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ABSTRACT

Ado-trastuzumab emtansine (Kadcyla®; T-DM1) is an antibody-drug conjugate developed to treat
trastuzumab-resistant disease. Despite initial favorable outcomes, most patients eventually cease to
respond due to developing acquired resistance to T-DM1. Currently, there is no targeted therapy to treat
T-DM1-resistant disease. To explore novel therapeutic targets to improve therapeutic efficacy of T-DM1,
we generated T-DM1-resistant cells using trastuzumab-resistant JIMT1 cells. We found that the loss of
human epidermal growth factor receptor 2 confers T-DM1 resistance, which in turn activates a com-
pensatory mechanism that increases epidermal growth factor receptor (EGFR) expression. Upregulation
of EGFR increases the protein levels of a531 and aV3 integrins, resulting in enhanced motility and
invasion of T-DM1-resistant cells. This study delineates previously unappreciated relationships between
a5B1 and aVB3 and suggests that specific integrins should be carefully selected as therapeutic targets to
treat T-DM1-resistant disease. Specifically, silencing B1 integrin expression by siRNA in T-DM1-resistant
cells destabilizes a5, but increases expression of aV, a critical integrin mediating the invasion and
metastases in many different cancers. As a consequence, T-DM1-resistant cells gain metastatic potential
and become more invasive. This finding is underscored by the fact that 31 integrin blockage induced by
an inhibitory antibody, MAB 13, significantly increases invasion of T-DM1-resistant cells. However, the
increased cell invasion induced by B1 integrin blockage can be significantly reduced by either EGFR
inhibitor or specific sSiRNA against aV integrin. The discovery of functional cooperation between EGFR
and aV integrin in regulating cell growth and invasion provides an opportunity to develop novel
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therapeutic strategy by dual-targeting EGFR and specific integrin to overcome T-DM1 resistance.

Introduction

Antibody-drug conjugates (ADCs) are one of the fastest grow-
ing classes of oncology therapeutics designed to improve
therapeutic index by specifically delivering potent cytotoxic
payload to tumor cells.! Ado-trastuzumab emtansine
(Kadcyla®; T-DM1) is an ADC consisting of trastuzumab
(Herceptin®), a HER2-targeting monoclonal antibody, and
DM1, a microtubule inhibitor, which is conjugated to trastu-
zumab via a thioether linker.” T-DM1 has been approved by
the US Food and Drug Administration for the treatment of
human epidermal growth factor receptor 2 (HER2)-positive
metastatic breast cancer patients who previously received
trastuzumab and taxane, separately or in combination.’
Upon binding to HER2 on cell surface, T-DM1-HER2 com-
plex is internalized into the cell and the active catabolite,
lysine-N(g)-N-mal-eimidomethyl-cyclohexane-1-carboxylate

(MCC)-DM1, is released into the cytosol of cancer cells.*
Subsequently, the active agent blocks microtubule assembly
to cause mitotic arrest leading to cell death.*”” Despite initial
favorable outcomes, most HER2-positive patients treated with

T-DMI1 eventually stop responding the treatment due to the
development of acquired resistance.®

Although the T-DMIl-resistant mechanisms are not yet
fully understood, preclinical studies suggest that resistance
to T-DM1 occurs through multiple mechanisms, including
reduced HER2 expression,” increased expression and activity
of drug efflux proteins,”'? increased neuregulin expression,""
defective cyclin B1,"”” a reduction in lysosomal proteolytic
activity,”” and caveolin-1-dependent T-DM1 endocytosis."*
However, it remains unclear whether T-DM1-resistant breast
cancer cells gain invasive activity that potentially increases
metastatic potential. Furthermore, understanding of the
underlying molecular and cellular mechanisms of cancer pro-
gression of T-DMl-resistant diseases is of considerable
importance for both clinical diagnosis and therapy. To the
best of our knowledge, correlations of the T-DM1 resistance
with increased cellular invasion have not yet been examined.

Integrins are the most predominant and well characterized
cell surface receptors of extracellular matrix (ECM) molecules,
such as fibronectin, laminin, and collagen, and are involved in
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metastatic processes of cancers.>'® Integrin consists of het-
erodimers with 18 a and 8 P subunits, with each specific
integrin heterodimer binding to a distinct ECM molecule.
For instance, a5p1 and aVP3 integrins recognize Arg-Gly-
Asp (RGD) sequence contained in fibronectin, and therefore
they are well-known as a fibronectin (or RGD) receptor.'”'®

To understand the mechanisms of T-DMI1 resistance and
improve its therapeutic efficacy, we generated a T-DM1-resis-
tant cell model using the HER2-positive breast carcinoma
JIMT1 cell line and studied the cellular and molecular aspects
of acquired resistance. We found that in T-DMI-resistant
cells, HER2 expression is diminished, which confers T-DM1
resistance. Downregulation of HER2 leads to upregulation of
epidermal growth factor receptor (EGFR), which may be
caused by a compensatory mechanism.'”*® The increased
EGFR signaling cooperates with RGD receptor, a5p1 and
aVP3, to increase cell invasion properties of T-DM1-resistant
cells. Our data indicate that targeting both EGFR and RGD
receptors could be a novel therapeutic approach to treat
T-DMI1-resistant breast cancers.

Results
Establishment of T-DM1-resistant cells

JIMT1 cells were derived from a HER2-positive breast cancer
patient who was primarily resistant to trastuzumab.”' To
develop T-DMI-resistant cells, JIMT1 cells were exposed to
escalated doses of T-DM1 as indicated in Figure 1A. After
2 months, cells became resistant to T-DM1 at the dose of
2.0 pg/ml. The dose of T-DM1 was then increased to 3.6-
4.0 pug/ml. The cells were populated and maintained in the
presence of 3.6-4.0 pg/ml T-DM1 for 3 months to establish
T-DM1-resistant cells designated as T-DMIR (Figure 1A). It
should be noted that T-DMIR cells were always maintained in
the tissue culture media containing 3.6-4.0 pg/ml T-DMI. As
shown in Figure 1B and C, T-DMIR cells were able to grow in
the presence of 3.6-4.0 pug/ml T-DM1 under both 10% (1B)
and 1% (1C) of fetal bovine serum (FBS). We also examined
colony formations using a soft agar assay. As shown in
Figure 1D and E, T-DMIR cells were capable of growing in
soft agar and forming colonies (250 um in diameter),
although the number of colonies of T-DMIR cells are fewer
than that of parental JIMT1 cells. Taken together, we con-
cluded that T-DMIR cells acquired T-DM1 resistance and
retained tumorigenic activities.

Next, we examined microtubule assembly in T-DMI1R cells
during both non-mitosis and mitosis. In non-mitotic parental
cells, microtubules were assembled efficiently in the absence
of T-DM1 (Figure 1F). However, overnight treatment with
4 pg/ml T-DM1 disrupted microtubule network in parental
JIMT1 cells such that the microtubules were accumulated at
the cell periphery (Figure 1F, arrows). The accumulation of
microtubules at the cell peripheral in response to drug treat-
ment is a typical morphology of apoptotic cells.”* In contrast,
the microtubule network remained intact in T-DMIR cells
treated with 4 pg/ml T-DM1 overnight (Figure 1F).

Mitotic spindles are microtubule-based structures that
separate chromosome aligned in the middle of the cell body.

In the presence of T-DMI, the microtubule-based spindle
formation was severely disrupted in parental cells, resulting
in mitotic arrest and fragmented nuclei (Figure 1G). When
T-DMIR cells were incubated with T-DM1, the mitotic spin-
dles appeared to be similar to those of untreated parental cells
and the normal alignment of chromosome in the middle of
cell body was maintained (Figure 1G). Taken together, the
data show that T-DMIR cells overcome T-DM1-induced inhi-
bition of microtubule polymerization and apoptosis.

HER2 expression is diminished in T-DM1R cells

We next examined expression of HER2 in T-DMIR cells
using Western blot analysis and fluorescent immunostaining.
As shown in Figure 2A and B, HER2 expression was dimin-
ished in T-DMIR cells compared with that in parental JIMT1
cells. The loss of HER2 expression in T-DM1-resistant cells is
consistent with a previous study.”*> We obtained the same
result from an independent selection of T-DM1-resistant cells,
in that HER2 expression was diminished after JIMT1 cells
became resistant to T-DM1 (data not shown). To further
confirm this observation, we examined whether T-DM1 inter-
nalization and the subsequent trafficking into lysosome were
blocked in T-DMIR cells. Figure 2C and D showed that
T-DM1 was co-localized with HER?2 at the cell surface (yellow
arrows) after parental JIMT1 cells were incubated with
T-DMI1 for 1 hr and 6 hrs, and then endocytosed and co-
localized with LAMP-1 (white arrows), a lysosomal marker.
On the other hand, in T-DMIR cells, the co-localization of
T-DM1 with HER2 or LAMP-1 was not observed (Figure 2E
and F). Data from these experiments indicate that the loss of
HER?2 expression in T-DMIR cells blocks the internalization
of T-DM1. Taken together, the loss of HER2 expression leads
to T-DM1 resistance in our cellular model.

Cell motility and invasion activity are enhanced in
T-DM1R cells

At the steady state, T-DMI1R cells exhibited spindle like mor-
phology, which differs from epithelial-like and tile-shaped
parental JIMT1 cells (Figure 3A). To ascertain whether spin-
dle shape morphology could be correlated with cell motility in
T-DMIR cells, a cell migration assay was performed. Results
from the migration assay showed that the cell motility was
enhanced in T-DMIR cells compared with that of parental
cells both in the absence and presence of T-DM1 (Figure 3B).
Actin staining by rhodamine-conjugated phalloidin demon-
strated that invadopodia-like actin protrusions were observed
in T-DMI1R cells, whereas the parental cells lacked invadopo-
dia-like structures (Figure 3C and D). Invadopodia-like actin
protrusions are associated with metastatic cancers and play an
important role in the metastasis process.'®** As predicted,
invasion activity of T-DMIR cells was significantly enhanced
compared with that of parental cells (Figure 3E).

a5B1 integrins are upregulated in T-DM1R cells

We found that invadopodia-like actin protrusions in T-DM1R
cells were only observed with fibronectin-coated dishes, not in
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Figure 1. Establishment of T-DM1-resistant cells from JIMT1 cell line. (A) Procedures and the time line for developing and establishing T-DM1-resistant (T-DM1R) cells.
(B) Cell growth files of T-DM1R and parental JIMT1 cells in 10% FBS-containing media with or without of T-DM1 4.0 pg/ml. (C) Cell growth files of T-DM1R and
parental JIMT1 cells in 1% FBS-containing media with or without of T-DM1 4.0 pg/ml. (D) Soft agar assay in the presence of 10% FBS. Scale bar, 50 pm. (E)
Quantification of soft agar assay. Colonies that were larger than 50 um in diameter were counted. (F) Fluorescent immunostaining images showing polymerized
microtubule and actin in T-DM1R cells, comparing with those in the parental cells in the absence/presence of 4 ug/ml T-DM1. Nucleus was stained with DAPI. Scale
bar, 20 pm. (G) Fluorescent immunostaining images showing polymerized microtubule and separated chromosome in T-DM1R cells during cell mitosis, comparing
with those in the parental cells in the absence/presence of 4 pg/ml T-DM1. Chromosome was stained with DAPI. Scale bar, 10 pm.

the other ECM protein- (i.e., collagen) coated dishes (data not
shown), suggesting that cell motility or invasion properties of
T-DMIR cells are affected by cellular proteins that associate
with fibronectin. To elucidate possible mechanisms involved

in the enhanced cell invasion activity in T-DMIR cells, we
hypothesized that the fibronectin receptor (also known as
RGD receptor) a5f1 integrin could be involved. To this end,
we first examined gene expression levels of a5 and I
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Figure 2. HER2-dependent T-DM1 internalization is blocked in T-DM1R cells. (A) The levels of endogenous HER2 in the WCL of JIMT1 parental and T-DM1R cells were
analyzed by Western blot. (B) Fluorescent immunostaining images showing HER2 in JIMT1 parental and T-DM1R cells. Nucleus was stained with DAPI. Scale bar,
20 pm. (C and D) JIMT1 parental cells were incubated with 100 ug/ml T-DM1 at 37°C for 1 hr and 6 hrs, and subsequently fixed for fluorescent immunostaining of
T-DM1 using DyLight 488-conjugated anti-human IgG antibody (green in C and D), HER2 (red in C) and LAMP-1 (red in D). Nucleus was stained with DAPI (blue in C
and D). Scale bar, 20 um. (E and F) JIMT1 T-DM1R cells were incubated with 100 pg/ml T-DM1 at 37°C for 1 hr and 6 hrs, and subsequently fixed for fluorescent
immunostaining of T-DM1 using DyLight 488-conjugated anti-human IgG antibody (green in E and F), HER2 (red in E) and LAMP-1 (red in F). Nucleus was stained
with DAPI (blue). T-DM1 were not co-localized with either HER2 or LAMP-1. Scale bar, 20 pm.

integrins by quantitative PCR (q-PCR), and data showed that
gene expressions of a5 and f1 integrins were increased two
folds in T-DMIR cells compared with those in parental cells
(Figure 4A). Further, the increased a5 and 1 integrin protein

expressions were confirmed by Western blot (Figure 4B) and
fluorescent immunostaining (Figure 4C and D). As shown in
Figure 4C and D, vinculin or paxillin is co-located with
integrins in the focal contacts, and both proteins were used
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Figure 3. Cell migration and invasion activities are promoted in T-DM1R cells. (A) Bright field (BF) images of JIMT1 parental and T-DM1R cells. Scale bar, 50 pm. (B)
Cell migration assay. Scale bar, 100 um. BF images of Day 0 and Day 1 are shown for each experiment. (C) Actin staining by rhodamine phalloidin shows
invadopodia-like actin protrusion in T-DM1R cells. Scale bar, 10 um. (D) Quantification of invadopodia-like actin protrusion positive cells in parental and T-DM1R cells.
Cell numbers showing invadopodia-like actin protrusion positive cells were quantified per total cell numbers counted in randomly selected fields (n = 3, total
118-370 cells). (E) Cell invasion activity was measured by obtaining relative fluorescence units (RFU) from cells that passively passed through ECM-coated membrane

(see Materials & Methods in detail) .

as markers for this experiment. These results suggest that
a5B1 integrin likely plays a role in the enhanced cell motility
or invasion activity in T-DMIR cells.

Inhibition of a5B1 integrin enhances cell invasion activity
in T-DM1R cells

To examine the involvement of a5p1 integrin in the enhanced
cell invasion activity, p1 integrin was knocked-down using
siRNA technology. As shown in Figure 4E, the knock-down
efficiency of Pl integrin was evaluated by Western blot ana-
lysis as 90.4% after 72 hr post siRNA transfection. The p1
integrin knocked-down T-DMIR cells display morphology
similar to that of parental cells (Figure 4F right panels).

Unexpectedly, invasion activity was enhanced in both (1
integrin knocked-down parental and T-DMIR cells, to an
even greater extent in T-DMIR cells (Figure 4G).
Interestingly, cell growth was inhibited in P1 integrin
knocked-down cells compared to that of control siRNA-trea-
ted cells (Figure 4H), suggesting that the cell growth and
invasion were regulated differently in T-DMIR cells. To con-
firm the result of the enhanced cell invasion activity in Pl
integrin knocked-down cells, cell invasive activity was exam-
ined by an alternative method. MAB 13 is a monoclonal
antibody directed against 1 integrin and has been shown to
inhibit a5B1 integrin function by binding RGD (Arg-Gly-Asp)
contained in ECM proteins such as fibronectin.”> Human
fibrosarcoma HT1080 is a well-known cell line that shows
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Figure 4. a5B1 integrin is up-regulated in T-DM1R cells and blocking a5B1 integrin enhances cell invasion activity. (A) Gene expression levels of a5 integrin and 31
integrin were examined by quantitative PCR. GAPDH gene was used as an internal control. (B) Protein expression levels of a5 and 1 integrins in the WCL of JIMT1
parental and T-DM1R cells were analyzed by Western blot analysis. (C) Fluorescent immunostaining images showing a5 integrin and vinculin in JIMT1 parental and
T-DM1R cells. Scale bar, 20 um. (D) Fluorescent immunostaining images showing B1 integrin and paxillin in JIMT1 parental and T-DM1R cells. Scale bar, 20 um. (E)
Knock-down efficiency of 1 integrin in T-DM1R cells was evaluated by Western blot analysis. (F) Bright field (BF) images showing cell morphology of control siRNA
and B1 integrin specific siRNA treated T-DM1R cells. BF images, scale bar, 50 pm. (G) Cell invasion activity in control siRNA treated or B1 integrin knocked-down
T-DM1R cells. (H) Cell growth assay in control siRNA and 1 integrin knocked-downed T-DM1R cells after 48 hrs of siRNA transfection. (I) BF images showing the
number of MAB 13-treated HT1080 or T-DM1R cells that passed through ECM-coated membrane. Scale bar, 100 um. (J) Quantitative analysis of cell invasion activity
in MAB 13-treated T-DM1R cells comparing with that in PBS control cells.



a5B1 integrin-dependent cell invasion activity when fibronec-
tin is a substrate.”® Data from cell invasion assays showed that
MAB 13 blocked invasion activity in HT1080 cells (Figure 41,
left panels), but significantly enhanced invasion activity in
T-DMIR cells (Figure 4I, right panels and 4J), consistent
with the results shown in Figure 4G.

aV integrin is essential for the enhanced cell invasion
activity in a5B1 integrin function-blocked cells

Since oV integrin is also a major RGD receptor for
fibronectin,'” we hypothesized that aV integrin may play a
role in the enhanced cell invasion in the cells when a5p1
integrin function is blocked. Western blot analysis showed
that expression levels of aV integrin did not vary noticeably
between parental cells in the absence/presence of T-DM1 and
T-DMIR cells on non-fibronectin-coated dishes (Figure 5A).
Treatment of T-DMIR cells with MAB 13 did not change the
expression levels of aV integrin compared with control IgG
treatment (Figure 5B). We then explored the functional con-
nections among different integrin molecules in T-DMI1R cells
using siRNA. Western blotting data showed that a5 integrin
expression was decreased in Bl integrin-knocked-down cells
(Figure 5C). Since P1 integrin is the sole binding partner for
a5 integrin, these data indicate that silencing 1 integrin leads
to instability of a5 integrin in T-DMIR cells. Data in
Figure 5C showed that reduced protein expression of a5
integrin appeared to be correlated with the increased aV
integrin expression in Bl integrin knocked-down T-DMIR
cells. Our results indicate that aV integrin does not need {1
integrin to be stabilized and expressed in the T-DMIR cells
since it can associate with other P integrins, such as 3
integrin, to form heterodimers. Silencing aV integrin did
not alter a5 integrin expression. However, a double knock-
down of Bl and aV integrins also reduced a5 integrin expres-
sion in T-DMIR cells (Figure 5C).

We next examined whether aV integrin, which increased
in expression in the 1 integrin knocked-down cells, plays a
critical role for cell invasion in T-DMIR cells. Figure 5D and
E showed that invasion activity of T-DMI1R cells was relatively
low and slightly reduced by silencing aV integrin. The
increased T-DMIR cell invasion activity induced by p1 integ-
rin knock-down was significantly reduced when oV integrin
expression was silenced by siRNA. These results suggest that
aV integrin plays a critical role for the enhanced cell invasion
in P1 integrin knocked-down T-DMIR cells. At the steady
state, aV integrin activity may be inhibited by o5 integrin that
competes binding of 1 integrin with aV integrin to form
a5B1 heterodimer. These data were further confirmed with
MAB 13 treatment. As shown in Figure 5F and G, the cell
invasion activity enhanced by anti-B1 integrin antibody, MAB
13, was also significantly inhibited by specific aV integrin
siRNA in T-DMIR cells. These results provide another piece
of evidence indicating that aV integrin plays a critical role in
the enhanced invasion activity of T-DMIR cells when 1
integrin function is impaired. It should be noted that aV
integrin knock-down was unable to enhance, rather slightly
reduced cell invasion activity in T-DMIR cells. This suggests
that the function of aV integrin in the regulation of cell
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invasion of T-DMIR cell cannot be compensated by other
integrins (Figure 5D-G). The role of aV integrin in the
regulation of cell invasion of T-DMIR cells was further sup-
ported by the fact that RGD peptide mimicked the effects of
aV integrin knock-down on blocking the enhanced cell inva-
sion activity induced by MAB 13 (Figure 5H and I).

Taken together, these data provide important information
for the target selection of integrin molecules for T-DM1-
resistant cancer treatment. Based on data presented here, the
metastatic potential of T-DMI resistant cancer could be
enhanced if only Pl integrin is targeted. Targeting both
RGD receptors, a5p1 and aV integrins, may provide effective
therapeutic approach to inhibit growth and metastasis of
T-DMI1-resistant breast cancer.

EGFR functionally cooperates with integrins and
regulates T-DM1R cell invasion and growth

HER2 amplification is associated with cancer aggressiveness,
poor prognosis and short survival.”” However, in this study we
demonstrated that T-DMIR cells gain high metastatic potential
and become more invasive after loss of their HER2 expression.
Previous studies have documented the cooperation of aV integ-
rin with receptor tyrosine kinases (RTKs), including hepato-
cytes growth factor receptor (HGFR), insulin-like growth factor
receptor I (IGF-IR) and EGFR, to promote the invasive poten-
tial of cancer cells.**>° aVB3 integrin-KRAS-RalB complex
drives tumor stemness and resistance to EGFR inhibition.*!
Thus, we hypothesized that the loss of HER2 expression may
activate a compensatory mechanism to upregulate other path-
ways mediated by RTKs that lead to enhanced invasiveness.
To assess RTK phosphorylation, we used an array kit that
can simultaneously detect relative phosphorylation of 71 dif-
ferent RTKs. Data from the phosphorylation array showed
that the phosphorylation of EGFR, HGFR, and IGF-IR were
detected in parental cells treated with trastuzumab or T-DM1,
or left untreated, and T-DMIR cells (Figure 6A). The levels of
EGFR phosphorylation in T-DMIR cells appeared to be
higher than that in parental cells (Figure 6A, yellow rectan-
gular). Western blotting data further confirmed that the levels
of EGFR and phosphorylated EGFR were increased in
T-DMIR cells compared to that in parental JIMTI cells
(Figure 6B), suggesting that EGFR activity is upregulated.
Results from an invasion assay show that inhibition of
EGEFR by either cetuximab (anti-EGFR therapeutic monoclo-
nal antibody) or erlotinib (specific EGFR kinase inhibitor)
reduced cell invasion activity induced by Pl integrin
knocked-down in T-DMIR cells, whereas knock-down of
HGFR or IGF-IR had no significant effects on the invasion
activity of T-DMI1 cells (Figure 6C). Figure 6D showed that
EGEFR expression was not affected by B1 integrin knock-down
while aV integrin protein levels were enhanced (left panel),
consistent with data shown in Figure 5C. The data suggest
that up-regulated EGFR expression and phosphorylation are
independent of a5p1 integrin in T-DMIR cells. Data shown in
Figure 6D (right panel) demonstrated that, while EGFR was
not co-immunoprecipitated by aV integrin, more 3 integrin
was proportionally found in aV co-immunoprecipitates in p1
integrin knocked-down cells compared with control siRNA
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control IgG + aV integrin siRNA, or MAB 13 + aV integrin siRNAs. Scale bar, 100 pm. (G) Quantitative analysis of cell invasion activity. (H) BF images showing invasive
T-DM1R cells that passed through the ECM-coated membrane. Images represent T-DM1R cells treated with control IgG, MAB 13, control IgG + RGD peptide, or MAB

13 + RGD peptide. Scale bar, 100 pm. (I) Quantitative analysis of cell invasion activity.



treated cells. This suggests that the levels of aV{33 heterodimer
are increased when P1 integrin is silenced by siRNA. aV[3
complex has been reported to associate with a variety of
highly progressed cancers.>>

Next, we investigated the functional connections between
EGFR and integrins. After T-DMIR cells were treated with
erlotinib for 24 hours, the morphology of T-DMIR cells was
changed from the mesenchymal-like spindle shape to an
epithelial-like sheet shape similar to that of parental cells
(Figure 6E), suggesting that EGFR kinase activity is involved
in the regulation of integrins in T-DMIR cells. Figure 6F
demonstrated that the enhanced expression of aV, a5 and
B1 integrins in T-DMIR cells, compared to that in parental
cells, were reduced by erlotinib on fibronectin-coated dishes,
and Figure 6G showed that cell growth was also inhibited
when T-DMIR cells were treated with erlotinib. These results
provide strong evidence that EGFR activity is required for the
upregulation of these integrins molecules in T-DMIR cells.
Taken together, our study indicates that loss of HER2 in
T-DMIR cells up-regulates EGFR expression via a compensa-
tory pathway, which in turn enhances the expression of a5p1
and aVp3 integrins and ultimately increases the cells invasion
of T-DM1 resistant cells. Next, we asked if EGFR kinase
inhibitors alone can block the increased cell invasive pheno-
type. As shown in Figure 6H, EGFR kinase inhibitors were
not sufficient to inhibit cell invasive activity of T-DMIR cells
(Figure 6H).

We next addressed whether T-DMIR cells were cross-
resistant to chemotherapeutic drugs, such as doxorubicin
and paclitaxel, that are commonly used to treat breast cancer
patients. As shown in Figure 7A-D, T-DMIR cells exhibited
certain levels of cross-resistance to these chemotherapeutic
drugs, consistent with the previous study.” Specifically,
T-DMIR cells treated with either doxorubicin or paclitaxel
continued to grow and reached 53.7% and 40.2% of cell
growth of untreated T-DMIR cells, respectively. However,
there was no growth for parental cells treated with either
doxorubicin or paclitaxel. MDR1 and MRP1 are the member
of ABC transporter family and are involved in a multiple drug
resistance in cancers.”> > We then examined their protein
expression in both JIMT1 parental and T-DMIR cells.
Figure 7E showed that neither parental nor T-DMIR cells
expressed MDRI1 protein. In contrast, MRP1 protein expres-
sion was enhanced in the T-DMIR cells compared to that in
parental cells and Hela cells (Figure 7F), suggesting that
upregulation of MRP1 may contribute to cross-resistance of
T-DMIR cells to the chemotherapeutic drugs.

Discussion

Here, we show that the cell invasion activity is enhanced when
HER2-positive breast cancer cells become resistant to T-DM1
and demonstrate that EGFR cooperates with a5p1 and aV[3
integrins to control the cell growth and invasion activity of
T-DMIR cells. As depicted in our working model shown in
Figure 7G, loss of HER2 confers T-DM1 resistance in HER2-
positive breast cancer cells chronically exposed to T-DMI.
This in turn upregulates EGFR expression to compensate for
the diminished HER2 expression and changes the balance of
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integrin signaling pathways in T-DMIR cells. Upregulated
EGFR activity increases the expression of the major RGD
integrins, a5p1 and aVP3 and, together with these RGD-
binding integrins, leads to enhanced T-DMIR cell invasion.
When (1 integrin function is blocked by either specific siRNA
or the inhibitory monoclonal antibody MAB 13, cell invasion
activity of T-DMIR cells is significantly increased via two
proposed mechanisms. First, when Pl integrin expression is
reduced by siRNA, a5 integrin undergoes degradation. This
results in the reduced a5B1 and increased aVP3 in T-DMI1R
cells. Secondly, when a5B1 function is inhibited by MAB 13,
this may release its suppressive effect on endogenous aV3
integrin, thus upregulating its intrinsic cellular function.
Upregulated aVB3 together with enhanced EGFR activity
strongly promotes cell invasion activity of T-DMIR cells
(Figure 7G).

Resistance to therapeutic drugs is a major clinical problem
in oncology. T-DM1 has been approved to treat trastuzumab-
resistant breast cancer. While primary resistance to T-DM1
may be relatively infrequent, most patients will eventually
develop acquired resistance to T-DM1.® Currently, there is
no approved targeted therapy to effectively treat T-DM1-
resistant breast cancers. This study may provide critical infor-
mation for the development of targeted therapy of T-DM1-
resistant disease. First, a5Pp1 integrin has been reported to
correlate with disease progression in various tumor types,
and targeting a5p1 integrin has been shown efficacy in redu-
cing tumor burden in preclinical models.'®***” An anti-integ-
rin 1 monoclonal antibody has been tested to affect in vitro
and in vivo growth of human breast cancer tumor cells.*®
While integrin receptors could potentially serve as therapeutic
targets for breast cancers, specific integrin molecules should
be very carefully selected as therapeutic targets to treat
T-DMI1-resistant disease. Our data indicate that the inhibition
of B1 integrin gives T-DMI1R cells, which express higher levels
of B1 integrin than parental cells, the ability to gain a higher
metastatic potential and become more invasive.

Second, aVB3 integrin was reported as a specific marker of
most malignant melanoma.” Since then, aV together with (3,
B5, B6, or B8 integrins has been widely studied in multiple
cancers and numerous studies have shown the correlation of
high aV integrin expression with cancer progression.*’™**
Conversely, inhibition of aV integrin is sufficient to block
invasive activity in preclinical in vitro and in vivo models-
4045747 and has been used as a therapeutic target for meta-
static cancers in preclinical and clinical studies.'®**** In this
study, we show that aVP3 heterodimer is found in HER2-
positive breast cells. The levels of aV are elevated when 1
integrin is reduced by siRNA, which correlates with the
enhanced cell invasion activity of T-DMIR cells. These data
suggest that oV integrin plays a crucial role in the invasive
phonotype of T-DMIR cells and could potentially serve as a
therapeutic target to inhibit invasion and metastasis of
T-DMI1-resistant disease.

Third, EGFR and HER2 contribute to tumor formation
and metastasis in many tumor types, including breast can-
cers. Not only does our study reveal a compensatory path-
way between EGFR and HER2, but it also demonstrates a
novel relationship between HER family receptors and RGD
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Figure 6. The enhanced EGFR activity functionally cooperates with integrins and regulates T-DM1R cell invasion and growth. (A) Images showing the levels of
phosphorylated receptor tyrosine kinases (RTKs) in parental cells treated as indicated or T-DM1R cells. (B) The levels of EGFR and phosphorylated EGFR were
evaluated in the WCL of parental and T-DM1R cells by Western blot analysis. (C) Cell invasion activities of T-MD1R cells treated with different specific siRNAs or drugs
as indicated. The concentration of cetuximab was 100 pg/ml cetuximab, and concentration of erlotinib was 5 pM. (D) The levels of aV integrin, B3 integrin and EGFR
were evaluated in WCL of T-DM1 cells treated with either control siRNA or B1 integrin siRNA using Western blot analysis (left panels). WCL of T-DM1 cells treated as
indicated were subjected to co-immunoprecipitation experiments (right panels), and Western blot data showed that 33 integrin, but not EGFR, was detected in anti-
aV integrin immunoprecipitates. (E) 1 x 10° JIMT1 parental or T-DM1R cells were seeded on fibronectin-coated 6-well plates and cultured overnight. Then, T-DM1R
cells were treated with 5 uM erlotinib or left untreated and cultured for another 24 hrs. Bright field images were captured at 24-hour time point. Scale bar, 50 um. (F)
The levels of a5, B1 and aV integrin expressions were evaluated by Western blot analysis in the WCL collected at 24 and 48-hour time points as shown in E. (G) Cell
growth profiles of JIMT1 parental or T-DM1R cells treated with either 5 uM erlotinib or DMSO control, respectively. T-DM1R cells were always cultured in the media
containing 4 pg/ml of T-DM1. (H) Cell invasion activities of T-DM1R cells treated with 5 uM erlotinib, 5 pM AG1478 or DMSO control.
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Figure 7. Cross-resistance of T-DM1-resistant cells to doxorubicin and paclitaxel. (A, B) Cell growth profiles of JIMT1 parental or T-DM1R cells treated with either
50 nM doxorubicin or left untreated. T-DM1R cells were cultured in the media containing 4 ug/ml of T-DM1. (C, D) Cell growth profiles of JIMT1 parental or T-DM1R
cells treated with either 5 nM paclitaxel or left untreated. T-DM1R cells were cultured in the media containing 4 ug/ml of T-DM1. (E and F) The levels of MDR1 were
evaluated in the WCL of parental and T-DM1R cells by Western blot analysis using anti-MDR1 antibody. HeLa cells were used as a positive control. The experimental
procedure for Figure 7F is essentially the same as described in Figure 7E, except that anti-MRP1 antibody was used to detect the protein levels of MRP1 in WCL. (G)
Working model: Loss of HER2 confers T-DM1 resistance in HER2-positive breast cancer cells, which in turn upregulates EGFR via a compensatory mechanism.
Increased EGFR activity changes the expression of the major RGD integrins, a581 and aVp1, leading to the enhanced cell invasion compared with parental JIMT1
breast cancer cells. Importantly, when 1 integrin function is blocked by either specific siRNA or inhibitory monoclonal antibody, MAB 13, this leads to significant
increase in cell invasion of T-DM1R cells.
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integrins in T-DMI resistant breast cancer cells. However, it
should be noted that the molecular mechanisms behind the
cross-talk between two signaling pathways are not entirely
understood, indicating a need for additional research. Our
data indicate that the expression of RGD integrins and
aVB3-mediated invasive phenotype of T-DMIR cells appear
to be regulated EGFR activity. However, blocking EGFR
kinase activity by kinase inhibitor appears insufficient in
inhibiting cell invasion activity of T-DMIR cells, although
it can inhibit T-DMIR cell growth. While the expression
changes in EGFR and RGD integrins may provide opportu-
nity to develop effective therapeutic strategy to overcome
T-DMI1 resistance, our data suggest that dual targeting of
EGFR and integrins may be crucial for the treatment of
T-DM1-resistant disease.

Materials and methods
Cells and therapeutic drugs

A primary trastuzumab-resistant breast cancer cell line JIMT1
was purchased from DSMZ and cultured in Dulbecco’s
Modified Eagle’s medium (DMEM) containing 10% FBS
according to the instructions provided by the company.
Human cervical cancer HeLa cell and human fibrosarcoma
HT1080 cell were purchased from ATCC and cultured in
DMEM media containing 10% FBS. T-DM1, trastuzumab,
cetuximab, doxorubicin, and paclitaxel were purchased from
the pharmacy at the NIH (Bethesda, NIH). Erlotinib was
purchased from Selleckchem (cat#S1023). Tyrphostin
AG1478 was purchased from Sigma-Aldrich (cat#T4182).
MAB 13, a rat IgG2ax targeting Bl integrin, was purchased
from BD Pharmingen (cat#552828).

Immunofluorescent staining

Cells were plated on either non-coated or fibronectin (10 pg/
ml at 4°C overnight, Sigma-Aldrich) pre-coated glass cover-
slips in 12-well plate and cultured overnight. Cells were then
fixed in 4% paraformaldehyde (Electron Microscopy Sciences,
cat#15710) for 20 min and permeabilized with either 0.2%
Triton X-100/TBS or 0.5% Saponin (EMD Millipore)/TBS for
10 min. For fluorescent immunostaining of co-localization of
T-DM1 either with HER2 and LAMP1, methanol was used for
fixation at —20°C for 20 min instead of 4% paraformaldehyde.
After blocking with 10% donkey serum (Jackson
ImmunoResearch) at room temperature for 1-2 hrs, cells
were subjected to fluorescent immunostaining. ProLong
Gold antifade reagent with DAPI (Thermo Fisher Scientific)
was used for mounting specimens on glass slides and nuclear
staining. Images were captured by an LSM 880 confocal
microscope (Carl Zeiss Microscopy). The following primary
antibodies were used: a5 integrin (1:100; rabbit; Abcam,
cat#ab150361), 1 integrin (1:100, mouse; Abcam ab30394),
a-tubulin (1:100; mouse; Sigma-Aldrich, cat#T6199), LAMP-1
(1:100; mouse; BD Pharmingen, cat#555798) and HER2
(1:100; rabbit; Cell Signaling Technology, cat#2165). The fol-
lowing secondary antibodies were used: Alexa Fluor 488-con-
jugated anti-mouse IgG (1:100; goat; Thermo Fisher Scientific,

cat#A21121), Alexa Fluor 549-conjugated anti-rabbit IgG
(1:100; donkey; Thermo Fisher Scientific, cat#A21207), and
DyLight 488-cojugated anti-human IgG (1:100, donkey,
Thermo Fisher Scientific, cat#SA5-10126). Actin was stained
by using Rhodamine phalloidin (1:100, Thermo Fisher
Scientific, cat#R415).

Western blotting

The detailed experimental procedures for Western blotting
were described previously.”” For detecting a5, aV, p1, and
B3 integrins, whole cell lysate (WCL) was prepared under the
non-reducing condition without DTT or B-mercaptoethanol.
The following primary antibodies were used: a5 integrin
(1:1000; rabbit; Abcam, cat#ab150361), aV integrin (1:1000;
rabbit; Abcam, cat#ab208012), Bl integrin (1:1000; mouse;
Abcam, cat#ab30394), 3 integrin (1:1000; rabbit; Abcam,
cat#ab197662), o-tubulin (1:1000; mouse; Sigma-Aldrich,
cat#T6199), B-actin (1:1000; mouse; Sigma-Aldrich A1978),
actin (1:1000; rabbit; Sigma-Aldrich, cat#A2066), HER2
(1:1000; rabbit; Cell Signaling Technology, cat#2165), HGFR
(1:1000; rabbit; Abcam, cat#ab137654), IGF-IR (1:1000; rab-
bit, Cell Signaling Technology, cat#3027), EGFR (1:1000;
mouse; BD  Biosciences, cat#610016), phospho-EGFR
(Y1045) (1:1000; rabbit, Cell Signaling Technology,
cat#2237), phospho-EGFR (Y1086) (1:1000; rabbit, Cell
Signaling Technology, cat#2220), MDRI (1:1000; rabbit,
Abcam, cat#ab170904), and MRP1 (1:1000; mouse, Abcam,
cat#32574). The following secondary antibodies were used:
horseradish peroxidase (HRP)-conjugated ECL anti-mouse
IgG (1:1000; sheep; GE Healthcare, cat#NA931V) and HRP-
conjugated ECL anti-rabbit IgG (1:1000; donkey; GE
Healthcare, cat#NA934V).

Co-immunoprecipitation of aV integrin, B3 integrin and
EGFR

WCL of control siRNA or 1 integrin siRNA-treated T-DMIR
cells were used for detection of aV integrin, B3 integrin and
EGFR expressions in WCL, or B3 integrin and EGFR in anti-
aV integrin immunoprecipitates.

Quantitative PCR for a5 integrin and 1 integrin gene
expression

Total RNA was isolated by using RNeasy (QIAGEN) accord-
ing to the manufacturer’s protocol. cDNAs were prepared
using a reverse transcriptase SuperScript VILO (Thermo
Fisher Scientific). qPCR was performed using Power SYBER
green (Applied Biosystems) and a QuantStudio 7 Flex Real-
Time PCR system (Applied Biosystems). The a5 integrin, 1
integrin and GAPDH primer pairs were purchased from
QIAGEN (cat#PPH00176C-200, cat#PPH00650B-200 and
cat#PPHO00150F-200, respectively). The difference of mRNA
expression was calculated following the manufacturer’s
instructions.



siRNA transfection

The siRNA transfection was performed using Lipofectamine
3000 (Thermo Fisher Scientific, cat#1.3000015) per the man-
ufacturer’s instructions. Briefly, 25-100 nM siRNA was trans-
fected into 1 x 10° JIMT1 or T-DMIR cells seeded in 6-well
plates. Forty-eight hrs post transfection, the cells were sub-
jected to either immunostaining or Western blot analysis. The
following siRNAs were purchased from GE Dharmacon:
human B1 integrin (cat#L-004506-00-0005, siRNA target
sequence: GUGCAGAGCCUUCAAUAAA, GGUAGAAAGU

CGGGACAAA, UGAUAGAUCCAAUGGCUUA, GGG
CAACGUGUGAGAUGU), human aV integrin (cat#L-
004565-00-0005,  siRNA  target sequence: CCUC

UGACAUUGAUUGUUA, CCGAAACAAUGAAGCCUUA,
GAACAUGUCCUCCUUAUAC, GUUCACGCCUGCU
AACAUU), human HGFR (cat#L-003156-00-0005, siRNA
target sequence: GAACUGGUGUCCCGGAUAU,
GAACAGCGAGCUAAAUAUA, GAGCCAGCCUGAAUGA
UGA, GUAAGUGCCCGAAGUGUAA), human IGF-IR
(cat#L-003012-00-0005, siRNA target sequence:
GGAAGCACCCUUUAAGAAU, GGACUCAGUACGCCGU

UUA, AAAUACGGAUCACAAGUUG, AGUGAG
AUCUUGUACAUUC), non-targeting control (cat#D-
001810-10-20, siRNA target sequence: AGACAAUG

CUGUACGGAAU, GGCUAAAGCUCCAGGCGUU, CAA
AGGAUGUCAUUCGUAA, AAUAAAGAGCAGUCGC
AAA).

Blocking integrin activity

For blocking B1 integrin function, MAB 13 (50 ug/ml) and rat
IgG2axk (50 pg/ml, BD Pharmingen, cat#553927) as the isotype
control were used after dialyzing in Dulbecco’s phosphate-
buffered saline (DPBS) three times at 4°C overnight to remove
the preservative. For blocking both a5p1 and aV integrins,
RGD peptide (5 mg/ml, H-Gly-Arg-Gly-Asp-Ser-OH,
Bachem, cat#H-1345.0025) was used after reconstituted with
DMEM. Prior to cell invasion assay, cells were pre-incubated
with either the purified antibodies or the peptide for 30 min at
37°C.

Cell invasion assay

A QCM 24-well cell invasion assay kit (Millipore,
cat#ECM554) was used for cell invasion activity, and experi-
ments were performed according to the manufacturer’s pro-
tocol. Specifically, siRNA-treated cells were used for cell
invasion assay after 72 hrs of siRNA transfection. Briefly,
2.5 x 10 cells were seeded into an invasion chamber contain-
ing an 8 um pore size polycarbonate membrane coated with a
thin layer of ECMatrix. The ECM layer occludes the mem-
brane pores that block non-invasive cells from migration
through the membrane. After 48 hrs, invaded cells on the
bottom of the insert membrane were dissociated from the
membrane by incubating with cell detachment buffer, and
subsequently lysed and detected by CyQuant GR dye. The
relative fluorescence units (RFU) were measured using a
fluorescence plate reader VICTOR X3 (PerkinElmer).
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Cell migration assay

5 x 10° cells were seeded in 6-well plates and cultured over-
night at 37°C. Next day, cells were scratched by using a 200 pl
pipet’ tip (SORENSON) and the images were taken by Nikon
microscope with INFINITY software/CCD camera.

Human receptor tyrosine kinase phosphorylation
antibody array

Human RTK phosphorylation antibody array allows simulta-
neous detection of the relative phosphorylation levels of 71
receptor tyrosine kinases in cell lysates. The array was pur-
chased from Ray Biotech, Inc. and the assays were performed
according to the manufacturer’s instructions.

Soft agar assay

The assay was performed as previously reported.”

Statistical analysis

GraphPad Prism was used for statistical studies. Statistical
significance was determined by Student’s t-test (*, p-value
< 0.05; **, p-value < 0.01; ***, p-value < 0.0001). Data is
expressed as mean + SD.
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