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Abstract

Despite impressive clinical benefit obtained with anti-HER2-targeted
therapies, in advances stages, especially in the metastatic setting,
HER2-positive tumors remain incurable. Therefore, it is important to
develop novel strategies to fight these tumors, especially when they
become resistant to available therapies. We show here that the anti-
HER3 antibody-drug conjugate EV20/MMAF exerted potent anti-
tumoral properties against several models of primary resistance and
secondary resistance to common anti-HER2 available therapies,
including trastuzumab, lapatinib, neratinib, and trastuzumab-emtan-
sine. HER3 was expressed in these HER2* breast cancer cells and
knockdown experiments demonstrated that HER3 expression was
required for the action of EV20/MMAF. In mice injected with trastu-
zumab-resistant HER2" cells, a single dose of EV20/MMAF caused
complete and long-lasting tumor regression. Mechanistically, EV20/
MMAF bound to cell surface HER3 and became internalized to the
lysosomes. Treatment with EV20/MMAF caused cell cycle arrest in
mitosis and promoted cell death through mitotic catastrophe. These
findings encourage the clinical testing of EV20/MMAF for several indi-
cations in the HER2" cancer clinic, including situations in which
HER2* tumors become refractory to approved anti-HER2 therapies.
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Introduction

The HER2 transmembrane tyrosine kinase plays critical roles in
human homeostasis, and its deregulation has been linked to certain
types of cancer (Holbro & Hynes, 2004; Arteaga et al, 2011; Esparis-
Ogando et al, 2016). In fact, elevated levels of HER2 were initially
reported in a subset of breast tumors and such elevated levels corre-
lated with poor clinical outcome (Slamon et al, 1987). These

studies, together with preclinical data that corroborated a pro-onco-
genic role of HER2 (Di Fiore et al, 1987), promoted the development
of agents that specifically act on this tyrosine kinase. Two types of
such agents have reached the oncology clinic. On one hand, anti-
bodies targeting the extracellular region of HER2, such as pertu-
zumab, trastuzumab, and its derivatives, which include
trastuzumab biosimilars and trastuzumab-emtansine (T-DM1), a
derivative that belongs to the antibody—drug conjugate (ADC) type
of anti-tumorals (Arteaga et al, 2011; Burris et al, 2011; Garcia-
Alonso et al, 2020). These antibodies act through a complex, yet
incompletely understood set of mechanisms which include down-
regulation of HER2 and its signaling (Lane et al, 2000), inhibition of
dimer formation in the case of pertuzumab (Agus et al, 2002), or
recruitment of the immune system to sites of antibody abundance,
triggering antibody-dependent cellular cytotoxicity (Clynes et al,
2000). In the case of trastuzumab-emtansine, internalization and
release of the cytotoxic payload appear critical for its action (Burris
et al, 2011; Garcia-Alonso et al, 2018). The second group of clini-
cally approved agents that target HER2 is the small molecule
membrane-permeable kinase inhibitors (TKIs) neratinib and lapa-
tinib (Geyer et al, 2006; Zhang et al, 2009; Chan et al, 2016).
Despite the clinical efficacy, patients with advanced disease often
become refractory to the available anti-HER2 drugs (Pernas &
Tolaney, 2019). Therefore, new strategies are required to overcome
resistance to those therapies.

Resistance to anti-HER2 therapies may be caused by various
mechanisms, including lack or truncation of HER2 (Parra-Palau
et al, 2014), activation of downstream signaling routes, such as
the PI3K pathway (Majewski et al, 2015), or compensatory activa-
tion of cell proliferation signals mediated by other receptor tyro-
sine kinases (Shattuck et al, 2008; Schwarz et al, 2017). In this
respect, particular attention has been devoted to the related ErbB
family receptor HER3 (Baselga & Swain, 2009). In fact, HER3 has
been reported to play a pathophysiological role in resistance to
anti-HER therapies (Sergina et al, 2007; Narayan et al, 2009;
Garrett et al, 2013). Moreover, expression of several ligands of
HER receptors causes resistance to trastuzumab by augmenting
dimerization of HER2 with either HER3 or EGFR (Motoyama et al,
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2002; Ritter et al, 2007; Phillips et al, 2014). Analogously, in cells
made resistant to T-DMI, increased levels of the HER3 ligand
neuregulin caused resistance to that ADC (Phillips et al, 2014).
Together, these evidences indicate that acting on HER3 may be of
therapeutic value for HER2* tumors, particularly in circumstances
in which these tumors become refractory to the action of approved
anti-HER2 drugs. Indeed, dysregulation of HER3 trafficking, as well
as the ability of this receptor to interact with other receptor tyro-
sine kinases to modulate the sensitivity of targeted therapeutics in
different cancers, has prompted the use of anti-HER3 antibodies,
both as single agent or in combination with anti-cancer drugs to
overcome resistance (Chakrabarty et al, 2012; Abel et al, 2013; Ma
et al, 2014; Capone et al, 2015; Gaborit et al, 2016; Black et al,
2019). Several naked antibodies have been developed and tested
in clinical trials. However, this approach turned out to have
modest therapeutic activity (Jacob et al, 2018; Mishra et al, 2018;
Liu et al, 2019).

Here, we report the anti-tumoral action of the HER3 antibody—
drug conjugate EV20/MMAF (Capone et al, 2018). This ADC
consists of the humanized EV20 anti-HER3 antibody (Sala et al,
2012, 2013; Prasetyanti et al, 2015) coupled with a non-cleavable
linker to monomethyl auristatin F (MMAF), a synthetic compound
that blocks tubulin polymerization. This antibody has been shown
to block HER3/AKT signaling (Sala et al, 2012) and to be rapidly
and efficiently internalized by cells expressing HER3 (Sala et al,
2013). Moreover, the antibody impaired ligand-induced signaling
and clonogenic growth in vitro and tumor growth in BRAF-V600E
mutant colon cancer (Prasetyanti et al, 2015). We show that EV20/
MMAF exerts a potent and efficient anti-tumoral effect in different
HER2™ models including cells resistant to classical anti-HER2 thera-
peutics. Moreover, single-dose treatment with EV20/MMAF of mice
implanted with HER2" cells made resistant to trastuzumab, resulted
in long-lasting complete remission of tumors generated by these
cells. The results encourage the clinical study of EV20/MMAF to
treat HER2™ tumors.

Results
EV20/MMAF is active in trastuzumab-resistant cells

The principal aim of this study was to explore the value of EV20/
MMAF to overcome resistance to anti-HER2 drugs used in the clinic.
Since trastuzumab-based therapies represent the gold standard for
the therapy of patients with HER2™" breast tumors in the neoadju-
vant as well as the adjuvant settings (Ocana et al, 2018), we started
the study focusing on resistance to trastuzumab. Several models of
primary or secondary resistance to trastuzumab were used. One of
the models of secondary resistance was created by continuous expo-
sure of the HER2™ human cell line BT474 to 50 nM trastuzumab
(Fig 1A). These cells, which are sensitive to trastuzumab (Schwarz
et al, 2017), represent a preclinical model that has been prototypi-
cally used to analyze the biology of HER2, including therapies that
act on that receptor. BT474 cells chronically treated with trastu-
zumab (50 nM) resulted in the selection of cells that survived such
treatment (Rios-Luci et al, 2020). Under such drug pressure, pools
of cells, termed BTRH from BT474 Resistant to Herceptin™, or single
clones were isolated and their response to the drug compared to that
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of wild-type BT474 cells. While proliferation of naive BT474 cells
was sensitive to trastuzumab (Figs 1B and EV1A), little effect of the
drug was observed in the pooled BTRH cells or in a representative
resistant clone (BTRH#10). Such resistance to the action of trastu-
zumab was not caused by loss of total or phosphorylated (Fig 1C)
or cell surface (Figs 1D and EV1B) HER2.

The effect of EV20/MMAF on BT474, BTRH, and BTRH#10 cells,
which present analogous levels of total and phosphorylated and cell
surface HER3 (Figs 1C and D, and EV1B and C), was then evalu-
ated. Dose-response studies demonstrated that the drug potently
affected the proliferation of these cells, assessed by cell counting
after 120 h of treatment (Fig 1E). The anti-proliferative action of
EV20/MMAF reached a maximum inhibitory effect at 1 nM. We
next explored the sensitivity of these cells to the separate compo-
nents used to generate EV20/MMAF, i.e., the EV20 anti-HER3 anti-
body or the cytotoxic drug MMAF. In contrast to EV20/MMAF, the
nude antibody EV20 did not affect the proliferation of BT474, BTRH,
or BTRH#10 cells (Fig 1F). In the case of free MMAF, the drug inhib-
ited the proliferation of BT474 and BTRH cells (Fig 1G). However,
the potency of MMAF was around three orders of magnitude lower
than that of EV20/MMAF.

We complemented the above studies by using another model of
secondary resistance to trastuzumab derived from a PDX (PDX118)
initially sensitive to trastuzumab (Rios-Luci et al, 2020). To that
end, a PDX118 tumor grown in a mouse was dissected and cells
disaggregated and placed in culture. These cultures were propagated
in the absence or presence of trastuzumab. Two clones growing in
the presence of trastuzumab (named TR1 and TR2) were isolated
and tested for their sensitivity to trastuzumab. As shown in Fig 2A,
parental PDX118 cells were highly sensitive to trastuzumab. In
contrast, clones TR1 and TR2 presented substantial resistance to the
action of the drug. TR1 and TR2 clones expressed levels of HER2
similar to those of the parental PDX118 cells (Fig 2B), excluding
changes in HER2 as the cause of their resistance to trastuzumab.
Additional analyses indicated that all the PDX118-derived cell lines
expressed similar levels of total and cell surface HER3 and HER2,
independently of their sensitivity to trastuzumab (Figs 2B and
EV1D). Moreover, their HER3 levels paralleled those of BT474 and
BTRH cells. EV20/MMAF exerted a strong anti-proliferative effect,
being equipotent in PDX118, TR1, and TR2 as well as in BT474 and
BTRH cells (Fig 2C). Levels of pHER3 were higher in PDX118 cells
as compared to TR1 or TR2 (Fig 2B).

With the aim of analyzing whether cells with de novo resistance
to trastuzumab were also sensitive to EV20/MMAF, we explored the
effect of trastuzumab on several human HER2" cells. The criteria
for sensitivity or resistance to trastuzumab were established from
the responses of BT474 and BTRH cells to the drug (Fig 1A and B).
As shown in Fig 2D, SKBR3 cells responded to trastuzumab simi-
larly to wild-type BT474 cells. On the other side, MDA-MB-361,
HCC1419, HCC1569, and HCC1954 had a response to trastuzumab
similar to that of BTRH cells and were therefore considered resistant
cells. All the cell lines expressed HER3, in addition to HER2
(Fig 2E), confirming their reported HER2 positivity (Neve et al,
2006). Dose-response analyses showed that all the cell lines
responded to EV20/MMAF (Fig 2F), but not to the nude EV20 anti-
body (Fig EV1E). The nude EV20 antibody, however, reduced the
levels of HER3 and/or pHER3 in several of the treated cell lines
(Fig EV1F and G).

© 2020 The Authors



Lucia Gandullo-Sdnchez et al

+ 50 nM trastuzumab

EMBO Molecular Medicine

Trastuzumab-resistant pool (BTRH)

Criteria for primary

resistance
12 months
BT474 cells Trastuzumab-resistant clones
H Control

B [Trastuzumab D

= 120 - *ok ok " »

g e SENE

€ 100 4 RV QR Q Blot:

)

u —

S 804 HER2 — | aHER2

E 60 - 1 11 0 0

.g Pl HER3 — M M| oHER3

£ 5. 0 0 1 1

° IP: «HER2 oHER3

o 0 4 —

BT474 BTRH BTRH#10 T
' /\ MmAF

E F M Control G (O EV20/MMAF

120 CDEvV20 ~120 wm BT474
3 = EEV20/MMAF e === BTRH
= 100 E 120 h *ok K KKk *ok K 'E 100
5 H g
o 80 - S 100 + \c‘;‘ 80 -
s 2 80 f <
‘: 60 - "‘-_' a 60 A
2 @ 60 - a
E 40 { ®BT474 -g n g 40 4
3 @®BTRH 5 T Z
— 20 1 ©BTRH#10 = 20 - = 20 -
3 " < o .

0 4= e - & 0 A 0 4>/ v - '
0 0.01 0.1 1 BT474  BTRH BTRH#10 0 0.01 0.1 1 10 100 1000

[EV20/MMAF], nM

Figure 1. EV20/MMAF efficiently acts on naive and trastuzumab-resistant cells.

[EV20/MMAF or MMAF], nM

A Schematic representation of the generation of trastuzumab-resistant cell lines. Low-density cultures of BT474 (5,000 cells/150 mm dish) were incubated with
trastuzumab (50 nM, replenished weekly) for 12 months and resistant pools and clones selected.

B Cell counting experiments analyzing the response to trastuzumab (50 nM, 5 days) of naive BT474 as well as the resistant BTRH pool and the BTRH#10 clone.

***p < 0.001. Exact P-values of all comparisons and the statistical test used are indicated in Appendix Table S2.

C Western blot analyses of the expression of HER2, pHER2, HER3, and pHER3 in BT474, BTRH, and BTRH#10 cells. HER2 and HER3 were immunoprecipitated from 100
or 500 pg of cell extracts, respectively, and blots probed with anti-HER2, anti-HER3, or anti-phosphotyrosine. Calnexin was used as a loading control. Numbers below
the blots show the quantitation of the signal of each band, referred to BT474 cells (intensity of band in BT474 cells = 1).

D Analyses of cell surface levels of HER2 and HER3 in BT474 and BTRH cells by surface immunoprecipitation.

E Response of BT474, BTRH, and BTRH#10 to EV20/MMAF. Cells treated with the indicated doses of EV20/MMAF for 5 days were counted.

F Action of the nude EV20 antibody or EV20/MMAF (10 nM each, 5 days) on BT474, BTRH, and BTRH#10 cells. ***P < 0.001. Exact P-values of all comparisons and the

statistical test used are indicated in Appendix Table S3.

G Comparison of the effect of MMAF and EV20/MMAF on the proliferation of BT474 and BTRH cells after 5 days of treatment with the drugs.

Data information: Data in (B, E, F, and G) represent mean + SD of triplicates of an experiment that was repeated at least twice and normalized to untreated controls. In
(B, E, F, and G), when error bars are invisible, that is because they are small and are covered by the graphic’s symbols.

Since the presence of the HER3 ligand neuregulin has been
shown to impair the action of other ADCs such as T-DM1 (Phillips
et al, 2014), the impact of that ligand on the anti-proliferative
effect of EV20/MMAF was analyzed. As shown in Fig EV1H, incu-
bation with neuregulin slightly affected the anti-proliferative action
of EV20/MMAF, although most of the action of the ADC was
preserved.

© 2020 The Authors

The anti-proliferative action of EV20/MMAF depends on HER3
expression levels

Whether expression of HER3 was required for the action of EV20/
MMAF was then evaluated. Linear regression studies showed corre-
lation between the levels of HER3 and the response to EV20/MMAF
(R* = 0.677, P =0.044, Fig EV2A and B), suggesting that the

EMBO Molecular Medicine 12: 1149812020 3 of 16
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amount of the receptor is one of the factors dictating sensitivity to
the drug. In fact, the antibody had a poor effect on the human stro-
mal cell line HS5 (Fig EV2C), a non-tumoral non-breast cell line that
expresses very low levels of HER3 or pHER3 (Fig EV2D). Similarly,
the antibody did not affect the proliferation of MDA-MB-231 and
BT549, two triple-negative breast cancer cell lines with very low
HER3 or pHER3 (Fig EV2C and D). No correlation was found

Lucia Gandullo-Sdnchez et al

between the levels of pHER3 and the potency of EV20/MMAF
(R* = 0.135, P = 0.474, Fig EV2E and F).

To explore further the dependency of the action of EV20/MMAF
on HER3 expression levels, knockdown experiments were carried
out in BT474 cells. For these experiments, we selected two
sequences that interfered with the expression of HER3, which also
decreased pHER3 and pAKT levels (Fig 2G). The knockdown of
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Figure 2. Action of EV20/MMAF on various models of primary and secondary resistance to trastuzumab.

A Response to trastuzumab (50 nM, 5 days) of BT474, BTRH, patient-derived cells (PDX118), and their trastuzumab-resistant derivatives TR1 and TR2.***P < 0.001.
Exact P-values of all comparisons and the statistical test used are indicated in Appendix Table S4.

B HER2, HER3, and pHER3 levels in BT474, BTRH, PDX118, TR1, and TR2. pHER3 levels were analyzed by a specific anti-pHER3 antibody.

(@}

Effect of EV20/MMAF on BT474, BTRH, PDX118, TR1, and TR2. Cells were counted after 5 days of treatment with the indicated doses of EV20/MMAF.

D Effect of trastuzumab (50 nM, 5 days) in HER2-positive breast cancer cell lines (SKBR3, BT474, BTRH, MDA-MB-361, HCC1419, HCC1569, and HCC1954). The blue line
indicates the threshold (established from BTRH) used to consider a cell line resistant to trastuzumab.

E Analyses of HER2, HER3, and pHER3 in the cells used in (D). Numbers below the blots show the quantitation of the signal of each band, referred to SKBR3 cells
(intensity of band in SKBR3 cells = 1). pHER3 levels were analyzed by a specific anti-pHER3 antibody. Note that the pHER3 blot is the same as the first one showed in

EV2E.

F Effect of EV20/MMAF on the cell lines used in (D). Cells were counted after 5 days of treatment with the indicated doses of EV20/MMAF.
Knockdown of HER3 in BT474 cells. Control and HER3-targeted short hairpin sequences were transduced in BT474 cells and HER3, pHER3, and pAKT levels analyzed

by Western. Levels of pHER3 were analyzed by a specific anti-pHER3 antibody.

H Effect of HER3 knockdown on the anti-proliferative action of EV20/MMAF analyzed by cell counting after 5 days of treatment with the ADC. ***P < 0.001. Exact

P-values and the statistical test used are indicated in Appendix Table S5.

Data information: Data in (A, C, D, F, and H) represent mean + SD of triplicates of an experiment that was repeated at least twice and normalized to untreated controls.
In (A C, D, F, and H), when error bars are invisible, that is because they are covered by the graphic’s symbols.

Source data are available online for this figure.

HER3 caused by both sequences had an inhibitory effect on the anti-
proliferative action of EV20/MMAF (Fig 2H).

EV20/MMAF is internalized in naive and
trastuzumab-resistant cells

Immunofluorescence experiments showed that EV20/MMAF stained
the cell surface at early incubation times and that staining evolved
into a dotted pattern with time (Fig 3A). The accumulation of EV20/
MMAF in those dots was already observed at early times (30 min)
but was more clearly evidenced at 3 h or beyond. The presence of
such dotted pattern was suggestive of internalization of the anti-
body. To verify whether EV20/MMAF was in fact internalized, the
antibody was labeled with a cleavable biotin form that is sensitive
to the reducing agent glutathione (GSH). If the antibody is exposed
at the extracellular medium, the biotin label can be released by GSH
(Esparis-Ogando et al, 1994). However, internalized biotinylated
EV20/MMAF is protected from the reducing action of GSH, render-
ing biotinylated EV20/MMAF detectable by Western blotting. Inter-
nalization of biotinylated EV20/MMAF in BT474 and BTRH cells
was detected at the earliest time point analyzed and reached a maxi-
mum at 60 min (Fig 3B and C). The biotinylated antibody signal
decreased thereafter, indicating recycling or degradation of the inter-
nalized antibody. In both cell lines, internalization kinetics were
similar.

Internalization of EV20/MMAF is expected to drive the ADC-
HER3 complex to the lysosomes, where acidic proteases may cleave
the ADC. To verify that EV20/MMAF reached such an acidic envi-
ronment, the ADC was labeled with pHrodo, a red fluorogenic dye
that is almost non-fluorescent at neutral pH, but which fluoresces in
acidic environments (Nath et al, 2016). Cells were incubated with
10 nM pHrodo-EV20/MMAF for 24 h, and fluorescent signals
analyzed by in vivo microscopy. In BT474 and BTRH cells, fluores-
cence progressively accumulated intracellularly (Movie EV1 and
EV2), demonstrating that pHrodo-EV20/MMAF reached acidic
compartments. Moreover, complementary immunofluorescence
studies showed colocalization of EV20/MMAF with the lysosomal
marker LAMP-1 (Figs 3D and EV3A and B). Finally, to confirm that
arrival of the ADC-HER3 complex to the lysosomes promoted its

© 2020 The Authors

degradation, HER3 levels were analyzed after different treatment
times with EV20/MMAF. In BT474 and BTRH cells, treatment with
EV20/MMATF caused a decrease in total HER3, which was detectable
between 1 and 3 h (Fig 3E and F). In contrast, the antibody did not
affect the total amount of HER2. Parallel experiments performed
with trastuzumab showed that this antibody did not significantly
affect the levels of HER2 or HER3 (Fig EV3C and D).

EV20/MMAF action involves cell cycle arrest and apoptosis

To gain insights into the anti-tumoral mechanism of action of
EV20/MMAF, whether such action involved a decrease in cell cycle
progression, augmented cell death, or both was explored. Cell
cycle assessment using propidium iodide staining revealed that
EV20/MMAF increased the proportion of cells in the G2/M region
of the histograms, and such increase was accompanied by a
concomitant decrease in the G1 phase (Fig 4A). These changes in
the cell cycle pattern caused by EV20/MMAF were similar in both
cell lines. Western blotting analyses showed that EV20/MMAF
caused a substantial and persistent accumulation of pHistone H3,
which is used as a marker of cells in mitosis (Fig 4B). Moreover,
the drug also increased the levels of pBubR1l, another protein
whose phosphorylation marks cells in that cell cycle phase. These
Western studies also confirmed a decrease in the levels of HER3
and pHER3 upon continued treatment with EV20/MMAF in both
cell lines.

The above data were consistent with induction of mitotic arrest
caused by EV20/MMAF. Stalling of cells in the M phase of the cell
cycle by cytotoxic payloads has been reported to provoke cell death
through mitotic catastrophe (Garcia-Alonso et al, 2018). Such effect
is caused by the action of drugs on the microtubular system
required for adequate cell cycle progression. Immunofluorescence
analyses showed that mitotic spindles of BT474 and BTRH cells
treated with EV20/MMAF offered an abnormal aspect (Fig 4C and
D). Moreover, accumulation of death cells was observed over time
in cultures of cells treated with the drug (Fig 4E). Biochemical stud-
ies confirmed the induction of apoptotic cell death by EV20/MMAF
since it augmented cleavage (Fig 4F) and activation (Fig 4G) of
caspase 3 in BT474 and BTRH cells.

EMBO Molecular Medicine 12: €1149812020 5 of 16
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Figure 3.

A Internalization of EV20/MMAF (10 nM) at indicated times in BT474 and BTRH cells. Scale bar: 20 um. HER3 staining: red; DAPI: blue.

B Internalization of biotin-S-S-EV20/MMAF in BT474 and BTRH cells. These cell lines were pulsed with 10 nM of biotin-S-S-EV20/MMAF for 1 h at 4°C and chased at
37°C at the indicated times. Subsequently, surface accessible biotin was cleaved, cells were lysed, and extracts precipitated with streptavidin-Sepharose. EV20/MMAF
was analyzed by Western blotting using anti-human-HRP.

C Quantitative plot of the Western studies shown in (B). Data are presented as the mean + SD of two independent experiments.

D Colocalization (yellow) between EV20/MMAF and LAMP1 at the indicated incubation times with EV20/MMAF in BT474 and BTRH cells. Scale bar: 5 um. HER3 staining:
red; LAMP1: green, DAPI: blue.

E  Western blot analyses of the effect of EV20/MMAF (10 nM) on the levels of HER2 and HER3 in BT474 and BTRH cells at the indicated incubation times with the ADC.
The same Western was probed for HER2 or HER3 expression using two differently labeled species-specific secondary fluorescent antibodies.

F Quantitative representation of the Western studies shown in (E).

Source data are available online for this figure.

In vivo anti-tumoral action of EV20/MMAF

The in vivo anti-tumoral effect of EV20/MMAF on BTRH cells was
analyzed by orthotopically implanting these cells in the caudal
mammary fat pads of female nude mice. Once tumors reached
500 mm?, mice were randomized into four groups: (i) control, (ii)
EV20 (10 mg/kg), (iii) EV20/MMAF (3.3 mg/kg), and (iv) EV20/
MMAF (10 mg/kg). A single intraperitoneal injection with each
treatment was performed and tumor size monitored twice a week.
As shown in Fig 5A, treatment with the nude antibody EV20 was
unable to prevent tumor growth. In contrast, treatment of mice with
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EV20/MMAF provoked tumor shrinkage, at either 3.3 or 10 mg/kg.
In mice-bearing tumors created by injection of BTRH cells, weekly
in vivo treatment with trastuzumab initially provoked tumor shrink-
age, followed by tumor relapse. Because of the initial sensitivity to
trastuzumab of BTRH-derived tumors in vivo, we also explored the
in vivo anti-tumoral effect of EV20/MMAF on two additional resis-
tant models. One of them, created by injecting BTRH#10 cells, repre-
sented an alternative secondary resistance model to trastuzumab,
while the other, created by injecting HCC1954 cells, represented a
primary resistance model. Both models showed in vivo resistance to
weekly administered trastuzumab (Fig 5B and C). Tumors in mice

© 2020 The Authors
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Figure 4. Mechanism of action of EV20/MMAF.

Lucia Gandullo-Sdnchez et al

A Cell cycle analysis by flow cytometry of BT474 and BTRH cells (50,000 events) treated with EV20/MMAF (10 nM) for the indicated times.

B BT474 and BTRH cells were treated for the indicated days with EV20/MMAF (10 nM) and lysed and the amount of different proteins analyzed by Western. Numbers
below the blots show the quantitation of the signal of each band, referred to time 0.

C Action of EV20/MMAF on mitotic spindle formation. BT474 and BTRH cells were treated (10 nM, 48 h), fixed, and stained for B-tubulin (green) and DAPI (blue). Scale

bar: 7.5 pm.

D Quantitative analysis of mitotic cells with abnormal spindles treated or not with EV20/MMAF (10 nM, 48 h) in BT474 and BTRH cells. Bars represent the mean + SD
of two independent experiments, calculated as follows: (number of mitotic cells with abnormal spindles/total number of mitotic cells) x 100 (%). **P < 0.01. Exact

P-values and the statistical test used are indicated in Appendix Table S6.

E Cell death induction by EV20/MMAF (10 nM) analyzed by double Annexin V and PI staining in BT474 and BTRH cells (50,000 events).
F Time—course analysis of the effect of EV20/MMAF (10 nM) on cleaved caspase-3, analyzed by Western blotting in BT474 and BTRH cells. GAPDH was used as a

loading control. Samples with intensity values of 1 were used as reference.

G Fluorimetric analyses of caspase-3 activity in BT474 and BTRH cells treated with 10 nM EV20/MMAF. Data show the mean + SD of triplicates of an experiment that

was repeated twice.

injected with BTRH#10 or HCC1954 cells were sensitive to the
action of single-dose EV20/MMAF, confirming the effectiveness of
that drug in causing tumor regression. EV20 did not affect the
growth of tumors in mice injected with BTRH#10 cells, in line with
the lack of effect of this antibody observed in mice injected with
other BT474-derived models such as BTRH (Fig SA) or BT-
TDMI1R#6 cells (Fig EV5D). In HCC1954 cells, EV20 caused tumor
growth stalling, but no regression of tumors was observed (Fig 5C).

Some mice were euthanized to assess the tissue distribution of
EV20/MMAF. To that end, untreated mice-bearing BTRH tumors
were treated with EV20/MMAF and euthanized after 24 h or after
2 weeks. Twenty-four hours after the initial injection, EV20/MMAF
could be detected in all the 11 tissues explored (Fig EV4A). The
levels of the antibody were higher in lung, kidney, heart, skin, and
ovary than in the tumor derived from BTRH. However, 2 weeks
after the initial injection, EV20/MMAF mainly accumulated in the
tumoral tissue, and its presence in most other tissues was lower or
undetectable (Fig EV4B). Cleaved caspase-3 and pHistone H3 accu-
mulated in tumors treated for 2 weeks with EV20/MMAF (Fig 5D).
Total HER3 levels were lower in the samples of tumors processed
after 2 weeks as compared to the samples harvested 24 h after the
treatment. Different remodeling of the tissue microenvironment in
both sets of samples may underlie such differences. Tumors treated
with EV20/MMAF for 2 weeks presented lower levels of HER3 and
pHER3 as compared to the levels present in untreated tumors
(Fig 5D).

Given the tumor regression observed after treatment with a single
dose of the EV20/MMAF antibody (Fig 5A), we decided to keep
some of the mice under observation to explore whether tumors
relapsed over time. All mice treated with a single dose of 10 mg/kg
and followed along 1 year did not show recurrences of their initial
tumors (Fig SE). In the case of mice treated with 3.3 mg/kg, three
out of five tumors relapsed. In these mice, new injections of EV20/
MMAF were able to reduce tumor masses (Fig 5E). Having observed
relapses in mice treated with a single dose of EV20/MMAF at
3.3 mg/kg, an alternative dosing scheme was followed in attempting
to reduce the likelihood of such relapses. To that end, mice-bearing
BTRH tumors were treated for several months with 3.3 mg/kg of
EV20/MMAF, administered every 3 weeks. As shown in Fig EV4C,
this treatment schedule resulted in full regression of the tumors,
without relapses. Doses of 3.3 or 10 mg/kg of EV20/MMAF did not
substantially affect the weight of the animals, suggesting that the
drug was well tolerated (Fig EV4D). However, it should be pointed
out that EV20 does not interact with murine HER3 (Capone et al,
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2017), leaving open the possibility of potential secondary effects of
EV20/MMAF due to the targeting of autochthonous HER3.

EV20/MMAF is active in cells with acquired resistance to other
anti-HER2 drugs

The action of EV20/MMAF on models of acquired resistance to
other anti-HER2 drugs was also explored. To that end, we generated
BT474 cells resistant to lapatinib, neratinib, or T-DM1 (Fig EV5A-
C). These other resistant models were prepared following a protocol
similar to that illustrated in Fig 1A, using doses of 1 or 5 uM of lapa-
tinib, 10 nM of neratinib, or 5 nM of T-DM1 (Rios-Luci et al, 2017).
After 3 months of treatment, pools or single clones of resistant cells
were prepared and tested for their in vitro sensitivity to these drugs.
In the case of neratinib, several clones showed sustained resistance
to the drug along several months in culture. Treatment of two of
these clones (BTRN#5 and BTRN#24) with EV20/MMAF had a simi-
lar effect on their proliferation as it had on the BT474 naive cells
(Fig 6A). As occurred with the other previously mentioned models
of secondary resistance, the levels of HER2 and HER3 in the resis-
tant clones were similar to those of the parental cells (Fig 6B).
Levels of pHER2 and pHER3 in the neratinib-resistant clones were
lower than those present in the parental cells, while those of pAKT
were higher. In the case of lapatinib, the action of EV20/MMAF was
tested in a pool of resistant cells (BTRL) as well as in two lapatinib-
resistant clones (BTRL#3 and BTRL#109). The effect of EV20/MMAF
on BTRL and BTRL#109 was similar to parental BT474 cells
(Fig 6C). EV20/MMAF was slightly less potent in the BTRL#3 clone.
Western blotting analyses indicated that the cells made resistant to
lapatinib, either the pooled one or the clones, expressed similar
levels of HER2 and HER3 and retain pHER2, pHER3, and pAKT,
although at different levels (Fig 6D). Finally, we tested the efficacy
of EV20/MMAF on cells resistant to T-DM1. EV20/MMAF was
indeed active in these T-DM1-resistant clones, even though in clone
BT-TDM1R#1, which presents deficient lysosomal processing of
ADCs (Rios-Luci et al, 2017), the effect of EV20/MMAF was less
potent (Fig 6E). HER2 and HER3 levels in T-DM1-resistant clones
were similar to those of parental cells, while pHER2 levels were
lower in BT-TDM1R#6 (Fig 6F). We explored the in vivo action of
EV20/MMAF on tumors created by injecting mice with BT-
TDMI1R#6 cells. As shown in Fig EV5D, T-DM1 was unable to cause
regression of those tumors, in agreement with previously reported
data (Rios-Luci et al, 2017). In contrast, EV20/MMAF caused tumor
regression similar to the effect observed in tumors derived from

© 2020 The Authors
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Figure 5. In vivo effect of EV20/MMAF.

A

In vivo effect of EV20 (10 mg/kg, n = 4), untreated control (PBS, n = 4), and EV20/MMAF (3.3 mg/kg, n = 5,10 mg/kg, n = 4) on tumor growth in mice injected with
BTRH cells. Mice were treated when tumors reached a volume of 500 mm?. Data are represented as mean + SEM. Exact P-values of all comparisons of the last
measurements and the statistical test used are indicated in Appendix Table S7.

In vivo effect of single-dose EV20 (10 mg/kg, n = 3) untreated control (PBS, n = 4), single-dose EV20/MMAF (10 mg/kg, n = 4), or weekly trastuzumab (30 mg/kg,

n = 4) on tumor growth in mice injected with BTRH#10 cells. Data are represented as mean + SEM. Exact P-values of all comparisons of the last measurements and
the statistical test used are indicated in Appendix Table S8.

In vivo effect of single-dose EV20 (10 mg/kg, n = 4), untreated control (PBS, n = 4), single-dose EV20/MMAF (10 mg/kg, n = 4), or weekly trastuzumab (30 mg/kg,

n = 4) on tumor growth in mice injected with HCC1954 cells. Data are represented as mean + SEM. Exact P-values of all comparisons of the last measurements and
the statistical test used are indicated in Appendix Table S9.

Analysis of pHistone H3, HER3, pHER3, and cleaved caspase-3 in tumors of mice injected with BTRH and treated (T) or not (C) with EV20/MMAF (3.3 mg/kg for 24 h or
2 weeks). Numbers below the blots show the quantitation of the signal of each band, referred to that of a control untreated tumor.

Long-term monitoring of mice injected with BTRH cells and treated with EV20/MMAF (3.3 mg/kg, n = 5; 10 mg/kg, n = 4). Where indicated, mice were treated with
EV20/MMAF. Data were represented as mean + SEM of the different mice groups.

Data information: In (A, B, C, and E), when error bars are invisible, that is because they are small and are covered by the graphic’s symbols.

BTRH and BTRH#10 cells. EV20 did not affect the growth rate of landscape of that type of tumors, some patients may not respond to
these tumors. these therapies. Therefore, identification of alternative ways to fight

these resistant tumors is a medical need. Some precedents indicate
that targeting HER3 may be of therapeutic value for patients whose

Discussion tumors become refractory to available anti-HER2 therapies. In fact,

it has been reported that tumors refractory to HER-targeted thera-

Anti-HER2-based therapies represent the gold standard choice for pies, either directed to HER2 or the EGFR, express elevated levels of
the treatment of patients bearing HER2* breast tumors. While intro- HER3 (Sergina et al, 2007; Narayan et al, 2009; Garrett et al, 2011).
duction of these therapies has substantially improved the prognostic In the recent past, HER3-targeting agents, mainly naked antibodies,

© 2020 The Authors EMBO Molecular Medicine 12: €1149812020 9 of 16



EMBO Molecular Medicine Lucia Gandullo-Sdnchez et al

A B
EBT474
120 - EBTRN#5
100 ./ I BTRN#24

80 -
60 -
40 -
20 -

Cell number (% control)

0 001 01 1 10
[EV20/MMAF], nM

C D
mBT474
£ EBTRL#109 HER2 — |wm s o o |
Z 100 (72 . CIBTRL#3 11 08 09
o 80 A pHER2 — |
. 1 02 02 0.9
2 HER3 —
E 40 - 111 1 1
% 20 - pHER3—
g oL, 1_03 03 07
0 001 01 1 10 PAKT -~ [ W e @9
108 07 1.
[EV20/MMAF], nM CANX —

E EBT474

COBT-TDM1R#1

S 120 A CIBT-TDM1R#6

£ 100 ¢ -

5 100 p<t—¢

s 80 -

g 60 -

Ke] )

§ 40 o b

= 20 4 : Do

]

(&) 0 +

0 001 0.1 1 10
[EV20/MMAF], nM

Figure 6. Effect of EV20/MMAF in cells resistant to neratinib, lapatinib, and T-DM1.

A-F Dose-response to EV20/MMAF after 5 days of treatment in BT474, (A) cells resistant to neratinib (BTRN#5 and BTRN#24), (C) cells resistant to lapatinib (BTRL,
BTRL#109, and BTRL#3), and (E) cells resistant to T-DM1 (BT-TDM1R#1 and BT-TDM1R#6). Levels of HER2, pHER2, HER3, pHER3, pAKT, and calnexin of (B) cells
resistant to neratinib, (D) cells resistant to lapatinib, and (F) cells resistant to TDM1.

Data information: In (A, C, and E), represent mean + SD of triplicates of an experiment that was repeated at least twice, and normalized to untreated controls. In (A, C,
and E), when error bars are invisible, they are covered by the graphic’s symbols.
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have been clinically evaluated both as single agent and in combina-
tion with other targeted therapeutics. However, their therapeutic
activity has proven to be limited, although tolerability was favorable
(Gaborit et al, 2016; Jacob et al, 2018; Mishra et al, 2018; Black
et al, 2019; Liu et al, 2019). More recently, we and others have
provided evidence that ADCs targeting HER-3 possess potent and
specific activity in metastatic melanoma as well as EGFR inhibitor-
resistant lung carcinoma, pancreatic, and colorectal carcinoma
(Capone et al, 2018; Bourillon et al, 2019; Hashimoto et al, 2019;
Koganemaru et al, 2019; Yonesaka et al, 2019; Haratani et al,
2020). One of these novel HER3 targeting immunoconjugates is U3-
1402, composed of the anti-HER3 antibody patritumab and the
novel topoisomerase I inhibitor DX-8951 (Koganemaru et al, 2019).
U3-1402 entered phase I/1I study for the treatment of HER3 " non-
small-cell lung cancer and metastatic breast cancer. Preliminary
data from these studies were encouraging, as partial responses and
tumor shrinkage were observed suggesting that targeting HER3 with
an ADC may be advantageous respect to targeting with naked anti-
body (Kogawa et al, 2018).

Because of these precedents and the fact that HER3 is frequently
expressed in breast cancer (Vollmann-Zwerenz et al, 2010), we
decided to explore the potential therapeutic value of the HER3 target-
ing ADC EV20/MMAF in HER2 ™ breast cancer, with particular focus
on the action of that drug on cells resistant to trastuzumab and other
anti-HER2 therapies. EV20/MMAF had a potent anti-proliferative
effect on HER2™ breast cancer cells. In contrast, addition of the nude
antibody EV20 did not affect the proliferation of these cells in vitro
demonstrating that the mere action on HER3 is inefficient from the
therapeutic point of view. Moreover, free MMAF had a much lower
anti-proliferative action than EV20/MMAF, indicating that the sum
of MMAF and EV20 optimally increases the potency with respect to
the individual drugs. The in vivo models derived from BT474 cells
confirmed the lack of effectiveness of EV20. It is relevant to comment
that previous studies showing that EV20 may induce delay in tumor
growth were based on a different schedule which included adminis-
tration of the naked antibody twice a week for a more prolonged
period (4-5 weeks; Sala et al, 2012, 2013). Moreover, in those stud-
ies EV20 was administered to mice-bearing tumors much smaller
than the ones used in the present study (100 mm? vs. 500 mm?). In
the case of tumors in mice injected with HCC1954 cells, EV20 exerted
a visible anti-proliferative effect. The fact that EV20 did not affect the
proliferation of HCC1954 cells in vitro, but inhibited tumor growth of
xenografted HCC1954 cells in mice, suggests that factors present in
the tissue microenvironment may favor tumor growth, and they are
sensitive to antibody treatment. In any case, comparison of single-
dose treatment with either EV20 or EV20/MMAF demonstrated the
superior in vivo anti-tumoral effect of the latter in all the secondary
and primary anti-HER2 drug-resistant models.

The action of the antibody depended on HER3 expression as
demonstrated by its lack of activity on cells naturally expressing low
levels of HER3 or its decreased anti-proliferative action on cells in
which expression of HER3 was genetically reduced. The correlation
between HER3 levels and the anti-proliferative action of EV20/MMAF
also supported the dependency on HER3. However, the numerical
value of that correlation suggests that other factors, in addition to
HER3, may dictate the sensitivity to EV20/MMAF. This is a relevant
finding since the therapeutic use of EV20/MMAF will rely on the iden-
tification of tumors highly sensitive to the ADC. An additional factor
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that may play a role in EV20/MMATF action relates to its internaliza-
tion and degradation. In this respect, our immunofluorescence and
biochemical analyses indicated that EV20/MMAF rapidly internalized
and moved to acidic intracellular compartments, including lysosomes.
In the latter, the action of lysosomal acidic proteinases is expected to
generate cleaved fragments of EV20/MMAF capable of moving from
the lysosomal lumen to the cytosol, where the cytotoxic payload
should impair microtubule dynamics. In fact, EV20/MMAF prevented
correct assembly of the microtubular machinery responsible for the
progression of cells along mitosis. Such action not only affected cell
cycle dynamics, but also promoted cell death through mitotic catastro-
phe, as occurs with other cytotoxic payloads (Montero et al, 2015;
Garcia-Alonso et al, 2018). Finally, for cells in which HER3 may exert
a pro-oncogenic action, its targeting with EV20/MMAF may sum to
the mere ADC action as a vehicle to deliver the cytotoxic payload to
HER3-expressing cells.

A relevant finding of this work was the strong anti-tumoral effect
of EV20/MMAF on cells resistant to trastuzumab and other anti-
HER2 therapies. Such action opens the possibility of using EV20/
MMAF to fight resistance of HER2™ tumors to actual anti-HER2
strategies used in the clinic. In fact, in mice implanted with cells
made resistant to trastuzumab, EV20/MMAF had a strong anti-
tumoral effect, with interesting characteristics. First, EV20/MMAF
caused tumor regression, even from large tumors. Second, such
regression was complete and long-lasting after a single dose of
10 mg/kg. Lower doses (3.3 mg/kg) also caused tumor regression
but in some mice relapses were observed. However, these relapsed
tumors were still sensitive to additional doses of EV20/MMAF.
Furthermore, maintenance of the treatment with 3.3 mg/kg every
3 weeks for a year resulted in tumor regression in all mice used,
without relapses. Those data, together with the capability to exert
anti-tumoral action in cells made resistant to T-DM1, lapatinib, or
neratinib and even the effect of EV20/MMAF on naive HER2 " cells
offer attractive possibilities of using the anti-HER3 ADC for several
indications in the HER2™ cancer clinic, even beyond breast cancer.
In fact, anti-HER2 therapies such as trastuzumab are used for the
therapy of HER2 * metastatic gastric tumors. It will be interesting to
explore the value of EV20/MMAF for the therapy of these tumors.
Moreover, the potent action of EV20/MMAF on HER3 expressing
cells opens the possibility of extending its use for the therapy of
patients bearing tumors in which HER3 expression is elevated, onco-
genically mutated (Kiavue et al, 2020) or which may become resis-
tant to therapies based on other HER3 ADCs (Garcia-Alonso et al,
2020). In fact, the development of trastuzumab-deruxtecan for
patients which become refractory to previous anti-HER2 therapies,
including T-DM1 (Modi et al, 2020), exemplifies the clinical value of
using ADCs bearing different payloads but targeting the same cell
surface protein. These clinical opportunities are worth being
explored, once adequate biomarkers of sensitivity to the drug are
available for correct patient selection.

Materials and Methods

Reagents and immunochemicals

Monomethyl auristatin F was from Sigma-Aldrich (Madrid, Spain).
Lapatinib and neratinib were from Selleckchem (Houston, TX).
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EV20 and EV20/MMAF were generated by Mediapharma and were
available through Dr. Gianluca Sala. Generic chemicals were from
Sigma-Aldrich, Roche Biochemicals (St Louis, USA), or Merck
(Darmstadt, Germany). Trastuzumab and T-DM1 were purchased
from a local pharmacy. The anti-HER3 antibody used for immuno-
precipitation or Western was created in rabbits injected with a
fusion protein containing a unique intracellular region of HER3
(Sanchez-Martin & Pandiella, 2012). Other antibodies used are
described in Appendix Table S1.

Cell lines and viral infections

Culture media was from GIBCO BRL (Gaithersburg, MD, USA). The
cell lines were cultured either in DMEM (BT474, PDX118, and
resistant cells lines derived from them, SKBR3, MDA-MB-361,
MDA-MB-231, HS5, and HEK293T) or in RPMI (BT549, HCC1419,
HCC1569, HCC1954) supplemented with 10% FBS and antibiotics
(penicillin 100 U/ml, streptomycin 100 pg/ml). All the cell lines
were obtained from the ATCC except PDX118, TR1, and TR2 which
were generously provided by Dr. Joaquin Arribas laboratory (VHIO,
Barcelona). Cells resistant to trastuzumab or T-DM1 were generated
by continuous exposure to the respective drugs, as described (Rios-
Luci et al, 2017, 2020; Diaz-Rodriguez et al, 2019). Briefly, for the
generation of trastuzumab-resistant BT474 cells, 5,000 parental
BT474 cells were plated in 150 mm dishes that were then treated
with 50 nM trastuzumab for 12 months (media replaced weekly).
Then, pools of resistant cells or individual clones were prepared
and maintained in the absence or presence of trastuzumab for an
additional 6-month period. The reason to maintain cultures with or
without trastuzumab was to explore the stability of the resistant
phenotype. In fact, we found unnecessary to maintain trastuzumab
once resistance to the drug was established. Generation of T-DM1-
resistant cells was achieved by culturing BT474 cells (5,000/
150 mm dish) for three months in the presence of 5 nM T-DMI.
Resistant clones were isolated by single-cell cloning as described
(Rios-Luci et al, 2017). For the generation of lapatinib or neratinib-
resistant cells, BT474 cells were plated at 5,000 cells/150 mm petri
dishes and treated with 1, 5, 10, 50, 100, 500, 1,000, or 5,000 nM
of the drugs. The best selection was achieved with doses of 1 and
5 uM of lapatinib and 10 nM of neratinib. After 3 months in culture
under the continuous presence of the drug (media replaced weekly)
pools or clones of resistant cells were obtained and tested for their
sensitivity to those drugs, as compared to naive BT474 cells. The
action of trastuzumab or the other anti-HER2 drugs on the resistant
cells was explored by cell counting or MTT assays. Knockdown of
HER3 was performed by infection with lentiviral particles as
described (Seoane et al, 2016). Briefly, 4 ug of the following plas-
mids: pMDLg/RRE, pRSV-Rev, and pMD2.G (Addgene, Cambridge,
MA, USA), along with 8 ug of the pLKO.1 lentiviral plasmid
containing a scramble shRNA (sh-Control) or the indicated shRNA
(Sigma-Aldrich, St. Louis, MO, USA) were cotransfected into
HEK293T cells using jetPEI® reagent (Polyplus-transfection, Illkirch,
France) following the manufacturer’s instructions. Twenty-four
hours later, HEK293T medium was replaced with fresh medium,
and 48 h after the cotransfection, the medium containing lentiviral
particles was collected, filtered, and used to infect cells after the
addition of 6 pg/ml polybrene. Cells were cultured for 48 h to
allow for efficient protein knockdown and were subsequently
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selected with 3 pg/ml puromycin (Sigma-Aldrich, St. Louis, MO,
USA) for another 48 h. Five different shRNA sequences targeting
HER3 were tested and those two that produced higher knockdown
were used.

Western blotting and immunoprecipitation

The preparation of cell lysates, immunoprecipitation, and Western
blotting procedures has been described previously (Esparis-Ogando
et al, 2008; Seoane et al, 2010). To prepare cell lysates, cells were
washed with phosphate-buffered saline (PBS) (137 mM NaCl,
2.7 mM KCl, 8 mM Na,HPO,, 1.5 mM KH,P0O,) and lysed in ice-cold
lysis buffer (20 mM Tris—HCI pH 7.0, 140 mM NaCl, 50 mM EDTA,
10% glycerol, 1% Nonidet P-40, 1 uM pepstatin, 1 pg/ml aprotinin,
1 pg/ml leupeptin, 25 mM B-glycerol phosphate, 50 mM sodium flu-
oride, 1 mM phenylmethyl sulfonyl fluoride, 1 mM sodium ortho-
vanadate) for 15 min. Lysates were cleared by centrifugation at
17,000 g at 4°C for 10 min and supernatants transferred to new
tubes. Protein concentration in the lysates was measured using the
BCA Assay (Thermo Fisher Scientific, Madrid, Spain). For immuno-
precipitation, equal amounts of protein were incubated with the
corresponding antibody and protein A-Sepharose at 4°C for at least
2 h. Immune complexes were recovered by a short centrifugation at
17,000 g for at least 30 s, followed by three washes with 1 ml ice-
cold lysis buffer. Samples were then boiled in electrophoresis sample
buffer and resolved by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) gels. The percentage of the gel was
chosen based on the molecular weight of the protein to be analyzed.
For immunoblotting, proteins in gels were transferred to polyvinyli-
dene difluoride membranes (Millipore Corporation, Bedford, MA,
USA) using a wet transfer apparatus (Mini Trans-Blot Cell, Bio-Rad,
Hercules, CA, USA). Membranes were then blocked in Tris-buffered
saline with Tween (TBST) (20 mM Tris—pH 7.5, 150 mM NacCl, 0.1%
Tween 20) containing 1% of bovine serum albumin for at least 1 h
and then incubated with the corresponding antibody for 2-16 h at
the dilutions indicated in Appendix Table S1. After washing with
TBST, membranes were incubated with HRP-conjugated secondary
antibodies for 30 min, washed three times, 7 min each time, and
bands visualized by enhanced chemiluminescence. Densitometric
measurements of the bands were done using ImageJ 1.44 software
(National Institutes of Health, Bethesda, MD, USA) or Image Lab
Software 6.0.1 (Bio-Rad). GraphpadPrism 6.0 (GraphPad Software, La
Jolla, CA, USA) was used to determine ICs, values. In experiments in
which a condition was compared to a control, the intensity of the
latter was taken as 1.

Cell proliferation, cell cycle, and apoptosis analyses

Cell proliferation was analyzed by cell counting assays (Rios-Luci
et al, 2020). Briefly, cells were seeded in 6-well plates, and 24 h
later, the medium was replaced with complete medium containing
the desired drugs. Cells were collected and counted using a Z1 Coul-
ter Particle Counter (Beckman Coulter, Pasadena, CA, USA). Cell
cycle and apoptosis analyses were performed as described (Montero
et al, 2015). For both assays, cells were cultured in 6-well plates
and then were treated with drugs as the indicated time. Then, cell
monolayers were collected by pooling together the non-attached
and attached.
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For cell cycle analysis, cells were fixed in ice-cold 70% ethanol
minimum overnight. Then, cells were centrifuged at 300 g for
10 min and resuspended in 500 pl of PBS containing 500 pg/ml
DNAse-free RNAse for 2 h at 37°C. After that, propidium iodide
(5 pg/ml) was added and DNA content analyzed in an Accuri C6
Flow Cytometer (BD).

For apoptosis assays, the protocol of the FITC-Annexin V Apop-
tosis Detection Kit I (BD Biosciences) was followed. Attached and
non-attached cells were collected and resuspended in 100 pl of ice-
cold binding buffer (10 mM HEPES pH 7.4, 140 mM NacCl, 2.5 mM
CaCl,) containing 5 pl of Annexin V-FITC and 5 pl of PI (50 pug/ml).
Samples were incubated for 15 min at room temperature, and after
this time, 400 pl of binding buffer was added to each tube and cells
acquired in an Accuri C6 Flow Cytometer (BD). In both experi-
ments, 50,000 events were collected and analyzed.

To analyze caspase 3 activity, cells were treated as required and
lysed in lysis buffer with protease and phosphatase inhibitors. A
50 pg of protein was incubated in the caspase reaction buffer
(25 mM HEPES pH 7.4, 150 mM NaCl, 1 mM EDTA, 0.1% CHAPS,
10% sucrose), 10 mM DTT and containing 5 uM of the fluorescent
substrate Ac-DEVD-AFC (BD Biosciences) at 37°C for 1 h at dark.
The fluorometry signal was measured at 400/505 nm in a multi-well
fluorescent reader (BioTek). Analysis of mitotic cells was carried
out as described (Rios-Luci et al, 2017). In brief, cells were seeded
at low density, treated with EV20/MMAF, and stained with DAPI
and anti-B-tubulin. Then, cells were observed in a Zeiss Axiophot 2
microscope with 63x oil immersion objective. For each condition, at
least 2,000 cells were counted. Cell with condensed chromosomes
was considered mitotic cells.

Cell surface HER2 and HER3

Cytometric assessment of cell surface HER3 was performed by incu-
bation for 30 min with 10 nM of EV20/MMAF. The cell-bound anti-
bodies were detected by incubation with a cyanine 3-conjugated
anti-human secondary antibody. Mean fluorescence levels were
determined using a BD Accuri C6 flow cytometer. For cell surface
immunoprecipitation, cells were washed twice with Krebs-Ringer-
HEPES buffer(140 mM NaCl, 5 mM KCl, 2 mM CaCl,, 5 mM
MgSO,, 1.2 mM KH,PO,, 50 mM HEPES, pH 7.4) (Cabrera et al,
1996) and incubated in the same buffer with 10 nM EV20/MMAF or
trastuzumab for 2 h at 4°C. Then, cells were lysed and cell-bound
antibodies precipitated with protein A-Sepharose. Immunocom-
plexes were then washed and HER2 or HER3 detected by Western.

Immunofluorescence microscopy

For immunofluorescence (IF) detection of EV20/MMAF, 100,000 or
150,000 BT474 or BTRH cells were cultured on glass coverslips
inserted into 35 mm dishes and treated with 10 nM EV20/MMAF for
the indicated times. Then, cells on coverslips washed with
PBS/CM (1 mM CaCl,, 0.5 mM MgCl, in PBS), fixed in 2%
paraformaldehyde, and then washed with PBS/CM. After that, incu-
bations were quenched with 50 mM NH,CI, and cells were perme-
abilized (0.1% triton, 0.2% BSA) and then coverslips with cells
incubated for 1 h in blocking solution, that contained PBS/CM with
0.2% BSA. Before incubation with Cy3-conjugated anti-human anti-
body, cells were washed in PBS/CM/BSA. Samples were analyzed
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by confocal IF microscopy using a Leica TCS SP5 system (Leica
Microsystems CMS, Wetzlar, Germany). For indirect IF, cells were
cultured and processed as above, including an incubation step with
primary antibodies against B-tubulin or LAMP1 (Rios-Luci et al,
2017). Cy2-conjugated goat anti-mouse was used to detect B-tubulin
and Cy2-conjugated goat anti-rabbit for LAMP1. Colocalization was
analyzed with Leica Application Suite Advanced Fluorescence (LAS
AF Version 2.7.3.9723). For live cell microscopy evaluation of EV20/
MMAF internalization and targeting to acidic intracellular compart-
ments, the antibody was labeled with pHrodoTMiFL Red Microscale
Protein Labeling Kit (Thermo Scientific) according to the manufac-
turer’s instructions and following published procedures (Rios-Luci
et al, 2017). Images were acquired every 15 min for 24 h using a
Nikon Eclipse TE2000-E microscope. Videos were prepared with
Image J.

Biotin labeling and internalization of EV20/MMAF

EV20/MMAF was biotinylated with EZ-Link NHS-SS-Biotin (Thermo
Scientific) according to the manufacturer’s instructions and as
described (Rios-Luci et al, 2017). Briefly, 500 pg EV20/MMAF was
incubated with a 20-fold molar excess of a 10 mM NHS-SS-Biotin
solution in DMSO. The non-reacted NHS-SS-Biotin was quenched
with 50 mM of NH,CI. Cells were treated with 10 nM biotin-labeled
EV20/MMAF for 1 h at 4°C, then washed twice with PBS to remove
any unbound biotin-EV20/MMAF, and chased for the indicated
times at 37°C. Non-internalized biotin-labeled EV20/MMAF was
removed by washing three times with ice-cold freshly prepared
cleavage buffer (Rios-Luci et al, 2017). Cells were then washed
twice with PBS and lysed in ice-cold lysis buffer (150 mM NaCl,
1 mM EDTA, 10% glycerol, 40 mM HEPES pH 7.4, 1% Nonidet P-
40, and phosphatase and protease inhibitors). Biotin-labeled EV20/
MMAF was precipitated with streptavidin-Sepharose high perfor-
mance (GE Healthcare), for at least 2 h at 4°C. Immunocomplexes
were recovered, washed, and resolved by SDS-PAGE and standard
Western blotting.

Xenograft studies

Female BALB/c nu/nu mice (8-9 weeks old) were purchased from
Charles River Laboratories and maintained and manipulated at the
animal facility of the University of Salamanca following legal and
institutional guidelines. A total of 5 x 10° BTRH, BTRH#10,
HCC1954, or BT-TDM1R#6 cells resuspended in DMEM and Matrigel
(BD Biosciences) were injected orthotopically into the mammary fat
pad, at two sites per mice. When tumors reached a volume of
500 mm?>, animals were randomized to four groups with similar
mean tumor volumes that were intraperitoneally treated with vehi-
cle alone (PBS), EV20 (10 mg/kg), T-DM1 (15 mg/kg), trastuzumab
(30 mg/kg), or EV20/MMAF (3.3 mg/kg or 10 mg/kg). Tumor
diameters were measured with calipers, and tumor volumes were
calculated by the following formula: volume = (width? x length)/2.
At the time of sacrifice, some tumor samples or tissues were
collected and immediately frozen in liquid nitrogen. They were later
lysed using a Dispomix drive tissue homogenizer (Medic tools), and
EV20/MMAF was analyzed by immunoprecipitation of 500 pg of
protein with protein A-Sepharose and Western blotting with the
HRP-conjugated anti-human secondary antibody.
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The paper explained

Problem

HER2-targeted therapies have revolutionized the therapy of patients
bearing HER2* tumors. Yet, some patients, especially those with
advanced disease, may develop resistance to these therapies, underlin-
ing the clinical need for alternative treatment strategies.

Results

In this study, we show that the antibody—-drug conjugate EV20/MMAF,
which targets the cognate receptor HER3, exerts a potent anti-prolif-
erative action on HER2" breast cancer cells resistant to the conven-
tional anti-HER2 agents trastuzumab, lapatinib, neratinib, and the
trastuzumab derivative T-DM1. In vivo, EV20/MMAF provoked long-
lasting regression of tumors in mice implanted with cells resistant to
the gold standard anti-HER2 drug trastuzumab.

Impact
The anti-tumoral property of EV20/MMAF in cells resistant to anti-
HER2 therapies, and even on naive HER2" cells, raises the attractive
possibility of using EV20/MMAF in the therapy of HER2" breast
cancer.

Statistical analyses

In proliferation experiments, each condition was analyzed in trip-
licate and data presented as mean + SD of an experiment repre-
sentative of at least 2 independent experiments. Statistical
analyses were carried out using SPSS 25 (SPSS Inc., Chicago, IL,
USA). Pearson correlation and regression analyses were used for
the correlation studies. Two-way factorial ANOVA with Bonfer-
roni correction was used when more than one factor was present.
One-way ANOVA was used to compare more than two groups.
The Bonferroni post hoc test or Games—Howell post hoc test was
used in case of variance homogeneity or heterogeneity, respec-
tively. Data distributions were checked for normality by the
Shapiro-Wilk test, and homogeneity of variances was checked by
the Levene test. Welch’s t-test was used to compare two groups
when the distribution is assumed to be normal, and the samples
have unequal variances.

Expanded View for this article is available online.

Acknowledgements

AP: Ministry of Economy and Competitiveness of Spain (BFU2015-71371-R), the
Instituto de Salud Carlos Ill through the Spanish Cancer Centers Network
Program (RD12/0036/0003) and CIBERONC, the Scientific Foundation of the
Spanish Association Against Cancer (AECC), ALMOM, and the CRIS Cancer
Foundation. Work carried out in AP and AO laboratories receives support from
the European Community through the Regional Development Funding
Program (FEDER). GS: Fondazione-AIRC (IG GRANT 2016, Id 18467). EC is the
recipient of an AIRC fellowship. LGS is recipient of a predoctoral contract (BES-
2016-077748).

Author contributions

LGS: performed the experiments, interpreted data, read, and corrected the
paper. EC: prepared the antibody, read, and corrected the paper; AO: read the
paper and suggested ideas; SI: read the paper and suggested ideas; GS:

14 of 16 EMBO Molecular Medicine 12: €11498 | 2020

Lucia Gandullo-Sdnchez et al

designed the study and the antibody, read, and corrected the paper; AP:
designed the study and wrote the paper.

Conflict of interest
GS and Sl are shareholders of Mediapharma s.r.l; and the other authors
declare that they have no conflict of interest in this study.

References

Abel EV, Basile K], Kugel CH I, Witkiewicz AK, Le K, Amaravadi RK, Karakousis
GC, Xu X, Xu W, Schuchter LM et al (2013) Melanoma adapts to RAF/MEK
inhibitors through FOXD3-mediated upregulation of ERBB3. J Clin Invest
123: 2155-2168

Agus DB, Akita RW, Fox WD, Lewis GD, Higgins B, Pisacane PI, Lofgren JA, Tindell
C, Evans DP, Maiese K et al (2002) Targeting ligand-activated ErbB2
signaling inhibits breast and prostate tumor growth. Cancer Cell 2: 127 -137

Arteaga CL, Sliwkowski MX, Osborne CK, Perez EA, Puglisi F, Gianni L (2011)
Treatment of HER2-positive breast cancer: current status and future
perspectives. Nat Reuv Clin Oncol 9: 1632

Baselga J, Swain SM (2009) Novel anticancer targets: revisiting ERBB2 and
discovering ERBB3. Nat Rev Cancer 9: 463475

Black LE, Longo JF, Carroll SL (2019) Mechanisms of Receptor Tyrosine-Protein
Kinase ErbB-3 (ERBB3) Action in Human Neoplasia. Am J Pathol 189:

1898 -1912

Bourillon L, Bourgier C, Gaborit N, Garambois V, Lles E, Zampieri A, Ogier C,
Jarlier M, Radosevic-Robin N, Orsetti B et al (2019) An auristatin-based
antibody-drug conjugate targeting HER3 enhances the radiation response
in pancreatic cancer. Int / Cancer 145: 1838 —1851

Burris HA 1lI, Tibbitts J, Holden SN, Sliwkowski MX, Lewis Phillips GD (2011)
Trastuzumab emtansine (T-DM1): a novel agent for targeting HER2*
breast cancer. Clin Breast Cancer 11: 275—282

Cabrera N, Diaz-Rodriguez E, Becker E, Martin-Zanca D, Pandiella A (1996)
TrkA receptor ectodomain cleavage generates a tyrosine-phosphorylated
cell-associated fragment. J Cell Biol 132: 427 —436

Capone E, Prasetyanti PR, Sala G (2015) HER-3: hub for escape mechanisms.
Aging (Albany NY) 7: 899 -900

Capone E, Giansanti F, Ponziani S, Lamolinara A, lezzi M, Cimini A, Angelucci
F, Sorda R, Laurenzi V, Natali PG et al (2017) EV20-Sap, a novel anti-HER-
3 antibody-drug conjugate, displays promising antitumor activity in
melanoma. Oncotarget 8: 95412 —95424

Capone E, Lamolinara A, D’Agostino D, Rossi C, De Laurenzi V, lezzi M,
lacobelli S, Sala G (2018) EV20-mediated delivery of cytotoxic auristatin
MMAF exhibits potent therapeutic efficacy in cutaneous melanoma. J
Control Release 277: 48—56

Chakrabarty A, Sanchez V, Kuba MG, Rinehart C, Arteaga CL (2012) Feedback
upregulation of HER3 (ErbB3) expression and activity attenuates
antitumor effect of PI3K inhibitors. Proc Natl Acad Sci USA 109: 2718 —2723

Chan A, Delaloge S, Holmes FA, Moy B, Iwata H, Harvey V], Robert NJ, Silovski
T, Gokmen E, von Minckwitz G et al (2016) Neratinib after trastuzumab-
based adjuvant therapy in patients with HER2-positive breast cancer
(ExteNET): a multicentre, randomised, double-blind, placebo-controlled,
phase 3 trial. Lancet Oncol 17: 367 —377

Clynes RA, Towers TL, Presta LG, Ravetch JV (2000) Inhibitory Fc receptors
modulate in vivo cytotoxicity against tumor targets. Nat Med 6: 443 - 446

Di Fiore PP, Pierce JH, Kraus MH, Segatto O, King CR, Aaronson SA (1987)
erbB-2 is a potent oncogene when overexpressed in NIH/3T3 cells. Science
237:178-182

© 2020 The Authors


https://doi.org/10.15252/emmm.201911498

Lucia Gandullo-Sdnchez et al

Diaz-Rodriguez E, Perez-Pena J, Rios-Luci C, Arribas J, Ocana A, Pandiella A
(2019) TRAIL receptor activation overcomes resistance to trastuzumab in
HER2 positive breast cancer cells. Cancer Lett 453: 34— 44

Esparis-Ogando A, Zurzolo C, Rodriguez-Boulan E (1994) Permeabilization of
MDCK cells with cholesterol binding agents: dependence on substratum
and confluency. Am J Physiol 267: C166—C176

Esparis-Ogando A, Ocana A, Rodriguez-Barrueco R, Ferreira L, Borges |,
Pandiella A (2008) Synergic antitumoral effect of an IGF-IR inhibitor and
trastuzumab on HER2-overexpressing breast cancer cells. Ann Oncol 19:
18601869

Esparis-Ogando A, Montero |C, Arribas ], Ocana A, Pandiella A (2016)
Targeting the EGF/HER Ligand-Receptor System in Cancer. Curr Pharm Des
22: 5887 —5898

Gaborit N, Lindzen M, Yarden Y (2016) Emerging anti-cancer antibodies and
combination therapies targeting HER3/ERBB3. Hum Vaccin Immunother 12:
576592

Garcia-Alonso S, Ocana A, Pandiella A (2018) Resistance to antibody-drug
conjugates. Cancer Res 78: 2159 — 2165

Garcia-Alonso S, Ocana A, Pandiella A (2020) Trastuzumab emtansine:
mechanisms of action and resistance, clinical progress, and beyond.
Trends Cancer 6: 130—146

Garrett T, Olivares MG, Rinehart C, Granja-Ingram ND, Sanchez V,
Chakrabarty A, Dave B, Cook RS, Pao W, McKinely E et al (2011)
Transcriptional and posttranslational up-regulation of HER3 (ErbB3)
compensates for inhibition of the HER2 tyrosine kinase. Proc Natl Acad Sci
USA 108: 50215026

Garrett JT, Sutton CR, Kuba MG, Cook RS, Arteaga CL (2013) Dual blockade of
HER2 in HER2-overexpressing tumor cells does not completely eliminate
HERS3 function. Clin Cancer Res 19: 610—619

Geyer CE, Forster J, Lindquist D, Chan S, Romieu CG, Pienkowski T, Jagiello-
Gruszfeld A, Crown ], Chan A, Kaufman B et al (2006) Lapatinib plus
capecitabine for HER2-positive advanced breast cancer. N Engl | Med 355:
2733-2743

Haratani K, Yonesaka K, Takamura S, Maenishi O, Kato R, Takegawa N,
Kawakami H, Tanaka K, Hayashi H, Takeda M et al (2020) U3-1402
sensitizes HER3-expressing tumors to PD-1 blockade by immune
activation. J Clin Invest 130: 374 —388

Hashimoto Y, Koyama K, Kamai Y, Hirotani K, Ogitani Y, Zembutsu A, Abe M,
Kaneda Y, Maeda N, Shiose Y et al (2019) A novel HER3-targeting
antibody-drug conjugate, U3-1402, exhibits potent therapeutic efficacy
through the delivery of cytotoxic payload by efficient internalization. Clin
Cancer Res 25: 7151—-7161

Holbro T, Hynes NE (2004) ErbB receptors: directing key signaling networks
throughout life. Annu Rev Pharmacol Toxicol 44: 195-217

Jacob W, James I, Hasmann M, Weisser M (2018) Clinical development of
HER3-targeting monoclonal antibodies: perils and progress. Cancer Treat
Rev 68: 111-123

Kiavue N, Cabel L, Melaabi S, Bataillon G, Callens C, Lerebours F, Pierga Y,
Bidard FC (2020) ERBB3 mutations in cancer: biological aspects,
prevalence and therapeutics. Oncogene 39: 487 —502

Koganemaru S, Kuboki Y, Koga Y, Kojima T, Yamauchi M, Maeda N, Kagari T,
Hirotani K, Yasunaga M, Matsumura Y et al (2019) U3-1402, a novel
HER3-targeting antibody-drug conjugate, for the treatment of colorectal
cancer. Mol Cancer Ther 18: 2043—2050

Kogawa T, Yonemori K, Masuda N, Takahashi S, Takahashi M, Iwase H,
Nakayama T, Saeki T, Toyama T, Takano T et al (2018) Single agent
activity of U3-1402, a HER3-targeting antibody-drug conjugate, in breast
cancer patients: phase 1 dose escalation study. J Clin Oncol 36: 2512

© 2020 The Authors

EMBO Molecular Medicine

Lane HA, Beuvink I, Motoyama AB, Daly JM, Neve RM, Hynes NE (2000) ErbB2
potentiates breast tumor proliferation through modulation of p27(Kip1)-
Cdk2 complex formation: receptor overexpression does not determine
growth dependency. Mol Cell Biol 20: 32103223

Liu X, Liu S, Lyu H, Riker Al, Zhang Y, Liu B (2019) Development of effective
therapeutics targeting HER3 for cancer treatment. Biol Proced Online 21: 5

Ma J, Lyu H, Huang |, Liu B (2014) Targeting of erbB3 receptor to overcome
resistance in cancer treatment. Mol Cancer 13: 105

Majewski IJ, Nuciforo P, Mittempergher L, Bosma AJ, Eidtmann H, Holmes E,
Sotiriou C, Fumagalli D, Jimenez J, Aura C et al (2015) PIK3CA mutations are
associated with decreased benefit to neoadjuvant human epidermal growth
factor receptor 2-targeted therapies in breast cancer. / Clin Oncol 33: 13341339

Mishra R, Patel H, Alanazi S, Yuan L, Garrett T (2018) HER3 signaling and
targeted therapy in cancer. Oncol Rev 12: 355

Modi S, Saura C, Yamashita T, Park YH, Kim SB, Tamura K, Andre F, Iwata H,
Ito Y, Tsurutani | et al (2020) Trastuzumab deruxtecan in previously
treated HER2-positive breast cancer. N Engl | Med 382: 610621

Montero JC, Garcia-Alonso S, Ocana A, Pandiella A (2015) Identification of
therapeutic targets in ovarian cancer through active tyrosine kinase
profiling. Oncotarget 6: 30057 —30071

Motoyama AB, Hynes NE, Lane HA (2002) The efficacy of ErbB receptor-
targeted anticancer therapeutics is influenced by the availability of
epidermal growth factor-related peptides. Cancer Res 62: 3151 —3158

Narayan M, Wilken JA, Harris LN, Baron AT, Kimbler KD, Maihle NJ (2009)
Trastuzumab-induced HER reprogramming in “resistant” breast carcinoma
cells. Cancer Res 69: 21912194

Nath N, Godat B, Zimprich C, Dwight S, Corona C, McDougall M, Urh M
(2016) Homogeneous plate based antibody internalization assay using pH
sensor fluorescent dye. | Immunol Methods 431: 1121

Neve RM, Chin K, Fridlyand J, Yeh ], Baehner FL, Fevr T, Clark L, Bayani N,
Coppe JP, Tong F et al (2006) A collection of breast cancer cell lines for
the study of functionally distinct cancer subtypes. Cancer Cell 10: 515-527

Ocana A, Amir E, Pandiella A (2018) Dual targeting of HER2-positive breast
cancer with trastuzumab emtansine and pertuzumab: understanding
clinical trial results. Oncotarget 9: 31915-31919

Parra-Palau JL, Morancho B, Peg V, Escorihuela M, Scaltriti M, Vicario R,
Zacarias-Fluck M, Pedersen K, Pandiella A, Nuciforo P et al (2014) Effect of
p9SHER2/611CTF on the response to trastuzumab and chemotherapy. |
Natl Cancer Inst 106: 1—5

Pernas S, Tolaney SM (2019) HER2-positive breast cancer: new therapeutic
frontiers and overcoming resistance. Ther Adv Med Oncol 11: 1758835919833519

Phillips GD, Fields CT, Li G, Dowbenko D, Schaefer G, Miller K, Andre F, Burris
HA 111, Albain KS, Harbeck N et al (2014) Dual targeting of HER2-positive
cancer with trastuzumab emtansine and pertuzumab: critical role for
neuregulin blockade in antitumor response to combination therapy. Clin
Cancer Res 20: 456 —468

Prasetyanti PR, Capone E, Barcaroli D, D’Agostino D, Volpe S, Benfante A, van
Hooff S, lacobelli V, Rossi C, lacobelli S et al (2015) ErbB-3 activation by
NRG-1beta sustains growth and promotes vemurafenib resistance in
BRAF-V600E colon cancer stem cells (CSCs). Oncotarget 6: 16902 —16911

Rios-Luci C, Garcia-Alonso S, Diaz-Rodriguez E, Nadal-Serrano M, Arribas |,
Ocana A, Pandiella A (2017) Resistance to the antibody-drug conjugate T-
DM1 is based in a reduction in lysosomal proteolytic activity. Cancer Res
77: 46394651

Rios-Luci C, Diaz-Rodriguez E, Gandullo-Sanchez L, Diaz-Gil L, Ocana A,
Pandiella A (2020) Adaptive resistance to trastuzumab impairs response to
neratinib and lapatinib through deregulation of cell death mechanisms.
Cancer Lett 470: 161—-169

EMBO Molecular Medicine 12: €1149812020 15 of 16



EMBO Molecular Medicine

Ritter CA, Perez-Torres M, Rinehart C, Guix M, Dugger T, Engelman JA,
Arteaga CL (2007) Human breast cancer cells selected for resistance to
trastuzumab in vivo overexpress epidermal growth factor receptor and
ErbB ligands and remain dependent on the ErbB receptor network. Clin
Cancer Res 13: 4909-4919

Sala G, Traini S, D’Egidio M, Vianale G, Rossi C, Piccolo E, Lattanzio R,
Piantelli M, Tinari N, Natali PG et al (2012) An ErbB-3 antibody, MP-
RM-1, inhibits tumor growth by blocking ligand-dependent and
independent activation of ErbB-3/Akt signaling. Oncogene 31: 1275-1286

Sala G, Rapposelli IG, Ghasemi R, Piccolo E, Traini S, Capone E, Rossi C,
Pelliccia A, Di Risio A, D’Egidio M et al (2013) EV20, a novel anti-ErbB-3
humanized antibody, promotes ErbB-3 down-regulation and inhibits
tumor growth in vivo. Trans! Oncol 6: 676 —684

Sanchez-Martin M, Pandiella A (2012) Differential action of small molecule
HER kinase inhibitors on receptor heterodimerization: therapeutic
implications. Int | Cancer 131: 244 —252

Schwarz L, Hutchinson KE, Rexer BN, Estrada MV, Gonzalez Ericsson PI,
Sanders ME, Dugger TC, Formisano L, Guerrero-Zotano A, Red-Brewer M
et al (2017) An ERBB1-3 neutralizing antibody mixture with high activity
against drug-resistant HER2" breast cancers with ERBB ligand
overexpression. / Natl Cancer Inst 109: 1—10

Seoane S, Montero JC, Ocana A, Pandiella A (2010) Effect of multikinase
inhibitors on caspase-independent cell death and DNA damage in HER2-
overexpressing breast cancer cells. J Natl Cancer Inst 102: 14321446

Seoane S, Montero JC, Ocana A, Pandiella A (2016) Breast cancer
dissemination promoted by a neuregulin-collagenase 3 signalling node.
Oncogene 35: 2756 — 2765

16 of 16 EMBO Molecular Medicine 12: €11498 | 2020

Lucia Gandullo-Sdnchez et al

Sergina NV, Rausch M, Wang D, Blair J, Hann B, Shokat KM, Moasser MM
(2007) Escape from HER-family tyrosine kinase inhibitor therapy by the
kinase-inactive HER3. Nature 445: 437441

Shattuck DL, Miller JK, Carraway KL IlI, Sweeney C (2008) Met receptor
contributes to trastuzumab resistance of Her2-overexpressing breast
cancer cells. Cancer Res 68: 1471—1477

“Slamon DJ, Clark GM, Wong SG, Levin W, Ullrich A, McGuire WL (1987)
Human breast cancer: correlation of relapse and survival with
amplification of the HER-2/neu oncogene. Science 235: 177 —182

Vollmann-Zwerenz A, Diermeier-Daucher S, Wege AK, Sassen A, Schmidt-
Brucken E, Hofstaedter F, Ortmann O, Nauwelaers F, Brockhoff G (2010)
Multichromatic phenotyping of HER receptor coexpression in breast
tumor tissue samples using flow cytometry—possibilities and limitations.
Cytometry A 77: 387 —-398

Yonesaka K, Takegawa N, Watanabe S, Haratani K, Kawakami H, Sakai K,
Chiba Y, Maeda N, Kagari T, Hirotani K et al (2019) An HER3-targeting
antibody-drug conjugate incorporating a DNA topoisomerase | inhibitor
U3-1402 conquers EGFR tyrosine kinase inhibitor-resistant NSCLC.
Oncogene 38: 1398 —1409

Zhang |, Yang PL, Gray NS (2009) Targeting cancer with small molecule
kinase inhibitors. Nat Rev Cancer 9: 28—39

® License: This is an open access article under the

terms of the Creative Commons Attribution 4.0

License, which permits use, distribution and reproduc-

tion in any medium, provided the original work is

properly cited.

© 2020 The Authors



