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HER?2 is an important determinant of poor prognosis in breast cancer patients. Studies indi-
cate that HER2 positive tumors are mostly resistant to therapy and have high metastatic
potential however, the underlying mechanisms remain unknown. In this study, MDA-
MB-231 and MCF-7 breast cancer cells with their HER2 overexpressing syngeneic variants
were used to delineate the role of HER2 in EMT and metastasis. Our results demonstrated
that HER2 overexpression increased the invasive potential of cells. Our results also showed
that HER2 overexpression lead to the production of TGFB resulting in the activation of
TGFB/SMAD signaling. Furthermore, activation of SNAIL, SLUG and ZEB-1, the transcrip-
tional repressors of E-cadherin and increased mesenchymal characteristics were observed
in high HER? cells. Interestingly, EMT by HER2 was mediated through TGFp. Intravenous in-
jection of high HER2 MDA-MB-231 (HH) cells in athymic nude mice showed early and sub-
stantial metastasis as compared to the parent cells establishing the direct role of HER2 in
metastasis. Our results showed that inhibition of HER2 mediated EMT by cucurbitacin B a
triterpenoid, resulted in the suppression of brain metastasis of breast cancer cells. Taken
together, our results identify a novel mechanism of HER2 in promoting breast cancer
metastasis through de novo synthesis of TGFB leading to EMT, an initial and essential
step of metastasis.
© 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights
reserved.

1. Introduction

cancer patients progress to metastatic disease eventually
(O’Shaughnessy, 2005). In addition, about 5% patients are

Breast cancer is the most commonly diagnosed cancer in
women and a second leading cause of cancer-related deaths
worldwide (Jemal et al., 2011). Metastatic cancer is the primary
cause of mortality in breast cancer patients. In spite of signif-
icantly advanced therapeutic options, about 30% of the breast

diagnosed with stage IV metastatic breast cancer during initial
diagnosis (Irvin et al., 2011).

The oncogene HER2 is overexpressed by 2—20 fold in about
25—-30% of breast cancer patients, leading to poor prognosis
(Slamon et al., 1987). HER2 positive tumors are highly
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aggressive, difficult to treat and hence these patients have
reduced survival (Irvin et al., 2011). Trastuzumab is the mono-
clonal antibody against HER2 and the mainline treatment for
HER2 positive cancer patients (Vogel et al., 2002). However,
therapy with trastuzumab is effective only in 26% of patients,
i.e. almost 74% patients are primarily resistant. Amongst tras-
tuzumab responsive tumors, only about 23% show full
response indicating the development of resistance during
the treatment (Vogel et al., 2002). This suggests that identifica-
tion and modulation of HER2 linked signaling and mecha-
nisms can help in the advancement of breast cancer
therapeutics with better survival outcomes.

For tumors to metastasize, it is important that tumor cells
acquire motility. Epithelial-to-mesenchymal transition (EMT)
is the mechanism by which cancer cells attain an invasive
phenotype (Hanahan and Weinberg, 2011). Itis usually defined
by the loss of E-cadherin, a tight junction protein mediated by
the transcription factor SNAIL (de Herreros et al., 2010). TGFB
is a known master regulator of EMT (Kalluri and Weinberg,
2009; Taylor et al., 2010). TGFB promotes EMT through canon-
ical as well as non-canonical signaling. Few studies indicate
the involvement of SNAIL in TGFB-induced EMT in non-
cancerous as well as pancreatic cancer cells (Brandl et al,,
2010; Li et al., 2013; Yang et al., 2013).

Although HER? positive patients present with higher rates
of metastasis, direct molecular correlation between HER2 and
the metastasis is not known yet. Interestingly, HER2 positive
tumors that showed co-expression of SNAIL were found to
be non-responsive to trastuzumab therapy (Oliveras-
Ferraros et al., 2012). These observations suggest a link be-
tween HER2 and EMT responsible for drug resistance and
metastasis.

Based on these facts, we hypothesized that HER2 promotes
EMT leading to highly metastatic tumors. In the current study
we identified that stable HER2 overexpression caused
enhanced expression of the transcription factors SNAIL and
ZEB-1 in breast cancer cells. Our results showed that EMT
regulation by HER2 was mediated by increased production of
TGFB. Furthermore, suppression of HER2/TGFB signaling by
cucurbitacin B a triterpenoid, reversed the EMT process in
breast cancer cells, leading to reduced metastasis in the
mouse model of breast cancer metastasis. To the best of our
knowledge this is a first report on the regulation of EMT by
HER2 through TGFB/SNAIL-ZEB1.

2. Materials and methods
2.1. Ethics statement

Animal experiments were conducted in accordance with the
ethical standards and according to approved protocol by Insti-
tutional Animal Care and Use Committee (IACUC).

2.2. Cell culture

Human breast carcinoma cell lines MDA-MB-231, MCF-7, 4T-1
and MCF-7 and MDA-MB-231 cells with HER2 overexpression
were maintained in DMEM supplemented with 10% FBS and
5% PSN. The MDA-MB-231 (HH) cells were maintained in the

medium described above in the presence of 300 ug/ml zeocin.
All the cells used in this study were within twenty passages af-
ter receipt or resuscitation. 4T-1-luc cells were obtained from
PerkinElmer, Waltham, MA. MCF-7 (HH) cells were kindly pro-
vided by Dr Huang Fei (Bristol-Myers Squibb Co., Princeton, NJ,
USA). MDA-MB-231 (HH) cells were kindly provided by Dr. Pat-
ricia Steeg (NIH, Bethesda, MD, USA) and Dr. Quentin Smith
(Texas Tech University Health Sciences Center, Amarillo, TX,
USA). The cells were maintained and passaged in culture as
described by us previously (Gupta and Srivastava, 2012).

2.3. Transwell cell invasion assay

Cell invasion was performed according to manufacturer’s in-
structions in Boyden’s Transwell chamber with 8.0 ym pore
size filters (BD Biosciences, San Jose, California, USA) and as
described by us earlier (Boreddy et al., 2011; Gupta et al., 2013).

2.4. Western blot analysis

Whole cell lysates were prepared using 4% (w/v) CHAPS buffer.
The protein was subjected to SDS-PAGE and the segregated
protein was transferred on PVDF membrane. The membrane
was developed as described by us previously (Gupta and
Srivastava, 2012, 2014; Sahu and Srivastava, 2009). All the an-
tibodies were purchased from Cell signaling (Danvers, MA),
except HER2 (Abcam, Cambridge, MA), phosphorylated
SMAD4 (T277) (Thermo Fisher Scientific, Rockford, IL) and E-
cadherin (BD Biosciences, Sparks, MD).

2.5. RT-PCR analysis

Total RNA was extracted from control and treated cells using
TRIzol reagent (Life Technologies, Inc., Carlsbad, CA) accord-
ing to manufacturer instructions. First, cDNA synthesis was
carried out using 50 U MMTV reverse transcriptase (Affyme-
trix, Santa Clara, CA), 0.5 mM dNTPs (R&D Systems, Minneap-
olis, MN), 20 U RNase inhibitor (New England Biolabs, Ipswich,
MA) and 2 pg of RNA, and the final volume made to 20 ul with
DEPC treated water. The reaction was allowed to proceed at
42 °C for 1 h following which the reverse transcriptase was
inactivated at 95 °C for 5 min. For polymerase chain reaction
(PCR), 2 pl of single-stranded cDNA, 1XPCR buffer; 2.5 mM
dNTP mix, 1.5 mM MgClI2 and 20 pmol each of forward and
reverse primer, and 1U Taq DNA polymerase (Thermo Fisher,
Pittsburgh, PA) in a final reaction volume of 25 pl was sub-
jected to cycling in a thermal cycler (Thermo Fisher, Pitts-
burgh, PA) (Table 1). The PCR products were separated on a
1.5% agarose gel, stained with 0.5 mg/mL ethidium bromide,
and visualized under UV light.

2.6. TGF@ ELISA

TGFB was estimated in the media of cultured MDA-MB-231
and MCF-7 cells and in the plasma of mice injected with breast
cancer cells, using ELISA kit as per manufacturer’s instruc-
tions (Affymetrix ebiosciences, San Diego, CA).
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Table 1 — Primer sequence and cycling conditions.

Target Primer sequence Cycling conditions

E-cadherin F: 5'-TCC CAT CAG CTG CCCAGA AA-3’ 94 °C for 30 s, 58 °C for 60 s, and 72 °C for 60 s; 35 cycles
R: 5'-TGA CTC CTG TGT TCC TGT TA-3’

Snail F: 5-GGG CAG GTA TGG AGA GGA AGA-3' 94 °C for 30 s, 58 °C for 60 s, and 72 °C for 60 s; 35 cycles
5-TTC TTC TGC GCT ACT GCT GCG-3'

TGFB F: 5'-CTC-CGAGAAGCGG TACCTGAAC-3’ 94 °C for 1 min, 60 °C, 1 min, and 72 °C for 1 min); 30 cycles
R: 5'-CACTTGCAGTG TGTTATCCCT-3’

SMAD4 F: 5 —GGCTGGTCGGAAAGGATT-3' 94 °C for 30 s, 54 °C for 60 s, and 72 °C for 60 s; 35 cycles
R: 5-GGCTGGTCGGAAAGGATT-3

SMAD2 F: 5-TCACAGTCATCATGAACTCAAGG-3 94 °C for 30 s, 56 °C for 60 s, and 72 °C for 60 s; 35 cycles
R: 5'-TGTGACGCATGGAAGGTCTCTC-3'

SMAD3 F: 5-AGGAGAAATGGTGCGAGA A-3’ 94 °C for 30 s, 56 °C for 60 s, and 72 °C for 60 s; 35 cycles

R: 5’-CCACAGGCGGCAGTAGAT-3
F: 5-GGCCACTACTTCAAGATCATC-3
R: 5-GTACTTGTCCAGTTCCTCGCG-3

Cytokeratin-18

94 °C for 30 s, 56 °C for 60 s, and 72 °C for 60 s; 35 cycles

2.7. Immunofluorescence

Cells were plated in a 24-well plate on a coverslip at a density
of 0.1 x 10° cells/well and allowed to attach overnight. The
procedure was followed as described by us previously (Gupta
and Srivastava, 2012).

2.8. Immunoprecipitation assay (IP)

This assay was performed as described by us previously
(Gupta and Srivastava, 2014).

2.9. Chromatin immunoprecipitation assay

CHIP assay was performed using a commercial kit (Cellsignal-
ing, Danvers, MA). Briefly, equal numbers of MDA-MB-231 and
HH cells were plated in 15 mm culture dishes. After 48 h incu-
bation, the proteins were crosslinked with DNA using 37%
formaldehyde and 10X glycine solution. The samples were
further processed as per the manufacturer’s instructions.

2.10. TGFB dominant negative receptor transfection

The dominant negative (dn) receptor for TGFp (TGFBR) was
kindly provided by Dr. Malcolm Brenner (Bayler College of
Medicine, Houston, Texas). The MDA-MB-231 (HH) cells were
transfected with dnTGFBR using nucleofector technique
(Lonza, Allendale, NJ). The cells were treated with TGFpB after
transfection and the effects were compared with control cells
using western blot technique.

2.11. HER2 silencing

The MDA-MB-231 (HH) cells were transfected with HER2
shRNA and scrambled shRNA (Genecopoeia, Rockville, MD)
using nucleofection reagent as per the manufacturer’s in-
structions. The cells were selected using puromycin selection
marker and cultured for further experiments. The cells were
used for experiment within initial three passages after
transfection.

Epithelial cells — Small,
cell-cell adhesion intact,
non-migrating and non-
elongated

Partially Epithelial cells —
Start elongating, bigger
and forming migratory
ends

Mesenchymal cells —
Elongated, big, no cell-cell
adhesions, migratory cells

Figure 1 — Change in cell morphology during migration: 4T-1 cells
were plated and allowed to form a monolayer. A wound was created in
the monolayer. The cells were stained with Sulforrhodamine B dye
and imaged using phase contrast microscope at different time points
to depict the changes in cell morphology during cell migration

process.


http://dx.doi.org/10.1016/j.molonc.2014.06.006
http://dx.doi.org/10.1016/j.molonc.2014.06.006
http://dx.doi.org/10.1016/j.molonc.2014.06.006

MOLECULAR ONCOLOGY 8 (2014) 15321547

1535

2.12. Wound healing assay

Wound healing assay was performed as described by us
earlier (Boreddy et al.,, 2011; Gupta et al., 2013).

2.13. In vivo metastasis model

The MDA-MB-231 and HH cells with luciferase expression
were collected and washed with PBS. The cells were re-
suspended in PBS, at a density of 0.5 x 10%/100 ul. A 100 pl
cell suspension was injected in the tail vein of athymic nude
mice. Both the groups had seven mice each. The in vivo metas-
tasis was assessed through non-invasive live animal imaging
system as described by us previously (Gupta et al., 2013). The
luminescence signal from mice was used to analyze rate and
extent of metastasis for both the cell types.

In another study, two experiments using 4T1-luc cells were
performed in Balb/c mice to evaluate the anti-metastatic ef-
fects of CuB, as described by us previously (Gupta et al., 2013).

2.14. Metastasis prevention model

In this experiment, mice was administered with 1 mg/kg CuB
in 100 pl PBS every third day by intraperitoneal injection
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(Gupta and Srivastava, 2012; Sahu et al., 2009). After 10 days
of CuB treatment, intra-cardiac injection of 4T-1 cells was
given to these mice as described above. Both control and
treated group had 8 mice each. The mice were imaged after
cell injection to quantitate the signal difference between con-
trol and CuB treated mice. The mice were euthanized and the
brains were removed carefully, imaged for luminescence
signal and fixed in 4% paraformaldehyde overnight at room
temperature and processed for immunohistochemistry anal-
ysis or H& E staining.

2.15. Metastasized tumor growth suppression model

In this experiment, 4T-1 cells were injected into the left
ventricle of the heart of each mouse as described above and
each mouse was imaged periodically. Twenty four hours after
the tumor cell injection, mice were randomly divided into two
groups with 10 mice per group. In the treated group, each
mouse was given 1 mg/kg CuB and control group was admin-
istered with vehicle alone by intraperitoneal injection every
third day. The mice were sacrificed at day 14 and their organs
were removed carefully. The organs were imaged for lumines-
cence signal.
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Figure 2 — Increased invasion potential and mesenchymal characteristics of HH cells: A) Cellular invasion of parent cells was compared with
syngeneic HH variants using Boyden’s chamber. A) MDA-MB-231 vs. HH cells B) MCF-7 vs. HH cells. The protein expression of EMT
regulators was compared using western blot analysis from whole cell lysates C) MDA-MB-231 vs HH and D) MCF-7 vs HH cells.
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2.16. Immunohistochemistry

The immunohistochemical staining was performed as
described by us previously (Gupta and Srivastava, 2014).

2.17. Statistical analysis

Statistical analysis was performed using Prism 5.0 (GraphPad
software Inc., San Diego, CA, USA). Results were represented
as means + SD or S.E.M with minimum value of n = 3. Data
was analyzed by Student’s t-test. Differences were considered
statistically significant at p < 0.05.

3. Results
3.1. HER2 promotes cellular invasion and mesenchymal
phenotype

Conversion of cells from epithelial-to-mesenchymal pheno-
type is a gradual process through which cells attain spindle
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shape and increased motility. To visualize this process we
created a wound in the monolayer of MDA-MB-231 cells and
let the cells heal the wound. The images of these cells at
different time points show a clear transformation of the
cellular size and shape (Figure 1). To determine the possible
role of HER2 in metastasis, we first evaluated cell invasion in
high HER2 (HH) variants of MDA-MB-231 and MCF-7 cells as
well as in parent cell lines, using Boyden’s chamber. We
observed that high HER2 (HH) cells showed about 1.3—1.5 fold
higher invasion relative to the parent cells in both the cell lines
(Figure 2A—B). The western blot analysis of these cell lines
showed about 12 fold increased HER2 expression in HH cells
relative to their syngeneic controls (Figure 2C—D). Interest-
ingly, HER2 overexpression in MDA-MB-231 and MCF-7 cells
was associated with increased expression of major transcrip-
tion factors like SNAIL, SLUG and ZEB-1, which are known to
play role in EMT (Figure 2C—D). The MCF-7 control cells had
negligible constitutive expression of these transcription fac-
tors but their high HER2 (HH) variants showed modestly
increased expression of these proteins. B-catenin has been
shown to play an important role in EMT process in cancer cells
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Figure 3 — HER2 mediated increase in TGFB: Western blot analysis from whole cell lysate for TGFB/SMAD signaling A) MDA-MB-231 vs HH
cells and B) MCF-7 vs HH cells. The mRNA levels of EMT regulators were compared using RT-PCR assay C) MDA-MB-231 vs HH and D)
MCF-7 vs HH cells. E) & F) TGF secretion was estimated in the media obtained from MDA-MB-231 (HH) and MCF-7 (HH) cells and their

levels compared with their respective wild type cells.
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(Arend et al., 2013). We observed a significant increase in the
expression of B-catenin in HH variants of both the cell lines.
The EMT was confirmed by the increase in mesenchymal
marker N-cadherin in MDA-MB-231 cells along with suppres-
sion of epithelial markers E-cadherin and cytokeratin-18
(Figure 2C—D). These observations suggest that HER2 regulates
genetic expression of proteins that induce EMT.

3.2. HER2 mediated TGF@ signaling regulates EMT

TGFB is known as the master regulator of EMT (Kalluri and
Weinberg, 2009). Hence we looked at TGFp signaling in HH
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cells. Our results showed a 2 fold increase in TGFB expression
in MDA-MB-231 (HH) cells as compared to the parent cells
(Figure 3A). The canonical TGF signaling in general is medi-
ated by SMAD complexes. We observed a 2 fold increased
expression of SMAD4, as well as phosphorylation of SMAD3
(S423/425) in HH cells (Figure 3A). However, expression of
SMAD?2/3 was marginally increased in MDA-MB-231 (HH) cells.
The MCF-7 (HH) cells showed much higher increase in TGFp
expression (Figure 3B). This was also associated with
increased expressions of SMAD2/3 and phosphorylated
SMAD3 (Figure 3B). To confirm whether the induction of
TGFB was at transcriptional level and not at protein level, we
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Figure 4 — EMT in HH cells mediated by TGFB/SMAD signaling: A) Role of B-catenin, TGFB and SNAIL was evaluated in MDA-MB-231 and
HH cells by treating the cells with TGFp. B) Role of TGFp was evaluated using transfection of dominant negative TGFP receptor in MDA-MB-
231 (HH) cells. The control and transfected cells were treated with TGFp and effects were compared by western blot technique. C) The nuclear
localization of SMADs, SNAIL and B-catenin was evaluated (i) MDA-MB-231 and HH cells were fractionated into cytosolic and nuclear
fractions. The proteins were analyzed using western blot techqniue. MDA-MB-231 and HH cells were immunostained for (ii) SNATIL and (jii)
pSMADA4 (T277). The red staining shows SNAIL or pPSMAD4 expression and blue represents nuclear stain C) Binding of SMAD4 to SMAD2/3
was compared in MDA-MB-231 with HH cells using immunoprecipitation assay. D) Chromatin immunoprecipitation (CHIP) assay was
performed to evaluate SMAD4 DNA binding in MDA-MB-231 and HH cells.
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evaluated the mRNA levels of TGFp and SMADs by RT-PCR.
Our results showed a significant increase in TGFf mRNA levels
in MDA-MB-231 (HH) as well as MCF-7 (HH) cells as compared
to parent cells (Figure 3C—D). The increased mRNA levels of
TGFB were accompanied with increased mRNA levels of
SMAD4 and SMAD2 in MDA-MB-231 (HH) and SMAD3 in
MCF-7 (HH) cells (Figure 3C—D). In addition, a simultaneous in-
crease in SNAIL mRNA was observed with reduction in
Cytokeratin-18 mRNA in MDA-MB-231 (HH) cells (Figure 3C).
These results indicate that HH cells modify transcript levels
of EMT regulating genes. In MCF-7 (HH) cells, although SNAIL
was undetectable, reduced mRNA of Cytokeratin-18 and E-
cadherin were observed (Figure 3D). Furthermore, we also
determined TGFp secretion using ELISA assay. Our results
showed about 7—8 fold and 3 fold increased secretion of
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TGFB in the supernatant of HH cells as compared to MDA-
MB-231 and MCF-7 cells respectively (Figure 3E& F).

3.3. HER2 induced EMT is dependent on TGFg signaling

Since we observed an increased expression of B-catenin in HH
cells (Figure 2C—D), we next wanted to evaluate its role in
HER2 mediated EMT. In order to do that MDA-MB-231 and
HH cells were treated with TGFB. Our results showed a signif-
icant increase in SNAIL by TGFp treatment in both the cell
lines (Figure 4A). Expression of SNAIL was increased by 4
fold in MDA-MB-231 and 13.5 fold in MDA-MB-231 (HH) cells
by TGFB treatment (Figure 4 A). However, TGF treatment did
not cause significant modulation of B-catenin in MDA-MB-
231 or MDA-MB-231 (HH) cells (Figure 4A). The role of TGFp
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Figure 5 — HER2 silencing reverses EMT: A) Effect of HER?2 silencing was tested by invasion assay using Boyden’s chamber in MDA-MB-231
(HH) cells. B) Effect of HER2 silencing on the TGFB mediated EMT was evaluated using western blot analysis C) Effect of HER2 silencing on
the morphology of cells was evaluated using immunofluorescent staining in MDA-MB-231 (HH) cells. Green staining represents GFP tagged to
HER2, blue represents DAPI staining for nucleus and Red staining represents Cytokeratin-18.
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was further established in HH cells using a dominant negative
(dn) TGEB receptor (TGFBR). The MDA-MB-231 (HH) cells were
transfected with dn TGFBR plasmid followed by treatment
with TGEB. Our results showed that TGFp treatment increased
the expression of SMAD4 and phosphorylation of SMAD3
(S423/425) in HH cells (Figure 4B). The TGFp treatment also
increased SNAIL and N-cadherin expression. However, the ef-
fects of TGFp treatment were not observed in the cells trans-
fected with dn TGFBR plasmid, suggesting an important role
of TGFB in HER2 mediated EMT (Figure 4B). We then performed
cytosolic and nuclear fractionation of MDA-MB-231 and MDA-
MB-231 (HH) cells. Nuclear fraction of HH cells showed signif-
icantly increased expression of SMAD4 and phosphorylated
SMAD3 (S423/425) (Figure 4C). SNAIL is a transcription factor
and expected to localize in the nucleus once activated. As ex-
pected, SNAIL expression was increased in the nucleus of HH
cells, whereas its level in the nucleus of MDA-MB-231 cells
was very less (Figure 4C). However, the nuclear expression of
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B-catenin did not increase in MDA-MB-231 cells or in HH var-
iants. Further evidence for the involvement of SMAD signaling
in HER2/TGFp mediated EMT was provided by the immunopre-
cipitation (IP) studies. SMAD4 demonstrated increased bind-
ing to SMAD2/3 in HH cells as compared to parent control
cells (Figure 4D). We also performed chromatin immunopre-
cipitation (CHIP) assay for SMAD4. Our results showed a
significantly increased DNA binding of SMAD4 in HH cells as
compared to MDA-MB-231 cells (Figure 4E). These findings
clearly indicate that HER2 induced EMT was mediated by
TGEB/SMAD signaling in breast cancer cells.

3.4.  HER2 expression is required for maintenance of
mesenchymal characteristics

4Although, our experiments indicated that EMT was
induced by HER?2, it was important to prove that suppression
of HER2 could reverse EMT characteristics in breast cancer
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plotted against time. B) The images obtained from the imaging system and variation in luminescence with time after cell injection. C)
Bioluminescence for MDA-MB-231 and MDA-MB-231 (HH) cells obtained from excised mice organs after termination of the experiment.
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cells. Hence we used shRNA to silence HER2 expression in
MDA-MB-231 (HH) cells. Our results showed that HER2
silencing suppressed the invasive potential of MDA-MB-231
(HH) cells by more than 50% (Figure 5A). Western blot results
showed that about 60% HER2 was silenced by shRNA in
MDA-MB-231 (HH) cells (Figure 5B). HER2 silencing also
reduced the expression of EMT regulators such as TGFB,
SMAD4 and the transcription factor SNAIL (Figure 5B).
Reversal of EMT by HER2 suppression was clearly indicated
by the re-expression of Cytokeratin-18, an epithelial marker
in MDA-MB-231 (HH) cells. Finally we compared the
morphology of MDA-MB-231 (HH) cells after silencing
HER2. The microscopy images clearly showed that silencing
of HER2 caused reduction in cell size and cells were more
flat and less elongated as compared to control HH cells
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(Figure 5C). The HER2? silenced cells also showed increase
in the expression of Cytokeratin-18 as observed by
enhanced red staining (Figure 5C). These results confirmed
the role of HER2 in EMT and cell invasion.

3.5.  HER2 overexpressing cells show higher metastatic
capability

As a proof-of-concept, the metastatic capability of MDA-MB-231
and HH cells were compared in an in vivo model. MDA-MB-231
and MDA-MB-231 (HH) cells were suspended in PBS (5 x 10%
ml) and 100 ul of cell suspension was injected in the tail vein
of athymic nude mice. The growth of the cells in mice was
monitored in vivo by using non-invasive imaging technique af-
ter luciferin injection. Our results showed a static growth of
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Figure 7 — CuB mediated inhibition of EMT through HER2/TGFp: Western blot analysis for EMT regulators in CuB treated A) MDA-MB-
231 B) MDA-MB-231 (HH) and C) 4T-1 cells. D) RT-PCR for HER2 and TGFp in CuB treated MDA-MB-231 (HH) cells.
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MDA-MB-231 cells, however, HH cells showed a constant in-
crease in luminescence suggesting increase in metastatic tu-
mor growth (Figure 6). For example, 9.5 fold increased
luminescence was observed in mice injected with HH cells rela-
tive to MDA-MB-231 cells (Figure 6A). Moreover, luminescence
was observed to be intense and widely spread in the mice
injected with HH cells as compared to MDA-MB-231 cells

(Figure 6B). After the termination of the experiment, lung and
livers were removed and imaged. Our results showed 5 fold
enhanced bioluminescence in the lungs of mice injected intra-
venously with MDA-MB-231 (HH) cells (Figure 6C). Although,
we observed a 14 fold increased bioluminescence in the livers
of mice injected with HH cells, statistical significance was not
achieved due to significantly high variation (Figure 6C).
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3.6. Inhibition of HER2 suppresses EMT

To further establish the role of HER2 in EMT and metastasis,
we used cucurbitacin B (CuB), a triterpenoid compound. In
our previous studies, we observed that CuB inhibited HER2
in breast cancer cells (Gupta and Srivastava, 2014). We evalu-
ated the effects of CuB in MDA-MB-231, MDA-MB-231 (HH) and
4T-1 cells. The western blot data showed a significant inhibi-
tion of HER2 by CuB treatment along with inhibition of
TGEB/SMAD  signaling in all the three cell lines
(Figure 7A—C). The CuB treatment also caused suppression
of SNAIL, SLUG and ZEB-1 as well as inhibition of mesen-
chymal marker N-cadherin. Interestingly, in MDA-MB-231
cells, CuB treatment caused induction of Cytokeratin-18,
while in 4T-1 cells induction of Cytokeratin-18 as well as E-
cadherin was observed in a concentration-dependent manner
(Figure 7B—C). Furthermore, we observed that CuB treatment
inhibited the mRNA levels of HER2 and TGFB in MDA-MB-231
(HH) cells, suggesting the inhibition at transcriptional level
(Figure 7D). These findings clearly suggested that CuB medi-
ated HER2/TGFp inhibition lead to suppression of EMT.

3.7. CuB inhibits TGFB-mediated cell invasion and
migration

Since invasion and migration are important consequences of
EMT, we tested the effects of CuB in presence of TGFp. We per-
formed cell invasion assay in 4T-1 cells using Boyden’s cham-
ber. CuB treatment caused about 50% reduction in cell
invasion of cells (Figure 8A). TGFp treatment increased the in-
vasion of cells by 1.5 fold however, CuB treatment inhibited
TGFB-mediated invasion substantially (Figure 8A).

We then evaluated anti-migratory properties of CuB in 4T-
1 cells. A wound was created in the monolayer of 4T-1 cells
and incubated with CuB. The wound was imaged at different
time points using bright field microscope. The wound images
clearly showed that CuB treatment inhibited the cell migra-
tion, whereas TGFp promoted cell migration causing faster
wound healing as compared to control cells (Figure 8B). The
quantitation of wound width showed that CuB treatment
inhibited wound healing by about 30—50% compared to con-
trol (Figure 8B). Interestingly, CuB treatment inhibited TGFB-
mediated increased cell migration (Figure 8B). These results
showed that CuB inhibits both cell invasion and migration.

3.8. CuB treatment inhibits breast cancer metastases

To confirm anti-metastatic effects of CuB we used a novel
in vivo model of breast cancer metastasis. The 4T-1 luciferase
expressing (Luc) breast cancer cells were injected through
intracardiac route and monitored using non-invasive live an-
imal imaging system (PerkinElmers, Waltham, MA). We per-
formed two different metastasis experiments to test the
preventive as well as therapeutic effects of CuB.

In the first experiment, mice were treated with 1 mg/kg
CuB by intraperitoneal injection every third day. The treat-
ment started 24 h after the intracardiac cell injection as by
this time 4T1 cells were stably lodged in the brain of each
mouse. 4T-1 cells are highly invasive with doubling time of
about 8 h. Our results showed a steady growth of lumines-
cence in the brain of control mice, whereas the mice from
CuB treated group showed substantially reduced growth rate
(Figure 9A). Our results showed that luminescence in the brain
were reduced by about 86% by the end of experiment in CuB
treated group (Figure 9A). The full body scanning showed
about 56% reduction in the average signal of the treatment
group. However, the difference was not found to be statisti-
cally significant possibly due to a large variation in control
group of mice (data not shown). At the end of the experiment,
brain, lungs and liver were dissected out and imaged for lumi-
nescence. The result from this experiment matched exactly
with brain in vivo imaging data. We observed about 86%
reduced signal in the isolated brains of CuB treated group as
compared to control group (Figure 9B). The lungs and livers
were also imaged for luminescence from both the groups
and the treatment group showed a reduction of 50 and 64%
respectively (Figure 9C&D). However, due to significant varia-
tions in the luminescence in the tissues of control group, this
difference was not found to be statistically significant. The
mice were weighed periodically during the experiment and
also monitored closely for any visual signs of toxicity. We
did not observe any difference in the body weight of mice
from control group with that of treatment group, suggesting
no obvious toxicity by CuB treatment (Figure 9E). We also esti-
mated TGFB in the plasma of mice. Our results indicated that
the mice injected with HH cells exhibited about 1.3 fold higher
TGFB in plasma as compared to the mice injected with MDA-
MB-231 cells (Figure 9F). Furthermore, the immunohistochem-
ical staining showed a significant reduction in the expression
of HER2, TGFB and SNAIL in the lesions in the brain of CuB
treated mice as compared to control mice. In addition,
increased expression of E-cadherin was observed in brain le-
sions from CuB treated mice (Figure 9G).

The second experiment was performed to test if CuB pre-
treatment could reduce number of cells reaching brain after
intra-cardiacinjection. Our results showed a significant reduc-
tion in whole body signal as well as in the brain of CuB treated
group. We observed about 35% and 80% reduction in the signal
of brain and whole body respectively in the mice treated with
CuB as compared with control mice (Figure 10A and B). These
findings suggest that CuB inhibits in vivo metastasis.

4. Discussion

About 25% of breast cancer patients overexpress HER2 making
it an important target. HER2 overexpression is due to its
amplification at genetic levels and associated with poor

collected and imaged. The average luminescence was compared for control and CuB treated mice C) & D) The luminescence quantitated from

liver and lungs respectively from control and CuB treated mice after termination of the experiment. E) Mice weights from control and CuB

treatment groups at different time points. F) TGFP secretion was estimated by performing ELISA in the plasma obtained from mice injected with
MDA-MB-231 and MDA-MB-231 (HH) cells. G) Immunohistochemical staining for HER2, TGFB, SNAIL and E-cadherin in tumor lesions in

brain of control and CuB treated mice.
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prognosis (Harari and Yarden, 2000). The exact reasons for
HER?2 associated poor prognosis is not known beyond that,
highly aggressive tumors proliferate more rapidly. HER2 posi-
tive tumors that have been studied show metastatic patterns
in patients (Kennecke et al., 2010). HER2 is implicated in
increased breast cancer metastasis to brain, however no
mechanistic evidence exists so far (Brufsky et al., 2011).
HER?2 crosstalk with other survival proteins leads to therapeu-
tic resistance in cancer through multiple pathways (Nahta,
2012). EMT is also an important mechanism of resistance to
many anti-cancer agents (Mallini et al., 2014; Oliveras-
Ferraros et al., 2012). However, correlation between HER2
and EMT pathway has not been investigated yet. The current
study provides evidence that directly correlates HER2 and
metastasis through EMT.

Metastasis is a complex process with several intermediate
steps (Hanahan and Weinberg, 2011). Conversion of epithelial
cells into mesenchymal phenotype is one of the initial steps
that promote cell migration and invasion. The mesenchymal
characteristics help the cells to break cell—cell adhesions and
invade circulation conduits, making it easier for cells to metas-
tasize (Tsaiand Yang, 2013). Our results show increased invasive
potential of cells with HER2 overexpression, suggesting an
increased metastatic potential of cells mediated by HER2. EMT
is an orchestrated process, which is known to be controlled by
transcription factors like SNAIL, SLUG, ZEB-1 and TWIST.

Activation of these transcription factors causes a switch be-
tween E-cadherin and N-cadherin, the latter provides mesen-
chymal properties to the cells (Gheldof and Berx, 2013). The
HER2 overexpression in breast cancer cells, we used was
attained through stable transfection with wild type HER2
plasmid (Huang et al., 2007; Palmieri et al., 2007). We observed
that high HER2 (HH) cells expressed significantly higher levels
of SNAIL and ZEB-1 suggesting increased activation of these
transcription factors. Furthermore, HH cells also showed
reduced expression of E-cadherin and Cytokeratin-18 while
increased N-cadherin expression. These observations indicate
that HER2 modulates EMT inducing proteins in breast cancer
cells by enhancing the transcript levels of genes associated
with EMT.

TGFB is defined as the master regulator of EMT (Kalluri and
Weinberg, 2009; Katsuno et al., 2013; Taylor et al., 2010). TGFB
generally plays a pro-apoptotic role in normal cells or during
the initial stages of cancer. However, it promotes cancer pro-
gression in advanced cancer through multiple mechanisms
(Padua and Massague, 2009). One study showed an indirect
crosstalk of HER2 with TGF@ signaling (Wang, 2011). This study
showed that HER2 converts function of TGFB from pro-
apoptotic to anti-apoptotic. In line with this study, our results
showed an increased expression of TGFB with HER2 overex-
pression along with increased SMAD signaling. We observed
increased mRNAs levels of TGFf, SMAD3 and 4, suggesting
transcriptional up-regulation of TGFB/SMAD signaling by
HER2. These results indicate a novel mechanism of de novo
synthesis of TGFp mediated by HER2 leading to EMT in breast
cancer cells. As a proof-of-concept, TGFp-mediated effects
were lost when cells were transfected with dn TGFpR plasmid.

B-catenin is an important protein known to play role in EMT
and metastasis (Sanchez-Tillo et al., 2011). In addition, B-cate-
nin also promotes tumor progression in HER2 positive tumors
(Schade et al., 2013). We observed a significant increase in the
expression of B-catenin in HH cells, suggesting its role in
HER2-induced EMT in our model. The active form of B-catenin
translocates to the nucleus to bind with TCF/LEF complex
(Behrens et al., 1996; Fagotto, 2013). In other situations, p-cate-
nin undergoes proteasomal degradation. Our results showed
that TGFp treatment did not alter the expression of B-catenin.
Furthermore, B-catenin expression was not found to be
increased in the nuclear fraction of HH cells. Hence even
though B-catenin expression was increased in HH cells, it was
not activated. However, significant nuclear localization of
SMADs was observed in HH cells along with an increased asso-
ciation of SMAD4 to SMAD2/3. These observations clearly indi-
cated the activation of TGFB/SMAD signaling in HH cells.
Furthermore, increased nuclear expression of the transcrip-
tion factors SNAIL and ZEB-1 conclusively suggested that
HER2-induced EMT was mediated by TGFB/SMAD signaling.

Confirmation of role of HER? in cell invasion and EMT was
shown by inhibition of HER2 using shRNA which reduced cell
invasion as well as mesenchymal characteristics. Suppression
of TGFB/SMAD signaling was also observed with HER2
silencing. These results clearly indicated that induction of
EMT in breast cancer cells was regulated by HER2 through
TGFpB/SMAD signaling in a coordinated manner. Our results
also suggest that TGFB could be another target in HH cells
and its inhibition combined with anti-HER2 therapy can
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Figure 11 — Schematic for mechanism of HER2 induced EMT and inhibition by CuB: The figure shows the molecular mechanism of EMT
regulation by HER2. % symbol indicates the molecular targets of CuB leading to HER?2 inhibition and suppression of EMT.

provide promising therapeutic outcomes. Importantly, TGFp
antibody therapy trials are underway (Nam et al, 2008;
Saunier and Akhurst, 2006).

Cucurbitacin B (CuB) is a steroidal triterpenoid present in
cucurbitaceous plants. A recent study indicated that the over-
all anti-cancer effect of CuB was due to reactive oxygen species
dependent actin aggregation leading to depletion of G-actin
pool (Kapoor, 2013). CuB was also shown to be a potent inhibi-
tor of STAT3 (Thoennissen et al., 2009). Our previous studies
have shown inhibition of HER2 and TGFB mediated HER2-
integrin signaling by CuB (Gupta and Srivastava, 2014). The
reduced protein expression of HER2 by CuB treatment was
possibly due to inhibition of YB-1/TWIST signaling known to
regulate HER2 expression. Since CuB could inhibit both HER2
and TGFB-mediated signaling, this agent was used to evaluate
its anti-metastatic effects in our novel in vivo metastasis model
of breast cancer. Furthermore, we used a highly aggressive cell
line 4T-1 representing stage IV breast cancer, which is consid-
ered to be un-treatable. Our results clearly showed strong anti-
metastatic effects of CuB. We observed that CuB pre-treatment
prevented brain metastasis of breast cancer cells. We also
observed that CuB treatment inhibited the growth of metasta-
sized tumors in brain, lungs and liver. Hence if TGFp signaling
is targeted along with HER2, metastatic growth of highly
aggressive tumors could be suppressed (Figure 11).

Taken together, our results showed that HER2-mediated
EMT is regulated by TGFp leading to enhanced metastasis.
EMT has also been implicated in stem cell characteristics of
cancer cells as well as resistance to many anti-cancer thera-
pies (Mallini et al., 2014; Oliveras-Ferraros et al., 2012). Our re-
sults thus suggested that HER2 can lead to enhanced stem-
ness through induction of EMT. However, further studies are
required to confirm this possibility. Our findings are of signif-
icant importance as currently there is no therapy available for
highly metastatic cancers resistant to conventional therapeu-
tics and hence the survival of patients with metastatic breast

cancer is minimal. Our study proposes a novel HER2-regulated
target, which could be crucial for designing the therapy for pa-
tients with drug resistant metastatic breast cancer.
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