677T indicating that
these are likely drivers (Figure 2B and Table S1).
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Clinical HER2 TMD/JMD mutations are constitutively active

Saturation mutagenesis studies identified several activating mutations in the TMD/JMD
(Figure 2B) suggesting that these alterations might serve as a mechanism for HER2
activation in cancer. We therefore generated 72 (43 unique mutants) stable BaF3 cell lines
each expressing a HER2 TMD or JMD mutant identified in cancer patients (Table S2),
either in the presence or the absence of WT HER2 and tested their survival signaling
following IL-3 withdrawal.

We found that the TMD mutants S653C, S656C, V659E, G660D and G660R, and JIMD
mutants R677L, R678W, T686A and E693K promoted significant cell survival compared to
WT HER2 (Figure 3A). In the presence of WT HER2, S649T, P650S, L651V, V659G,
G660D, G660R, L663P and L674V TMD mutants showed significant survival compared to
WT HER2. Several mutants detected in patient tumors in the JMD including R677L,
R678Q, R683Q, E693K, Q709L and A710V were found to support cell survival in the
presence of WT HER2 (Figure 3A). Concordant with the survival signaling, we found
elevated levels of pHER2 in cells expressing active HER2 mutants (Figure 3A-C). Given
that WT HER2 amplification and overexpression is linked to oncogenesis (Arteaga et al.,
2011; Muthuswamy et al., 2001), we assessed the expression levels of WT HER2 in the
parental and engineered BaF3 cells using flow cytometry and western blot (Figure S1A-C)
(Onsum et al., 2013; Schoeberl et al., 2009). We did not detect endogenous HER2 in
parental BaF3 cells, consistent with a previous report (Riese et al., 1995). Even though the
stable expression of WT HER2 in BaF3 cells was comparable to that observed in HERZ2-
amplified cells it did not support IL-3 independent survival (Figure S1D) as previously
reported (Jaiswal et al., 2013; Riese et al., 1995).

MCF10A breast epithelial cells form acinar-cell spheroids when cultured in the presence of
EGF on a reconstituted three-dimensional (3D) basement membrane such as matrigel
(Debnath et al., 2003). However, the expression of oncogenes in MCF10A can render them
EGF-independent and lead to the formation of multi-acinar structures (Debnath et al., 2003;
Wang et al., 2006). To further confirm the effect of the mutations characterized using the
BaF3 system, we stably expressed the indicated HER2 mutants in MCF10A cells (Figure
S1E) and plated them on matrigel in the absence of any EGF. In agreement with the survival
signaling activity observed in BaF3 cells, the HER2 TMD/JMD mutants G660D, L663P,
R678Q and Q709L led to the formation of large multi-acinar bodies when compared to cells
expressing WT HER2 or empty vector, confirming the oncogenic potential of these mutants
(Figure 3D). Previously, WT HER2 overexpression in MCF10A in the presence of EGF and
serum was reported to disrupt acinar formation (Muthuswamy et al., 2001). However, we do
not observe this effect in our assays as we performed the assay in the absence of EGF, as
described previously (Jaiswal et al., 2013). The acinar disruption by the TMD/JMD mutants
was observed in both the absence and presence of exogenous WT HER2 expression in
MCF10A and was more pronounced in the case of R678Q when it was expressed in the
presence of exogenous WT HER2. These findings further confirmed the oncogenic potential
of the HER2 TMD/JMD mutants.
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Conformational analysis of TMD/JMD mutations

Having defined the most prevalent and activating HER2 TMD/JMD mutations in cancer
(Figure 2, 3, 4A), we sought to understand the mechanisms by which they promote HER?2
signaling. Both the TMD and JMD have been shown to play structural roles in the formation
of active ERBB receptor complexes through interactions that stabilize the asymmetric kinase
domain dimer, where one kinase domain (activator kinase) allosterically activates the other
(receiver kinase) (Jura et al., 2009; Red Brewer et al., 2009; Zhang et al., 2006). Specifically,
the TMD has been suggested to regulate receptor dimerization through an N-terminal Sm-
xxx-Sm motif (“Sm” for small amino acid) (Bocharov et al., 2008; Burke et al., 1997;
Fleishman et al., 2002; Sternberg and Gullick, 1989). This motif is thought to dictate a
specific orientation between TM helices, which in turn can affect the conformations of
juxtamembrane and catalytic domains and thereby influence their activation state (Bell et al.,
2000). Investigations of EGFR have shown that the JMD is essential for ligand-dependent
activation through stabilization of the asymmetric kinase dimer, which involves an
intermolecular interaction between a segment within the JIMD, called the juxtamembrane
latch, and the C-lobe of another kinase (Jura et al., 2009; Littlefield et al., 2014; Red Brewer
et al., 2009). Because the juxtamembrane latch sequence of HER2 is almost identical to
EGFR (Figure 4B), the role of the latch in HER2 activation is predicted to be the same.

We used molecular dynamics (MD) simulations to evaluate the possible effects of the most
activating mutations (G660D, G660R, R678Q) on the dimeric TMD conformation in the
activated receptor predicted by NMR studies (Bocharov et al., 2008). In the putative
activated dimer, the TMD helices of HER2 interact through an Sgsg-xxx-Gggo motif, a
variation of the higher-affinity G-xxx-G dimerization motif (Lemmon et al., 1994; Senes et
al., 2000). Thus, any mutation that might increase the stability of the HER2 Sggg-XxX-Gggo
motif should stabilize the activated state. In the S653C mutant, mutation of a polar serine to
a relatively hydrophobic cysteine converts the HER2 Sgsg-xxX-Gggp t0 a strong glycophorin
A-like Sm-xxx-Sm motif (Lu et al., 2010) leading to activation, presumably by stabilizing
the receptor dimer.

Proper positioning of the Sgsg-Xxx-Gggg motif for productive TMD dimer formation is
highly dependent on the orientation and geometry of the monomeric TMD helices, defined
by basic residues near the interfacial regions between the cytoplasm and head group region
of the bilayer (Gleason et al., 2013; Hristova and Wimley, 2011; Kim et al., 2011). We
expected that activating HER2 mutations such as R678Q might have a significant effect on
the TMD geometry and dimerization. To test this, we performed allatom 100 ns MD
simulations for wild-type (WT) and the WT/R678Q HER2 TMD dimers in a phospholipid
bilayer as the R678Q mutant was active in our functional assays in the presence of WT
HER2 (Figure 2B and 3A). The coordinates of the HER2 TM dimer in the putative
activated conformation determined by NMR (PDB ID: 2JWA) were used as the starting
positions in the simulations (Figure 4C). As expected, the conformation of the WT HER2
TMD homodimer (WT/WT) remains stable over the course of the simulation as evidenced
by the lack of fluctuation in the Ca RMSD (Figure S2A). In the WT/R678Q TMD
heterodimer, the Sgsg-XxX-Gggg motif remained engaged for the duration of the simulation,
albeit through different interactions. However, the R678Qcontaining region of the C-termini
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separated by several angstroms compared to the WT homodimer (Figure 4D; S2A). Despite
these differences, in both WT/WT and WT/R678Q dimers, the conformations observed in
the final state are consistent with a geometry proposed to support an activated, asymmetric
configuration of the cytoplasmic kinase domains, and suggests that the enhanced activity of
the mutant may be the result of its stabilizing effect on the specific heterodimeric
configuration required for signaling.

A second possibility is that oncogenic mutations are able to stabilize an alternate activated
dimeric TMD conformation. It is well known that polar interactions strongly support helix
association both in conformations that cooperate with small Sm-xxx-Sm motif dimerization
or in entirely unique geometries (Brooks et al., 2014; Goldberg et al., 2010; Gordeliy et al.,
2002). To see the effect of a polar mutation on HER2 TMD dimers, we simulated the G660D
mutant. MD simulations demonstrated that the introduction of the protonated aspartate
disrupts the native dimeric configuration (Figure 4D). In five independent 100 ns
simulations, the TMD dimer configuration gradually drifted away from the starting
configuration sampled for WT/WT HER2 and without achieving a common final state
(Figure 4E, Figure S2A-C). A simulation of the HER2 G660R mutant (Figure 3A)
revealed similar structural consequences as the G660D mutation (Figure S2D, E). On a 100
ns time scale it was not possible, however, to predict with certainty the final geometry of a
HER2 TMD dimer in the presence of the G660D/R mutations, but these results suggest that
polar mutations at position 660 alter the WT HER2 TMD geometry.

To understand the activating effect of the juxtamembrane latch mutant, Q709L, we analyzed
the interface between the juxtamembrane latch and the C-lobe of the activator kinase in a
model of the HER2 homodimer constructed using the crystal structure of the EGFR/HER3
heterodimer (PDB ID: 4RIW) in which HER3 in the activator position was replaced with the
HER2 kinase domain (PDB ID: 3PP0), and the juxtamembrane latch sequence of EGFR in
the receiver position was replaced with that of HER2 (Figure 4F). From this model we
observed that Q709 does not optimally participate in the dimer interface. Calculation of the
HER2 C-lobe electrostatic surface reveals a hydrophobic pocket in the vicinity of the large
polar side chain of Q709 likely suboptimal for hydrophobic packing between the C-lobe and
the juxtamembrane latch. In contrast, the presence of a hydrophobic side chain such as
leucine appears to be more optimal for favorable interactions with such a hydrophobic
pocket, and is predicted to stabilize the dimerization interface essential for the allosteric
activation of HER receptor kinase activity.

Dimerization and allosteric activation of HER2 TMD mutant promotes survival signaling

We sought to understand if signaling by the HER2 TMD mutants required its kinase activity.
To test this we stably expressed a kinase-impaired K753M/G660D double mutant
(G660D.KI) HER2 in BaF3 cells and assessed it for survival signaling in the absence of IL-3
(Figure 5A-C). Compared to HER2 G660D, the G660D.KI mutant did not support IL-3
independent survival of BaF3 cells (Figure 5B, C and S3). Although the expression of
G660D.KI1 was low (Figure S3) we found HER2 kinase small molecule inhibitors to be
effective in blocking the G660D mutant (see Figure 6 below). Taken together these results
confirm that the kinase activity of G660D is essential for its oncogenic activity. Structure-
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guided point mutations in the receiver and/or activator interface of the kinase domains
(Figure 5A) have been used to confirm the role of the asymmetric dimers in the allosteric
activation of EGFR (Zhang et al., 2006) and chimeric EGFR/HER2 receptors (Ward and
Leahy, 2015). We stably expressed HER2 G660D carrying an N-terminal 1714Q mutation in
the receiver interface (RM) or the C-terminal V956R mutation in the activator interface
(AM) alone, together, or in combination with WT HER2 in BaF3 cells and assayed for cell
survival activity. Expression of receiverimpaired mutant HER2 G660D-1714Q (RM) or
activator-impaired HER2 mutant G660DV956R (AM) on its own did not promote BaF3 cell
survival following IL-3 withdrawal (Figure 5B, C). However, combined expression of HER2
G660D-1714Q (RM) and HER2 G660D-V956R (AM) in BaF3 cells restored the cell
survival signaling activity of HER2 G660D (Figure 5B, C; lane 9), confirming the allosteric
activation of the kinase domain following HER2 G660D dimerization promotes cell survival
signaling. Consistent with survival signaling, we observed elevated levels of pHER2 in cells
coexpressing HER2 G660D-1714Q (RM) and HER2 G660D-V956R (AM) mutants (Figure
S3). Since the HER2 G660D mutant can promote survival signaling in the presence of WT
HER?2 in BaF3 cells (Figure 3A and 5B) we tested if it preferentially functioned as a
receiver or activator in the presence of WT HER2. Expression of HER2 G660D-1714Q (RM)
in BaF3 cells in the presence of WT HER2 did not promote cell survival (Figure 5B, C),
revealing that it was not able to function as a WT HER2 activator. However, HER2 G660D-
VI56R (AM) promoted cell survival in the presence of WT HER2 (Figure 5B,C), indicating
that the HER2 G660D is predisposed to adopt a receiver conformation.

HER2 TMD/JMD mutants respond to anti-HER2 antibodies and kinase inhibitors

Several targeted therapeutics have been approved for treating breast cancers overexpressing
HER2. Trastuzumab, an anti-HER2 ECD domain IV binding antibody, and pertuzumab, an
antibody that binds to HER2 ECD domain 1, have been approved for treatment of HER2
positive breast cancers (Gianni, 2018). Trastuzumab has also been approved for treating
HER?2 positive metastatic gastric cancers (Van Cutsem et al., 2016). While trastuzumab
blocks HER2 signaling through diverse mechanisms, pertuzumab blocks ligand-driven
HER2 heterodimerization and signaling (Arteaga et al., 2011). Unlike antibody drugs, small
molecule inhibitors such as lapatinib and neratinib approved for treatment of HER2* breast
cancers bind to the kinase domain and block its activity (Gianni, 2018). We tested
trastuzumab, pertuzumab, and cetuximab (an antiEGFR antibody) for their ability to block
the TMD/IMD HER2 mutant activity (Figure 6 and S4). We also tested lapatinib (an FDA
approved HER2 ATP-competitive kinase inhibitor), neratinib (an FDA approved HER2 non-
ATP competitive inhibitor), afatinib (an EGFR inhibitor that is also active against HER2),
erlotinib and gefitinib (both are FDA approved EGFR kinase small molecule inhibitors for
treating lung cancer) for their activity against HER2 JMD/TMD mutants (Ellis et al., 2015;
Gianni, 2018). Among the anti-HER antibodies (Figure 6A), we found trastuzumab to be
effective in blocking cell proliferation and survival of HER2 V659E, G660D, G660R,
L663P, R678Q and Q709L (ICsq 0.5-7ng/ml; Figure 6B-C and Table S3). Surprisingly,
though pertuzumab was effective in blocking L663P, R678Q and Q709L (ICsgg
1.316.7ng/ml; Table S3), it stimulated the growth of V659E and G660D expressing BaF3
cells in a dose dependent manner (Figure 6B, D). Also, pertuzumab was not effective in
blocking G660R (Figure 6D). Pertuzumab binds to domain Il of HER2 ECD and is a
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bivalent antibody capable of binding two HER2 receptor molecules simultaneously. This
may facilitate the formation of productive homodimers and/or stabilization of the active
mutant homodimers, contributing to the observed survival stimulating effect in the context of
some mutants. To test this, we generated a monovalent Fab fragment of pertuzumab and
assessed its effect on BaF3 cells expressing HER2 G660D. We found that the Fab was not
stimulatory and was able to partially inhibit cell survival and proliferation at higher
concentrations (Figure 6B). Further, we found that neither cetuximab nor anti-HER3
antibodies blocked the viability of BaF3 cells expressing G660D HER2 (Figure 6B),
confirming that the observed cell survival effect was due to HER2 mutant homodimers.
Consistent with the observed effect of the anti-HER?2 antibodies on cell survival,
trastuzumab blocked colony formation by HER2 G660D expressing BaF3 cells, while
pertuzumab was stimulatory (Figure S4A). Further, cetuximab was not effective in blocking
colony formation or cell survival signaling by TMD/JMD mutants (Figure S4A and S4B).
Among the small molecule kinase inhibitors tested, we found neratinib (ICgq 0.12-0.58 nM),
afatinib (ICsq 0.26—18 nM) and lapatinib (1C5q 0.5-18 nM) to be effective in blocking the
survival of BaF3 cells expressing HER2 mutants (Figure 6E, 6F, S4C and Table S4),
though neratinib was the most effective inhibitor against all the mutants tested (Hyman et al.,
2018). Erlotinib and gefitinib, both EGFR kinase inhibitors, were not effective against the
HER2 mutants tested (Figure S4D, S4E and Table S4), confirming that the survival effect
observed in BaF3 cells is primarily mediated by HER2.

Previous studies have shown that BaF3 cells expressing oncogenes when implanted in nude
mice promote a leukemia-like disease leading to their reduced overall survival (Jaiswal et al.,
2013). We used this in vivo system and found that the HER2 G660D mutant BaF3 cells led
to a reduced median overall survival of 22—23 days compared to mice receiving WT HER2
expressing BaF3 (Figure 6G). As expected, the histological analysis of spleen from mice
implanted with HER2-G660D cells showed sheets of large mononuclear cells with irregular
nuclear contours, nucleoli and scattered mitotic figures suggesting tumor cell infiltration
(Figure S5). Liver sections from these mice showed congestion of sinusoids and
involvement of lobules by monomorphic cells with enlarged nuclei and nucleoli (Figure S5).
The spleen and liver from mice receiving WT HER2 cells showed normal architecture
devoid of infiltrating tumor cells.

Using this /n vivo model we also tested the efficacy of trastuzumab and found that it
prolonged the survival of mice implanted with BaF3 HER2 G660D cells, while the control
anti-Ragweed antibody was not effective, as expected (Figure 6G). Histological analysis
revealed that mice implanted with HER2-G660D cells and then treated with trastuzumab did
not show significant spleen and liver infiltration when compared to the control antibody
treated mice (Figure S5).

Germline HER2 G660D lung cancer patient responds to therapy

Familial lung cancer cases are rare. Two siblings and a first cousin in an Asianindian family
were diagnosed with stage 1V lung cancer at the Tata Memorial hospital in India (Figure
7A). The affected patients at diagnosis were 41 (female), 47 (female) and 53 (male) years
old. This was much earlier than the typical age of 65 or above at which sporadic lung cancer
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is generally diagnosed. All the familial lung cancer patients were non-smokers. Though
familial form of lung cancer is rare, the disease occurrence within multiple family members,
the early age of onset and family history suggested that there was a common genetic risk
factor within the family.

We performed whole exome sequencing using DNA obtained from peripheral blood samples
from the three affected patients (88—-99X fold coverage; Figure S6A-C). Joint variant calling
resulted in 551,896 variants (Figure 7B). After filtering out common variants present at
MAF >= 1% frequency in the EXAC database (Lek et al., 2016) or 1000 genomes (1000
Genomes Project Consortium et al., 2015), we obtained 60,688 rare variants. Of these, we
found 2,645 variants (~4%) to be protein-altering or potentially protein-altering. We then
focused on 282 variants from the set of 2,645 that were shared among all 3 patients. We
assessed the distribution of the 282 variants among a curated list of 138 cancer core genes
(Vogelstein et al., 2013) and identified G660D, a missense variant in HER2. We also
performed exome sequencing on DNA obtained from formalin fixed tumor available from
one of the patients (111.3) and confirmed that the G660D mutation was present in the tumor
(Table S5). Additionally, we observed that proportions of somatic mutations among the
possible six classes of base substitution (C>A, C>G, C>T, T>A, T>C, T>G) were similar
between patient 111.3 tumor and non-smoker TCGA lung adenocarcinoma samples (Cancer
Genome Atlas Research, 2014) (Figure S7A,B).

The efficacy of various drugs against the activity of the oncogenic G660D HER2 mutation in
vitro (Figure 6A-G) suggested that patients carrying this mutation might benefit from a
HER?2 targeted therapy. Patient 111.3 (Figure 7A and S6A) prior to the genomics analysis
was treated with pemetrexed and carboplatin combination chemotherapy followed by
erlotinib. Following the identification of G660D HER2 mutation, this patient was started on
fourth line afatinib 40 mg once daily. Within 30 days the patient’s chest pain and her
shortness of breath was resolved. Computed tomography (CT) of the chest 12 weeks
following treatment showed 21% reduction in the tumor measurement by RECISTv1.1
criteria (Figure 7C). The side effects observed were minimal with complaints of nausea and
occasional skin rashes. The treatment was well tolerated by the patient and overall general
condition improved with no appearance of any fresh lesions. The patient response was
durable and lasted for over 15 months. These results indicate that the HER2 G660D
germline mutation was the driver in the patient tumor and such patients can benefit from
HER2 targeted therapy. Discussion

Analysis of sequence data from ~111,000 tumors representing ~400 cancer types identified
many recurrent somatic mutations in the TMD and JMD of HER?2 that included G660D,
V659E, R678Q and Q709L. Functional analysis of the mutants observed in patients showed
that a majority of the recurrent mutations were activating and are likely drivers. Both V659
and G660 are part of the N-terminal Sggg-xxx-Gggo motif in the HER2 TMD important for
receptor dimerization, kinase activation, and signaling (Arkhipov et al., 2013; Endres et al.,
2013; Fleishman et al., 2002; Ou et al., 2017). We observed a striking relationship between
the chemical nature of the TMD mutations and the potency with which they activate HER2.
Substitutions to polar residues (S653C, V659E, G660D/R, E693K) exert a much stronger
activating effect on HER2 than apolar mutations (L651V, V659G, L674V). These polar
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mutations cluster at the N-terminus of the TMD, extending the existing stretch of polar
residues on one face of the amphiphilic transmembrane helix. The significance of this
pattern is unclear, but our MD data suggest that polar residues support rearrangements of the
TMD helices and deviation from the N-terminally mediated dimer, a phenomenon that has
previously been observed in other membrane proteins carrying polar TMD mutations
(Brooks et al., 2014; Goldberg et al., 2010; Gordeliy et al., 2002).

Among the HER2 mutations reported in this study, the JMD mutant R678Q is the third most
recurrent HER2 mutation. Basic residues (such as arginine) play an important role in
anchoring TMD helices of single TM membrane proteins to the bilayer (Gleason et al.,
2013; Hristova and Wimley, 2011; Kim et al., 2011) with an orientation tilted relative to the
plane of the membrane leaflet (Barrett et al., 2012; Monk et al., 2014; Vostrikov et al.,
2010). Their mutation could affect receptor activation by releasing constraints on the helical
tilt angle and promote new TMD orientations. Our analysis of the R678Q HER2 mutation at
the TMD/IMD interface suggests that this mutation indeed stabilize the native TMD dimer
in alternative conformation. A similar mutation of a lysine at the periphery of the bilayer in
the constitutively dimeric integrin receptor complexes leads to spontaneous receptor
activation, presumably due to the destabilization of the inactive TMD dimers in the
membrane (Tohyama et al., 2003).

The juxtamembrane region plays a critical role in EGFR activation and is highly conserved
in HER2 (Jura et al., 2009; Red Brewer et al., 2009). The constitutively active
juxtamembrane latch mutation Q709L is predicted to fit well within a hydrophobic pocket in
the activator kinase and leading to activation by enhancing the receiver-activator interaction.
A similar set of mutations introducing hydrophobic residues in the juxtamembrane latch to
optimize binding to other small hydrophobic pockets along the juxtamembrane latch-binding
groove on the C-lobe of the activator kinase have been identified as cancer mutations in
EGFR and HERS3 (Littlefield et al., 2014; Red Brewer et al., 2009). Hence, the Q709L
mutation seems to utilize a similar strategy to drive constitutive HER2 receptor signaling in
cancer.

Besides amplification and mutations in the KD and ECD, mutations in the TMD/IJMD
domains expand the list of actionable HER?2 alterations. We found that they occur in
multiple cancers. In addition to somatic HER2 mutations, we investigated a heterozygous
germline HER2 TMD mutation, G660D that we identified in a family from India, where the
individuals carrying the mutation developed lung cancer at an early age. Germline mutations
in other oncogenes such as AKT1 E17K (Lindhurst et al., 2011), EGFR T790M (Bell et al.,
2005), PIK3CA G118D (Orloff et al., 2013), BRAF G469E and KRAS G60R (Niihori et al.,
2006) are known to contribute to familial diseases including cancers. The HER2 G660D
mutation is a very rare variant and is not found in the normal population. It was previously
reported in a Japanese family where individuals developed lung cancer (Yamamoto et al.,
2014). A limited number of genetic variants associated with hereditary forms of lung cancer
are known and they include a dominantly inherited germline EGFR T790M variant (Bell et
al., 2005; Gazdar et al., 2014). Interestingly, the EGFR and HER2 mutant hereditary cancer
patients are predominantly never-smokers, including affected individuals studied here
(Gazdar et al., 2014). Individuals carrying the HER2 G660D mutation are normal at birth,
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suggesting the expression of this mutant allele is not developmentally detrimental despite the
potential expression of a constitutively active HER2 during development. Similarly,
germline expression of the HER2 TMD V659E (rer) mutant cDNA in the presence of
endogenous mouse ERBB2 did not affect the development of mice (Andrechek et al., 2004).
Unlike human subjects with this mutation that develop lung cancer, the mice were free of
cancer for over 24 months (Andrechek et al., 2004). These observations suggest that further
studies are needed to establish the secondary events leading to carcinogenesis in HER2
mutant carriers.

Our data also highlight important clinical considerations for treating the TMD and JMD
activating mutations in HER2. Pertuzumab further stimulated signaling by G660D HER?2 in
BaF3 cells. Pertuzumab is a bivalent antibody and works by blocking liganddependent
HER2/HER3 heterodimer signaling. However, in the context of G660D HER2 expressing
BaF3 cells, it likely promotes HER? activation by further clustering homodimers stabilized
by TMD interactions leading to elevated sustained signaling. In contrast, the germline
G660D HER?2 patient reported here responded well to afatinib in a fourth line setting.
Similarly, patients having lung cancer with somatic HER2 V659E or V659E/G660R
mutations showed a durable response to afatinib (Ou et al., 2017). Taken together, our results
suggest that HER2 TMD mutant, and also likely the JMD mutant patients are candidates for
targeted anti-HER2 therapy in the clinic.

STAR Methods

Contact for Reagent and Resource Sharing

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Somasekar Seshagiri (sekar@gene.com).

Experimental models and subject details Tumor and blood samples

Tumor samples were processed in one of the two broad protocols applicable to solid tumors
or hematologic cancers as previously described (Frampton et al., 2013; Hartmaier et al.,
2017). Samples were submitted to a Clinical Laboratory Improvement Amendment (CLIA)-
certified, New York State-accredited, and CAP-accredited laboratory (Foundation Medicine)
for hybrid capture followed by next-generation sequencing (NGS). All samples that
advanced to DNA extraction contained a minimum of 20% tumor cells. DNA was extracted
from formalin fixed paraffin embedded 10-pm sections. Approval for this study, including a
waiver of informed consent and a HIPAA waiver of authorization, was obtained from the
Western Institutional Review Board (protocol number 20152817).

In this study we analyzed blood samples from three patients (111.1, 111.2 and 111.3) and tumor
DNA from one patient (111.3). The patients at diagnosis were 41 (female), 47 (female) and
53 (male) years old. The study was conducted with the approval of Tata Memorial hospital
institutional ethics committee (IEC) and was monitored by the data safety and monitoring
subcommittee (see below).

Human Subject—Two siblings and a first cousin in an Asian-Indian family were
diagnosed with stage 1V lung cancer at the Tata Memorial hospital in India. The affected
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patients at diagnosis were 41 (female), 47 (female) and 53 (male) years old. The study was
conducted with the approval of Tata Memorial hospital institutional ethics committee (IEC)
and was monitored by the data safety and monitoring subcommittee. The trial was conducted
according to the principles laid down by the 18t Helsinki World Medical Assembly (1964)
and its amendments. This study was approved by IEC with project no - 108 dated June 6,
2013. Written patient informed consent was obtained for genetic analysis.

Mouse studies—Balb/C nude mice (female, 8-12 week old) were used for tail vein
injection and followed for survival of the mice. Each arm in the study contained ten mice.
All animal studies were conducted under protocols approved by Genentech’s Institutional
Animal Care and Use Committee (IACUC) guidelines.

Cell lines—All the cell lines were obtained from ATCC and authenticated by Genentech
internal cell line repository, gCell. Cell lines used in this study were mouse pro-B cell line
BaF3, Phoenix retrovirus producer cell line, and a mammary epithelial cell line, MCF10A.
BaF3 cells were cultured in complete RPMI media and I1L-3. MCF10A cells were cultured in
normal growth media containing 5% horse serum and EGF. Phoenix retrovirus producer cell
lines were cultured in complete DMEM media.

Method Details Plasmids and antibodies

The pLPCX retroviral vector (Clontech, CA) expressing full length HER2 with an N-
terminal herpes simplex glycoprotein D (gD) tag was constructed and used for site directed
mutagenesis. A retroviral vector, pRetro-IRES-GFP (Jaiswal et al., 2013), was used to stably
express N-terminally FLAG-tagged HER2 WT.

Antibodies that recognize pHER2 (Y1221/22), pERK1/2, total ERK, HER2 and Pactin were
obtained from Cell Signaling Technology, MA. Anti-gD antibody (Genentech Inc., CA),
anti-FLAG-M2 (Sigma, MO), and HRP-conjugated secondary antibodies (Pierce
Biotechnology, IL) were also used in the study.

Mutagenesis Screen—HER?2 saturation scanning mutagenesis library was generated by
replacing each residue in the TMD/JMD and flanking region (amino acids G641-K684) with
possible 19 amino acids (836 possible single site mutants). Full length HER2 with an N-
terminal gD (herpex simplex glycoprotein D) tag cloned into pLPCX retroviral vector
(Clontech) was used as a plasmid template to generate mutants. The 836 mutagenic
oligonucleotides and amplification primers needed to amplify the mutant primers were
purchased from Agilent, CA (custom Quikchange HT protein engineering system™). The
mutagenic oligos were amplified using a pair of flanking primers and used to mutagenize
gDtagged HER? cloned into the pLPCX retroviral vector. The mutant HER2 constructs were
then transformed into Solopack Gold supercompetent £. coli cells (Agilent) and amplified.
The retroviral vector DNA carrying the mutant HER2 pool was sequenced on Hiseq2500
(IMumina) to assess the mutation prevalence. Control mutant constructs carrying mutations
were generated by site-directed mutagenesis and used as spike-in controls prior to
generation of the retrovirus pool.
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The retroviral plasmid library was transfected using Fugene6 (Roche, CA) into four 10 cm
tissue culture dishes containing 0.25 x 10% phoenix amphoteric packaging cells. BaF3
parental cells or those expressing Flag tagged WT HER2 were infected with the retroviral
pool at a multiplicity of infection (MOI) of ~1 per cell using spinfection at 1,800rpm for 45
min, as previously described (Jaiswal et al., 2013). Pool of BaF3 stables cells was derived by
culturing the cells in media supplemented with 1 pg/ml of puromycin for 14 days. Stable
cells were washed twice with PBS and plated in quadruplicates in RPMI media devoid of
IL-3. Surviving cells were collected at day 4 and genomic DNA was prepared (DNeasy
Blood and Tissue Kit, Qiagen) and used to amplify the HER2 TMD/JMD regions. A 243—
249bp amplicon was prepared from each replicate using a pool of three staggered primer
pairs, F1 (5’-CTTGCCCCATCAACTGCAC 3°), F2 (5’-
CCTTGCCCCATCAACTGCAC-3’), F3 (5’AGCCTTGCCCCATCAACTGCAC-3’),R1
(5’-TCGCTCCGCTAGGTGTCAGCGGCT-3’); R2 (5°-
ATCGCTCCGCTAGGTGTCAGCGGCT-3’) and R3 (5°-
GCATCGCTCCGCTAGGTGTCAGCGGCT-3’) and 50ng of genomic DNA using standard
PCR conditions. Amplicons were column purified, quantified on Qubit fluorometer, pooled
and used to construct libraries (NuGen Ovation Library System (NuGen) cat# 9092-256)
with 75ng of DNA as the input. The libraries were then sequenced on HiSeq 2500 (I1lumina)
to generate 2 x 75-bp paired-end data. The reads were aligned to the HER2 sequence
(Ensembl ID: ENST00000269571) using BWAMEM (version 0.7.10; http://arxiv.org/abs/
1303.3997) with default parameters. For each mutant, the reads observed were counted
using only high-quality bases (Q score > 30) from high-quality alignments (mapping quality
>30). The frequency of each mutant was calculated as the number of observed mutant-reads
divided by the total number of reads at that locus. The mutant allele-frequency at day 4 was
used to estimate the enrichment of mutants in the pool.

Cell survival assay—BaF3 cells stably expressing HER2 mutants were washed twice
with PBS and plated in 96-well plates (10,000 cells/well) in replicates of 12 in complete
RPMI medium without IL-3. Cell viability was measured using the Cell Titer Glo
Luminescence Cell Viability Kit (Promega), and plates were read on a Synergy 2 (Biotek
Instruments) luminescence plate reader. Relative survival reported in cell survival studies is
a ratio of relative luciferase activity (RLU) at day 4 over RLU measured at the time (day 0)
the experiment was initiated.

Expression analysis using flow cytometry—HER?2 expression levels were quantified
by incubating cells with saturating amounts of an anti-HER2-PE antibody (BioLegend),
washed, and read by flow cytometry (FACS Calibur) to determine the mean fluorescence
intensities (MFI).

Phospho-HER2 quantitation—BaF3 cells stably expressing HER2 mutants were starved
of 1L-3 for 24 hours. Cells bearing HER2 mutants without and with WT HER2 were lysed at
1 x 108 and 0.25 x 108 cells per 30 ul Tris lysis buffer, respectively, supplemented with
phosphatase inhibitors Il and 111 (Sigma-Aldrich), and protease inhibitor (Roche). Lysates
were centrifuged 5 min at 14,000 rpm to remove cell debris and 25 pl per well added to
plates coated with antibodies to HER2 p-Tyr1248 and total HER2. Bound HER2 was
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detected with a Sulfo-Tag-labeled secondary antibody. Percent p-HER2 was calculated as
follows: ((2 x Phospho-signal) / (Phospho-signal + Total signal)) x 100.

Western blotting—Western blots were performed as previously described (Jaiswal et al.,
2013). For Western blot studies, BaF3 cells were grown in absence of IL-3 for 18 h.
MCF10A cells were cultured in normal growth media containing 5% horse serum and EGF.

Molecular Dynamics simulation experiments—The input models were built using a
truncated form (residues 649 — 679) of the median model reported in the NMR ensemble of
a structure determined for wild-type HER2 dimer (PDBID: 2JWA) as our template. The
orientation of the TMD dimer in the membrane was predicted using the OPM ppm server
(Lomize et al., 2012). The proteinbilayer system was built by combining the oriented protein
coordinates with a 60 x 60 membrane slab of POPC lipids and solvated with 15 A of water
containing 0.15 M NaCl on each side of the bilayer, removing overlapping lipids. Each
system contained approximately 20,500 atoms. Langevin dynamics simulations were run
under NPT conditions with a Berendsen barostat and Langevin thermostat (Berendsen et al.,
1984) using the CHARMM36 force field (Huang and MacKerell, 2013) and ACEMD
(Harvey et al., 2009) with a 4 fs time step using the hydrogen mass repartitioning scheme
(Feenstra et al., 1999). Model equilibration for simulations of WT/WT, G660D/G660D,
G660R/G660R, and WT/R678Q HER2 TMD dimers was conducted for 10 ns with simple
harmonic positional constraints of backbone Ca atoms with a Langevin damping constant of
1.0 ps~L. Constraints were then lifted for 90 ns production simulations, with Langevin
damping constant of 0.1 ps~L. A 400 fs Berendsen barostat relaxation time was used
throughout. The stability of the final model was evaluated by calculating the backbone Ca
root mean square deviation (RMSD) between the simulation at each time step and either the
input model or the final model obtained at the end of the simulation. To check the robustness
of the observed conformation in the G660D HER2 TMD homodimer, we repeated the
simulation an additional 4 times and calculated pairwise RMSD values for each final state
observed to assess the level of convergence between simulations. In all G660D mutant
simulations, the side chain of the aspartate residues was protonated.

HER2 inhibitor testing—BaF3 cells stably expressing HER2 mutants either with or
without WT HER2 were plated in 96 well plates in 100 pl of RPMI lacking IL-3. The cells
were then treated with indicated concentrations of trastuzumab, pertuzumab, cetuximab,
anti-ERBB3 antibodies (ERBB3.1(YW55.87.5) and ERBB3.2 (YW57.88.5)) or Fab
fractions of pertuzumab antibody or small molecule inhibitors. The Fab fraction of the
pertuzumab antibody was generated and purified using papain, a non-specific thiol-
enodpeptidase, immobilized on agarose resin (Pierce Fab preparation kit, Thermo
Scientific).

Viable cell number was assessed 4 days after treatment using Cell Titer-Glo Luminescent
cell viability assay kit (Promega Corporation) as described earlier (Jaiswal et al., 2013).
Non-linear regression plot of antibodies and their fractions or of inhibitors were generated.
Calculation of 1C5y was performed using GraphPad Prism 5.00 software. Data are presented
as mean + SEM of at least 3 replicates of a representative experiment that was repeated at
least three times.
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Three-dimensional morphogenesis assay—MCF10A cells stably expressing WT
HER2 or mutant HER2 either alone or in combination with WT HER2 were seeded on
growth factor reduced Matrigel (BD Biosciences) in the absence of any exogenous EGF or
growth factor in a 8-well chamber slide as previously described (Jaiswal et al., 2013). Acini
morphology was photographed on day 12 using EVOS microscope (Thermo Fischer) with a
10x objective.

Colony formation assay—About 20,000 BaF3 cells stably expressing either WT HER2
or G660D HER2 were plated on IL-3 free methylcellulose (Stemcell Technologies) in the
absence or presence of various HER2 inhibitors and assessed for colony formation as
previously described (Jaiswal et al., 2013). The plates were incubated at 37°C for 2 weeks
and colonies were photographed using Gel count Imager (Oxford Optronix Ltd, UK).

In vivo survival studies—BaF3 in vivo survival studies using cells expressing HER2
mutants were performed as previously described (Jaiswal et al., 2013). Briefly, 2 x 10% BaF3
cells expressing either empty vector (EV), WT HER2 or mutant HER2 were implanted into
812 week old Balb/C nude mice by tail vein injection and followed for survival of the mice.
For in vivo antibody efficacy study, 10 mg/kg anti-Ragweed antibody (control) or 10 mg/kg
trastuzumab was administered intra-peritoneal once a week starting at 4 days post cell
implantation. Each arm in the study contained ten mice. All animal studies were conducted
under protocols approved by Genentech’s Institutional Animal Care and Use Committee
(IACUC) guidelines.

Samples, DNA and RNA preps—In this study we analyzed blood samples from three
patients (111.1, 111.2 and 111.3) and tumor DNA from one patient (111.3; Figure 1A)). The
study was conducted with IRB approval and written patient informed consent.

Exome capture and sequencing—Exome capture was performed using the Agilent
SureSelect Human All Exome kit (50 Mb). Exome capture libraries were sequenced on
HiSeq 2500 (Illumina) to generate 2 x 75 bp paired-end data. A targeted mean coverage of
88x with 94% bases covered at >10x was achieved for exome libraries.

Sequence data processing—All sequencing reads were evaluated for quality using the
Bioconductor ShortRead package (Morgan et al., 2009). An all-against-all sample
comparison was done on germline variants to confirm the patient matched tumor-normal
pairing prior to additional data analysis.

Variant calling—Whole exome sequencing data were processed using the Genome
Analysis Toolkit (GATK) (version v3.5-0-g36282e4) following best practices
recommendations (DePristo et al., 2011; Van der Auwera et al., 2013). Reads were mapped
to the human reference genome GRCh37 using BWA-MEM (version 0.7.10; http:/
arxiv.org/abs/1303.3997). Duplicate alignments were marked and removed using Picard tool
(version 1.126) (http://broadinstitute.github.io/picard/) followed by indel realignment and
base quality score recalibration. Haplotype Caller was used to generate gVVCFs for all
samples. Joint variant calling was performed for the 3 samples using GATK Genotype
GVCFs. Variant quality score recalibration was carried out to estimate the confidence of
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variants called in the discovery cohort. Variant annotation was carried out using SnpEff
(version 4.2) (Cingolani et al., 2012). Additional variant filtering and interpretation was
done using Qiagen’s Ingenuity Variant Analysis software (www.giagen.com/ingenuity). A
set of final variants were manually reviewed using Integrative Genomics Viewer (IGV)
(Robinson et al., 2011).

Targeted sequencing of tumor samples—Samples were processed in one of two
broad protocols applicable to solid tumors or hematologic cancers as previously described
(Frampton et al., 2013). Samples were submitted to a Clinical Laboratory Improvement
Amendment (CLIA)-certified, New York State-accredited, and CAP-accredited laboratory
(Foundation Medicine) for hybrid capture followed by next-generation sequencing (NGS).
All samples that advanced to DNA extraction contained a minimum of 20% tumor cells.
DNA was extracted from formalin fixed paraffin embedded 10-um sections. Adaptor-ligated
DNA underwent hybrid capture for all coding exons of 287 or 395 cancer-related genes plus
select introns from 19 or 31 genes frequently rearranged in cancer. Captured libraries were
sequenced to a median exon coverage depth of >500x using Illumina HiSeq sequencing
technology.

Quantification and Statistical Analysis—Quantification and statistical analysis were
done using R software. Comparison of relative cell survival between HER2 mutant and WT
was performed using two-tailed Student t-test. Resulting p values were corrected using
Bonferroni method. Corrected p value of 0.05 was used as significance threshold. Error bars
(as shown in Figure 3) represent standard deviation of relative cell survival.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. Recurrent HER2 transmembrane/juxtamembrane domain (TMD/JMD)
mutations identified
. TMD/JMD activating mutations identified in multiple cancers
. Transmembrane HER2 mutant homodimerizes leading to allosteric activation

of kinase

. TMD/JMD mutants respond to targeted HER2-therapy
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Significance

We have identified several recurrent actionable activating HER2 TMD and JMD mutants
in patient tumors from multiple cancers. Our data indicate that patients with HER2
TMD/IMD mutant are likely candidates for approved HER2-targeted therapies. Based on
the mutation frequency, we estimate >6000 TMD/IJMD mutant cancer patients are likely
to benefit annually from targeted HER2 therapy. Our findings will aid in the
implementation of precision medicine in cancer by matching patient mutations with
targeted therapy.
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Figure 1. HER2 mutations in patient tumors.
(A) Mutations observed in HER2 shown across a diagram of the HER2 protein. (B)

Mutational hotspots observed in HER2 TMD/JMD regions across different cancers. Only
mutations found in at least 4 samples are shown. (C) Amino acid composition of the TMD in
WT HER2 (PDB ID: 2JWA) and in V659E, G660D, or G660R mutants, highlighting the
relative arrangement of side chain atoms of polar (oxygen (red) and nitrogen (blue) atoms
shown as spheres) and apolar (carbon atoms (green) shown as sticks) residues. See also
Tables S1 and S2.
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Figure 2. Saturation mutagenesis of HER2 TMD/JMD.
(A) Schematic of the mutagenesis screen. (B) Bar plot representing the allele frequency of

HER2 mutations identified in the screen 4 days following IL-3 removal. Screen was done
without or with co-expressed WT HER2. HER2 protein sequence where mutations were
observed in patient tumors is shown within shaded boxes below the bar plot. See also Table
S1.
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Figure 3. HER2 TMD/JMD mutants promote cell survival.

(A) Relative survival of BaF3 cells expressing indicated HER2 mutants in the absence or
presence of WT HER2. Residues mutated in patient tumors in the TMD and JMD are shown
in shaded boxes below the bar plot. Solid green bars indicate mutants that showed
statistically significant (two-tailed Student t-test; Bonferroni adjusted p value < 0.05)
survival when compared to WT HER2 alone expressing BaF3 cells. Grey bars indicate
mutants that did not show significant survival compared to WT HER?2 alone. Data are
presented as mean + Standard Deviation (SD) of relative cell survival of twelve replicates
and representative of three independent experiments. Circles inset with the single letter
amino acid code representing the mutants below the bar plot shows the amount of pHER2
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observed in BaF3 cells expressing the mutants. (B,C) Western blots showing the expression
of total HER2, pHER?2 and B-actin in the indicated stable BaF3 cells in the absence (B) or
presence (C) of WT HER2. (D) MCF10A cell lines expressing the indicated HER2 mutants
tested in the absence or presence of WT HER2. Scale bar shown at the bottom of each image
represent 400 um. Assay was performed in the absence of exogenous EGF or other growth
factors. EV- empty vector. See also Figure S1 and Table S2.
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Figure 4. Conformational analysis of HER2 TMD/JMD mutants.
(A) Representative TMD/JMD germline and somatic mutations mapped onto a structural

model of full-length HER2 composed using the crystal structures of the HER2 extracellular
domain (PDB ID: 1N8Z), HER2 transmembrane domain (PDB ID: 2JWA) and HER2 kinase
domain (PDB ID: 3PPO0). (B) Sequence alignment of the HER family receptors. (C) MD
simulations were performed using the coordinates of the WT HER2 TMD dimer (PDB 1D
2JWA, residues 649 — 679) as a starting model. (D) Overview of the final state obtained at
the end of a 100 ns simulation of the WT HER2 TMD dimer (left), a heterodimer between a
WT TMD and an activating C-terminal R678Q TMD mutant (WT/R678Q) (middle) and a
homodimer of the activating N-terminal G660D TMD mutant (G660D/G660D) (right). (E)
Overlay of the final states observed for five independent MD simulations of the G660D/
G660D HER2 TMD dimer (sim1-sim5). (F) Surface representation of the C-lobe of the
HER2 kinase domain bound to a juxtamembrane latch binding region to depict interactions
mediated by Q709 and L709. The interface was modeled by aligning structures of the HER2
kinase domain (PDB ID: 3PPO0) on both activator and receiver kinases in the structure of the
HER3/EGFR asymmetric dimer (PDB ID: 4RIW). See also Figure S2.
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Figure 5. G660D HER?2 activation involves asymmetric dimerization of the KD.
(A) Active HER2 asymmetric dimer model. Residues involved in the asymmetric kinase

domain interactions in HER2 deduced from EGFR structural studies are shown (inset). (B)
IL-3 independent cell survival of BaF3 cells stably expressing the indicated kinase, activator
or receiver mutants. Data are presented as mean + Standard Deviation (SD) of relative cell
survival of twelve replicates and representative of three independent experiments. (C)
Cartoon representation of the proposed mechanism of activation of HER2 G660D. The
number shown below corresponds to the lane number in (B). See also Figure S3.
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Figure 6. HER2 inhibitory drugs are effective in blocking HER2 TMD/JMD mutants.
(A) Cartoon of HER2 depicting binding of trastuzumab and pertuzumab to ECD domain IV

and domain 11, respectively. (B) Effect of indicated anti-HER antibodies and the Fab portion
of pertuzumab on survival of BaF3 cells expressing HER2 G660D mutant. (C-F) Effect of
trastuzumab (C), pertuzumab (D), neratinib (E), and afatinib (F) on IL-3 independent
survival of BaF3 cell expressing the indicated HER2 mutants. Data shown in (B-F) are mean
+ SEM, where SEM is standard error of mean of four technical replicates and representative
of experiment repeated three independent times. RLU = Relative luciferase units; EV =
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empty vector; WT = wild-type HER2. (G) Kaplan-Meier survival curves for cohorts of mice
(n = 10) implanted with HER2 G660D expressing BaF3 cells that were either untreated or
treated with anti-Ragweed (control) or trastuzumab. WT HER2 expressing BaF3 cells served
as controls. See also Figures S4, S5 and Tables S3, S4.
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Figure 7. Germline HER2 G660D lung cancer patient responds to therapy.
(A) Pedigree of a family in which multiple members were diagnosed with lung cancer. Solid

black and grey circles (females) and squares (males) indicate affected individuals. Blood
samples were obtained from affected individuals represented by solid black circle or squares.
Slash mark indicates deceased individuals. (B) Flowchart depicting the exome analysis. (C)
Chest CT scan of the patient before and after 12 weeks of treatment with afatinib. See also
Figures S6, S7 and Table S5.
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