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Figure 2. Effect of BEZ235 and comparison on the effects of BEZ235 and RAD001 in HER2+ breast cancer cells: Western blot showing BEZ235 time/dose-depend-
ently blocked activation of AKT and its downstream effectors in total lysates from HER2+ [trastuzumab-sensitive BT474 (A) & SKBR3 (B)], trastuzumab-resistant 
[BT474HerR (C)] breast cancer cells. Moreover, time course experiments revealed that long-term exposure to low concentration of BEZ235 resulted in an increase 
in p-AKT levels. Such an effect on p-AKT was completely abolished in cells incubated at higher concentrations (100 and 200 nM) of the inhibitor (see lane 8, 9 
and 11, 12 in all three figures (A-C), BEZ235. Differential effects of BEZ235 versus RAD001 on intracellular signaling: BT474 (D), BT474HerRR (E), HER2+/PIK3CA 
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mutated HCC1954 (F) and UACC893 (G) cells were treated with BEZ235 (50 nM) or RAD001 (1 and 2 nM) for dif-
ferent time periods (1 hr, 6 hrs, 24 hrs, and 48 hrs) and then lysed and analyzed by Western blots. Data show that 
both drugs completely blocked p-P70S6K, p-S6RP but only BEZ235 consistently blocked phosphorylation of AKT 
(Ser 474 and Thr 308) and 4EBP1. As expected RAD001-induced AKT activation was observed. Data also showed 
that a combination of BEZ235 plus RAD001 at sub-optimal concentration might have an additive effect on the 
PI3K-AKT-mTOR pathway molecules (lane 5, 9, 13 & 17 in D, E). The effect of BEZ235 was independent of the mu-
tation profile of the cell cultures used. (H) PI3K pathway inhibition and ERK phosphorylation in HER2+ or HER2+/
PIK3CA mutated breast cancer cells: Immunoblots of BT474, BT474HR, HCC1954 and UACC893 for indicated time 
points with different PI3K pathway inhibitors (dual PI3K/mTOR inhibitor, BEZ235 or mTOR1 inhibitor, RAD001) at 
the indicated concentration (nM). Our data show that mTOR1 inhibition induces ERK phosphorylation in all 4 cell 
lines. Importantly, BEZ235 at 50 nM concentration blocked phosphorylation ERK except UACC 893 cell lines where 
phosphorylation of ERK is upregulated following the treatment of BEZ235 (for the indicated time points). It has been 
known that level of HER3 is high in UACC cell line and it is resistant against trastuzumab and lapatinib (Slamon DJ 
2010 Mol Can Ther 9: 1489).

Figure 3. (A) BEZ235 interrupts heregulin-induced PI3K-AKT signaling: Under the basal condition in serum free 
medium (overnight serum starved, NS), the PI3K signaling was assessed by the p-AKT level. On ligand (heregulin) 
stimulation p-AKT was upregulated in both sensitive (BT474) and trastuzumab-resistant (BT474HerR) cell lines (lane 
2 and 9). The activity of AKT in both the cell lines was significantly inhibited by BEZ235 at 25 and 50 nM concentra-
tion (lane 5, 6 for sensitive cell line and lane 12, 13 in resistant cell line), suggesting its effectiveness on blocking 
the PI3K-AKT signal pathway in HER2+ breast cancer cells. Moreover, this inhibition is more when trastuzumab (10 
µg/ml) was treated along with BEZ235 (25 nM). BEZ235 has no effect on AKT activation at 10 nM concentration 
(lane 4 and 11). Expression of the corresponding total target protein (AKT) and β-ACTIN was used as loading control. 
(B) Combination of BEZ235 along with trastuzumab more efficiently blocked the PI3K-AKT-mTOR pathway: Western 
blot showing combination of BEZ235 as low as 25 nM concentration plus trastuzumab at 10 µg/ml is significantly 
blocked AKT (both Ser473 and Thr308), and its downstream mTOR and P70S6 Kinase activations compare to ei-
ther BEZ235 or trastuzumab alone (lane 5 in BT474, BT474HerR (a), SKBR3 (b) and lane 8 & 9 in HCC1954 cells, 
see Figure 2F). Additionally, this combination is more effective than the combination of RAD001 and trastuzumab 
in terms of pathway inactivation (compare lane 8 & 9 with lane 10 & 11, Figure 2F). Data show that combination 
is more effective compared to either drug alone and, more importantly, the combination is also effective against 
trastuzumab-resistant and PIK3CA mutated cell line.
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BT474, BT474HR and HCC1954) to very high 
upregulation of this marker (in UACC893) in dif-
ferent cell lines (Figure 2H upper and lower 
panels). High expression of HER3 has been 
demonstrated in UACC893 cells and has been 
linked to resistance against trastuzumab and 
lapatinib [40]. It is possible that higher HER3 
expression may be responsible for high activa-
tion of phospho-ERK following the treatment of 
BEZ235 for 3 hours through GRB2-SOS-RAS 
signaling. Conversely, RAD001-induced phos-
pho-ERK was observed in all four HER2-positive 
cell lines (Figure 2H). Other studies have dem-
onstrated that inhibition of mTORC1 leads to 
mitogen-activated protein kinase (MAPK) path-
way activation through a PI3K-dependent feed-
back loop [41].

Furthermore, BEZ235 dose-dependently blo- 
cked ligand-induced AKT activation in both 
trastuzumab-sensitive (BT474) and trastuzum-
ab-resistant (BT474HerR) cell lines (Figure 3A 
lane 5, 6 and 12, 13). Importantly inhibition 
was more potent when trastuzumab was com-
bined with low dosage of BEZ235 (25 nM) in 
both sensitive and resistant cells (Figure 3A 
lane 7 and 14) following heregulin stimulation 
and this combination was equally effective in 
basal condition (Figure 3Ba lane 5 in both 
BT474 and BT474HerR cells and Figure 3Bb 
lane 5 in SKBR3 cells). More importantly, this 
combination was highly effective in HER2+/
PIK3CA mutated HCC1954 cells (Figure 2F 
lane 8 and 9).

RAD001 enhances the effectiveness of 
BEZ235 to inhibit mTOR signaling in HER2+ 
breast cancer cells

Recently several groups have reported that the 
combination of RAD001 and BEZ235 has syn-
ergistic antitumor activity in non-small cell lung 
cancer and hepatocellular cancer [42, 43]. We 
have now studied whether the combination of 
BEZ235 and RAD001 exerts augmented anti-
PI3K-AKT-mTOR signaling activity in HER2+ 
cells. Interestingly we found that the combina-
tion of low concentrations of BEZ235 and 
RAD001 was much more potent than each sin-
gle agent in both BT474 and BT474HerR cells 
(Figure 2D and 2E lane 17).

BEZ235 induces cell cycle arrest and apopto-
sis in HER2+ breast cancer cell lines

Consistent with the anti-proliferative and anti-
clonogenic effects of BEZ235 (Figure 1A, 1B), 
the proportion of cells in the G1 phase of the 

cell cycle was subsequently increased in all 
three cell lines (BT474, BT474HerR and HCC- 
1954) with a concomitant decrease of S phase 
following the treatment with BEZ235 (Figure 
4A). We further analyzed the potential of 
BEZ235 to induce apoptosis in HER2+ breast 
cancer cells. We assessed AnnexinV staining, 
an early marker of apoptosis induction by flow 
cytometry (Figure 4B) in addition to biochemi-
cal markers of both apoptosis and survival 
(cleaved Caspase3 and SURVIVIN) by Western 
blotting in trastuzumab sensitive (Figure 4Ca), 
trastuzumab-resistant (Figure 4Cb) and PIK- 
3CA mutated/HER2+ cell lines (Figure 4Cc). To 
better understand and define the role of PI3K-
AKT-mTOR on induction of apoptosis in HER2+ 
cells, the effect of the mTORC1 allosteric inhi- 
bitor RAD001 was compared with BEZ235. In 
contrast to BEZ235, RAD001 at doses which 
successfully blocked the phosphorylation of 
p70S6K, pS6RP and p4EBP1 (three down-
stream effectors molecules of mTOR) was sub-
stantially less effective at inducing apoptosis in 
all HER2+ cell lines except the trastuzumab-
resistant cell line (Figure 4B), suggesting that 
the activity of BEZ235 could be attributed to its 
PI3K-inhibiting property. To ensure that the 
cleaved CASPASE3 expression is irreversible 
proportionate with phosphorylation status of 
AKT, we ran a Western blot with a same lysa- 
te of BT474HerR following the treatment of 
BEZ235 at indicated concentrations and time. 
As expected less AKT phosphorylation was 
observed and this abrogation of the AKT activi-
ty was exactly matching with high expression of 
cleaved CASPASE3 (compare Figure 4Cb with 
4Cd).

It has been reported earlier that overexpres-
sion of HER2 leads to activation of the PI3K-
AKT pathway and subsequent inactivation of 
FOXO1 (phosphorylation of FOXO1 at Ser 256) 
in HER2 overexpressing breast tumor cells [44]. 
FOXO family of transcription factors consisting 
of FOXO1, FOXO3a, FOXO4, and FOXO6, are 
direct phosphorylation targets of the protein 
kinase AKT [45, 46]. Wu et al. demonstrated 
[44] that inactivation of AKT led to increased 
expression of FOXO1 which transcriptionally 
activated p27 and finally inhibited cell prolifera-
tion (see the cartoon in Figure 4Db). In the 
same line, our data also showed that FOXO1 
was activated following the treatment of BE- 
Z235 (by inhibiting its phosphorylation at ser-
ine 256) and consequently FOXO1-mediated 
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Figure 4. Effect of BEZ235 on cell cycle progression, apoptosis in HER2 amplified trastuzumab-sensitive, trastuzumab-resistant and PIK3CA mutated breast cancer 
cells: Effect of three doses of BEZ 235 (100, 200 and 500 nM) on cell cycle distribution (A) in BT474, BT474HerR and HCC1954. Cells were treated as indicated 
for 24 hours. Cells were released and ethanol fixed before staining with propidium iodide for analysis by flow cytometry. (B) Effect of BEZ235 (100, 200 and 500 
nM) on apoptotic (early) response analyzed by annexin V/7AAD staining in BT474, BT474HerR and HCC1954. Cells were treated for 48 hours, released, rinsed, and 
placed in the annexin V binding buffer. Cells were labeled with annexin V-PE and 7AAD for analysis. Error bars represent SEM from triplicates. Interestingly, RAD001 
has a very insignificant response to the early phase of apoptosis in HER2+ cells when compared with BEZ235. (C) BEZ235 induces apoptosis through induction 
of cleaved CASPASE3 and inhibition of the expression of SURVIVIN: BT474 (a), BT474HerR (b) and HCC1954 (c) cell lines were incubated for different time periods 
(6, 24, 48 and 72 hours) with the indicated amount of BEZ235. Data showed that cleaved CASPASE3 expression was more at higher concentration of BEZ235. 
Furthermore, the expression was more in trastuzumab-resistant cells (lane 6 and 8 in Cb) might be due to addiction of the PI3K-AKT-mTOR pathway in resistant 
cells. Data also showed that SURVIVIN expression was more in resistant cells and SURVIVIN expression was significantly inhibited following the treatment of BEZ235 
in trastuzumab-sensitive (a), trastuzumab-resistant (b) and PIK3CA mutant (c) cells. (Cd) Levels of p-AKT(Ser473) expression following the treatment of BEZ235 
was reciprocally correlated (both time and dose) with the expression levels of cleaved CASPASE3. Data suggest that BEZ235 increases apoptosis through the AKT-
SURVIVIN-CASPASE3 pathway. (Da) Effects of BEZ235 on the expression of p-FOXO1 and its target gene: BT474 and BT474HerR cells were treated with BEZ235 (100 
nM) for 24, 48 and 72 hrs. Cells were harvested to measure the expression of phosphorylation (Ser256) of FOXO1 and one of its transcriptional target genes, p27. 
Data suggest BEZ235 induced dephosphorylation of FOXO1, leads to upregulation of p27 which is the transcriptional target gene of FOXO1 and upregulated p27 
may be (one of the key factors) responsible for induction of cell cycle arrest. (Db) FOXO1 plays a pivotal role in tumor growth suppression by inducing growth arrest 
and apoptosis: Loss of function of FOXO1 protein due to phosphorylation and proteasomal degradation has been implicated in cell transformation and malignancy. 
It has been known that SKP2 interacts with ubiquitinates, and promotes the degradation of FOXO1. This effect of SKP2 requires AKT-specific phosphorylation of 
FOXO1 and translocation of phosphorylated FOXO1 (inactive form) from nucleus to cytosol. Activation of FOXO1 by upstream inhibition of the PI3K-AKT pathway, 
results in upregulation of p27kip, cyclin-dependent kinase inhibitor and downregulation of cyclin D, thereby increasing apoptosis (please see the cartoon).
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transcriptional upregulation of downstream 
p27 was observed in both BT474 and BT47- 
4HerR cells (Figure 4Da). Phospho-27kip1 ability 
to block cell cycle progression in different solid 
tumors has also been demonstrated previously 
[44, 47].

Taken together our data clearly demonstrated 
that PI3K and AKT inhibition are key molecules 
of this pathway for induction of cell cycle arre- 
st and apoptosis by BEZ235 treatment, and 
mTORC2 (and its immediate target effector i.e. 

serine phosphorylated AKT) more than mTORC1 
is probably involved in this event.

The PI3K-AKT-mTOR signaling pathway con-
trols heregulin-induced HER2+ breast cancer 
cell migration and RAC1 activation on fibronec-
tin

One of the major threats for breast cancer 
death is metastasis, which accounts for >90% 
of breast cancer deaths [48]. Integrin-mediated 
cell migration is one of the essential steps for 

Figure 5. Blocking of the PI3K-AKT pathway inhibited HER2+ cell migration and decreased RAC1 activation: A. 
Wound healing assay. A confluent monolayer of cells (HER2+/PIK3CA mutated, HCC1954 and HER2+/PTEN inac-
tivation mutation, HCC1569) was scratched using a sterile pipette tip. At 24 hours after treatment, migrated cells 
into the scratched area were photomicrographed and measured the scratch area covered by the migrated cells. 
Transwell assay was carried out with HCC1954 cells following the treatment of BEZ235 (100 nM) or RAD001 (5 
nM) (bottom panel). Photomicrograph and counting of cells that migrate through the filter to the fibronectin coated 
surface after crystal violet staining were showed in the bar diagram (*<0.001, n=3). BEZ235-mediated abrogation 
of integrin (α4β1/α5β1) -induced HER2+ cell migration was significantly well-defined than an mTOR1 inhibitor, 
RAD001 in both cells and in both assay types. B. Integrin (α4β1/α5β1)-induced RAC1 activation was significantly 
attenuated following the treatment of dual PI3K/mTOR inhibitor, BEZ235 but not by RAD001. The block of RAC1 
activation has been correlated with an observed reduction in cell migration.
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metastasis. Here we examined the effect of 
dual PI3K/mTOR inhibitor BEZ235 on here- 
gulin-induced, integrin directed migration of 
HER2+ breast cancer cells. Treating the PIK3CA 
mutated/HER2+ (HCC1954) or inactivating 
mutation of PTEN/HER2+ (HCC1569) cells with 
BEZ235 significantly attenuated the migration 
of HER2+ cells on fibronectin (either by scratch 
assay or by transwell haptotaxis assay). In con-
trast, RAD001 had no to moderate activity on 
integrin-directed migratory propensity in both 
cell lines (Figure 5A).

The roles of RAC1 GTPases are widely implicat-
ed in metastasis. RAC1 transduces signals 
from integrins, growth factor receptors, and 
G-protein-coupled receptors (GPCRs) and con-
trols a number of essential cellular functions 
including motility. Recently, it has been report-
ed by other that PAK1 (Ser/Thr kinase) is an 
immediate downstream of RAC1 and is an in- 
tegral component of growth factor signaling 
networks (including HER2) and its cellular func-
tions fundamental to tumorigenesis [49]. Co- 
nsistent with the known role for Rho family 
small GTPases in cell migration, fibronectin 
engagement caused a time-dependent incre- 
ase in RAC1 activation in HCC1954 cells in the 
presence of heregulin (10 ng/ml) (Figure 5B 
lane 2). Since RAC1 activation was pronoun- 
ced at 30 minutes following fibronectin enga- 
gement, the effect of BEZ235 was evaluated  
at 30 minutes as compared to the non-treated 
cells after fibronectin-attachment. Figure 5B 
shows that fibronectin-dependent RAC1 activa-
tion was significantly attenuated in HCC1954 
cells. Similar to migration experiments RAD001 
had no effect on integrin-induced RAC1 activa-
tion (Figure 5B lane 4). These results are direct-
ly correlated with the capacity of the PI3K-AKT-
mTOR pathway to control heregulin-induced 
HER2+ breast cancer cell migration on fibro-
nectin. Overall these data clearly indicate that 
BEZ235 controls metastatic property of HER2+ 
breast cancer cells.

Antitumor efficacy of BEZ235, trastuzumab 
or combination in HER2+ mouse xenograft 
models

Plasticity and redundancy of the signaling net-
work require a complete inhibition of signaling 
pathways with combinatorial therapies. Aber- 
rant activation of the PI3K-AKT-mTOR pathway 
has been shown to correlate with a diminish- 
ed response to HER2 directed therapies [50]. 

Approximately 40% of HER2+ breast cancers 
harbor an activating mutation of PIK3CA [51], 
consistent with the notion that these two onco-
genes have non-overlapping functions and  
may cooperate to promote tumorigenesis [52]. 
Activating mutations in the PI3K-AKT-mTOR 
pathway are present in the majority of breast 
cancers and, therefore, are one of the major 
areas of drug development and clinical trials. 
Pathway mutations have been proposed as 
predictive biomarkers for the efficacy of the 
PI3K pathway-targeted therapies. However, the 
precise contribution of distinct PI3K pathway 
mutations to drug sensitivity is unknown.

Several studies suggest that activation of the 
PI3K pathway and/or activating mutations of 
PIK3CA confer resistance to anti-HER2 therapy 
including trastuzumab [16, 50, 53], however, 
confirmation of a causal relationship between 
the PI3K-AKT-mTOR pathway and resistance to 
trastuzumab in the clinic is not clear yet. Here 
we sought to examine whether the combination 
of a dual PI3K/mTOR inhibitor BEZ235 along 
with trastuzumab may effectively override the 
PI3K pathway-mediated trastuzumab resista- 
nce in mouse xenograft models. The in vitro 
sensitivity profile of BEZ235 alone and in com-
bination with trastuzumab was recapitulated in 
in vivo in BT474 (Figure 7Aa) and BT474HerR 
xenograft models (Figure 7Ba). We also con-
firmed the efficacy of the combination in a more 
clinically relevant disease model of HER2+ 
breast cancer, HCC1954 which harbors acti- 
vating mutation of PIK3CA (Figure 7Ca). In  
our resistant model systems (BT474HerR  
and HCC1954), treatment with BEZ235 was  
more effective than trastuzumab in achieving  
the inhibition and the additive effect of the 
BEZ235 plus trastuzumab combination achie- 
ved a more powerful blockade of the pathway 
than the either drug in isolation (Figure 7B-D), 
suggesting that inhibition of both oncogenes is 
required to inhibit tumor growth.

Several reports in the literature suggest th- 
at HER2 requires HIF1α for mammary tumor 
growth [54] and PTEN or inhibitors of PI3K or 
mTOR can block angiogenesis via HIF1α stabili-
zation or synthesis [55-57]. The mechanisms 
for anti-angiogenic activity of pan-PI3K inhibi-
tors are not completely clear but seem to be 
involved in coordinating regulation of proangio-
genic and anti-angiogenic effectors, such as 
thrombospondin-1, HIF1α, VEGF, and others 
[58, 59]. The PTEN-PI3K-AKT-mTOR pathway 
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has been shown to regulate the transcription 
factor HIF1α, a control point for the hypoxic 

induction of VEGF [57, 59, 60]. Hence, it might 
be expected that this dual targeted inhibitor 

Figure 6. Involvement of PI3K, AKT, and mTOR in signaling from HER2 to HIF1α: (A) Hypoxia-induced HIF1α stabiliza-
tion is not blocked by PI3K/mTOR dual inhibitor, BEZ235, Nor: normoxia. (B) Effects of kinase inhibitors (BEZ235 
or LY294002) or trastuzumab on hypoxia-induced HIF1α stabilization. (C, D) Effects of heregulin-induced HIF1α 
expression in trastuzumab-sensitive (BT474) (C) and trastuzumab-resistant (BT474HerR) (D) breast tumor cells were 
abrogated by BEZ235. Lanes 1 & 5 are heregulin stimulation for 6 and 12 hours respectively in (C). Similarly lane 2 
is heregulin stimulation for 6 hours in (D). Lanes 2, 3, 6, 7 in (C) and lanes 3, 4 in (D) are preincubated with BEZ235 
(indicated concentrations of drug). Lane 4 in (C) and lane 1 in (D) are no stimulation condition. Data suggest that 
heregulin stimulates HIF1α expression and heregulin-induced HIF1α expression is more in resistance cells. BEZ235 
dose-dependently attenuates heregulin-induced HIF1α expression in both these cell lines. (E) Serum-starved cells 
(BT474 & BT474HerR), was pretreated for 1 hour with vehicle or inhibitor (dual PI3K/mTOR inhibitor, BEZ235 or 
mTOR1 inhibitor, RAD001) then exposed to no treatment or 10 ng/ml of heregulin for 6 hours prior to HIF1α im-
munoblot assay of whole cell lysates. (F) Similar experiments were performed with HER2+/PIK3CA mutated cells 
(HCC1954 & UACC893). Data show that treatment with BEZ235 or RAD001 was associated with decreased HIF1α 
expression following heregulin stimulation. Furthermore, compare to RAD001, dual PI3K/mTOR inhibitor, BEZ235 
was more effective for the inhibition of HIF1α expression/synthesis. (G) Integrin-directed endothelial cell migration 
is one of the critical steps for tumor-induced angiogenesis. Our data show that BEZ235 inhibits HUVEC cells migra-
tion on vitronectin (αvβ3/αvβ5) (lower panel). Bevacizumab was used as a positive control. BEZ235 at 100 nM con-
centration significantly abrogates endothelial cells tube formation on Matrigel (upper panel). These data indicate 
that unlike LY294002 (in B lane 3), BEZ235 cannot control hypoxia-mediated HIF1α stabilization; rather a BEZ235 
dose-dependently regulates HIF1α expression level following heregulin stimulation. Taken together (expression of 
HIF1α, endothelial cell migration, and tube formation on Matrigel) our data clearly indicate that BEZ235 effectively 
controls tumor-induced angiogenesis. (H) Oncoprint data represents samples from two published sets (cBioPortal). 
The queried samples represent PAM50 HER2 enriched tumors (58 samples; Breast Invasive Carcinoma; TCGA, 
Nature 2012). A set of four genes comprised of PIK3CA, ERBB2, VEGFA and HIF1alpha was found to be altered in 
53 (91.4%) of queried samples. The type of genetic alterations included in both sets is amplification, gain, deep 
deletion, shallow deletion and a missense mutation. The table of co-occurrent alterations is presented below. Out 
of four gene pairs with co-occurrent alterations in PAM50 Her2 enriched tumors (58 samples), TCGA, Nature 2012, 
the co-occurrence between HIF1alpha and VEGF was found statistically significant. p value was derived from Fisher 
Exact Test. Log Odds Ratio quantifies how strongly the presence or absence of alterations in gene A are associated 
with the presence or absence of alterations in gene B in the selected tumors, PAM50 Her2 enriched tumors (58 
samples; Breast Invasive Carcinoma; TCGA, Nature 2012). Log Odds Ratio>0: Association towards co-occurrence 
p-Value<0.05: Significant association. The table was generated using cBioPortal. cBioPortal data is subjected to 
scheduled updates. (I) The second queried samples represent HER2-positive breast tumors (120 samples; Breast 
Invasive Carcinoma; TCGA, cell 2015). A set of four genes comprised of PIK3CA, ERBB2, VEGFA and HIF1alpha 
was found to be altered in 95 (79.2%) of queried samples. The type of genetic alterations included in both sets is 
amplification, gain, deep deletion, shallow deletion and a missense mutation. Oncoprint data represents samples 
from two published sets (cBioPortal). The table of co-occurrent alterations is presented below. Out of six gene pairs 
with co-occurrent alterations, of the HER2-positive breast tumors (120 samples) TCGA, Cell 2015 the co-occurrence 
between HIF1alpha and VEGF pair and HIF1alpha and PIK3CA pair were found statistically significant. p value was 
derived from Fisher Exact Test. Log Odds Ratio quantifies how strongly the presence or absence of alterations in 
gene A are associated with the presence or absence of alterations in gene B in the selected tumors, Her2-positive 
breast tumors (120 samples; Breast Invasive Carcinoma; TCGA, cell 2015). Log Odds Ratio>0: Association towards 
co-occurrence p-Value<0.05: Significant association. The table was generated using cBioPortal. cBioPortal data is 
subjected to scheduled updates.
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BEZ235 will display anti-angiogenic activity. To 
investigate the effect of BEZ235 on angiogen-
esis, we evaluated its effects on the hypoxic 
stabilization of HIF1α and growth factor-medi-
ated HIF1α synthesis under hypoxic conditions 
in BT474 and BT474HerR cells. As shown in 
Figure 6A, 6B the results showed that unlike 
other pan-PI3K inhibitors (e.g. SF1126, LY29- 
4003) BEZ235 failed to block HIF1α accumula-
tion in the presence of hypoxia but exerted its 
effect via dose-dependent blockade of HIF1α 
synthesis following heregulin stimulation in 
both cell lines (Figure 6C and 6D). Similarly, 
BEZ235 also abrogated heregulin-induced HI- 
F1α synthesis in HER2+/PIK3CA mutated HC- 
C1954 and UACC893 cells (Figure 6F). Inte- 
restingly, BEZ235 mediated abrogation of HI- 
F1α synthesis was more when compared with 
RAD001 in all four cell lines (Figure 6E and 6F). 
Our in vitro data show that BEZ235 abrogated 
vitronectin-directed migration and capillary-like 
tube formation on matrigel of endothelial cell 
(HUVEC) (Figure 6G). We observed that PIK3CA, 
ERBB2, VEGFA and HIF1alpha genes were al- 
tered in from Her2-positive tumors and PAM50 
Her2-enriched tumors from breast cancer pa- 
tients as documented in cBioPortal. Oncoprint 
data from two published data sets in the cB- 
ioPortal representing PAM50 Her2 enriched 
tumors (TCGA, Nature 2012) (Figure 6H) and 
Her2-positive breast tumors (TCGA, cell 2015) 
(Figure 6I) showed 91.4% genetic alterations 
and 79.2% genetic alterations in a set of four 
genes comprised of PIK3CA, ERBB2, VEGFA 
and HIF1alpha. The co-occurrence between 
HIF1alpha and VEGFA in PAM50 Her2 enriched 
tumors (TCGA, Nature 2012) (Figure 6H) was 
found statistically significant. The co-occur-
rence between HIF1alpha and VEGFA pair and 
HIF1alpha and PIK3CA pair in Her2-positive 
breast tumors (TCGA, cell 2015) (Figure 6I) 
were found statistically significant. Furthermo- 
re, we evaluated the effects of BEZ235 on the 
capacity of BT474, BT474HerR and HCC1954 
tumor cells to recruit a blood supply in vivo dur-
ing treatments with BEZ235 at 45 mg/kg. BE- 
Z235 treated tumors showed a significant de- 
crease in microvessel density (MVD) (positive 
for CD31 and positive for p-VEGFR IHC staining) 
(Figure 7Ab, 7Bb and 7Cb) suggesting that this 
treatment had substantial tumor-induced anti-
angiogenic properties in vivo. The anti-angio-
genic activity of BEZ235 correlates with a block 
in the HIF1α-VEGF signaling in the tumor cell.

To further investigate the mechanism of action 
of BEZ235 alone or its combination with trastu-
zumab in tumor growth inhibition, expression 
levels of proliferative marker, (Ki67), and PI3K-
AKT-mTOR signaling pathway-specific PD mark-
ers (p-AKT and p-S6RP) were determined by 
IHC from the FFPE sections of the tumors from 
animals from each arm of the xenograft stud-
ies. High expression of Ki67 has been associ-
ated with poorer outcomes and measurement 
of Ki67 index pre- and post-therapy provided  
an accurate surrogate for responsiveness of 
breast cancer to the treatment [61]. PD studies 
showed a decrease in the Ki67, p-AKT and 
p-S6RP expression in tumors from mice treated 
with BEZ235 in combination with trastuzumab 
as compared to the control (Figure 7Ab, 7Bb 
and 7Cb). These results in agreement with  
the in vitro observations demonstrated that 
BEZ235 in combination with trastuzumab was 
an efficacious anti-tumor drug combination  
in HER2+/trastuzumab-resistant as well as 
HER2+/PIK3CA mutated breast tumor models.

Discussion

The results of our studies suggest that com-
bined targeting of HER2 and the PI3K-AKT-
mTOR pathway is superior to HER2-directed 
therapy alone. Notably, BEZ235 is also active in 
breast cancer cells with acquired resistance to 
trastuzumab. We have shown that targeting the 
PI3K-AKT-mTOR signaling pathway has antitu-
mor activity in combination with anti-HER2 
therapy (using trastuzumab). This is clinically 
significant, as resistance to trastuzumab thera-
py is a common clinical problem that limits the 
survival of patients with HER2 amplified breast 
cancers. As agents targeting PI3K/mTOR, such 
as BEZ235 or GDC-0980 are currently under-
going clinical investigation, these data would 
support the combination of the PI3K-AKT-mTOR 
pathway targeted therapy with trastuzumab in 
HER2+ breast cancer.

The involvement of PI3K-mTOR signaling in 
breast cancers has been established. We have 
recently demonstrated that an inhibition of this 
pathway is necessary for the anti-tumor effect 
in subtypes of breast cancers [31, 62]. The 
PI3K-mTOR pathway is frequently dysregulat- 
ed and is causally related to the development 
of resistance to targeted/cytotoxic agents in 
HER2+ breast cancers. Although multiple 
agents targeting the PI3K-mTOR pathway are 
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either approved for clinical use or are being cur-
rently evaluated in clinical trials, the functional 
superiority of a combination of the anti-HER2 
agent with a targeted inhibitor of the PI3K-
mTOR pathway has not been established yet in 
HER2+ breast cancers. Recently the biomarker 
study of the BOLERO3 trial indicated that 
patients with low PTEN levels as well as patients 
with high pS6 levels had a greater benefit (PFS) 
when everolimus was added to trastuzumab. 
Mechanistically our data clearly showed that 
BEZ235 significantly abrogated heregulin in- 
duced HER2: HER3 hetero-dimer-mediated 
PI3K-AKT-mTOR signaling as well as perturbed 
mTOR-mediated cap-dependent mRNA transla-
tional activity of HIF1α which downregulated 
VEGF expression and tumor angiogenesis. Al- 
though a significant proportion of trastuzumab-
treated patients are prone towards the devel-
opment of drug-induced resistance, till date 

trastuzumab remains as a standard drug for 
the first-line of treatment in HER2 amplified 
breast cancers. Our data provide first evidence 
to show that BEZ235, by targeting two nodal 
points of the PI3K-AKT-mTOR pathway is benefi-
cial in achieving an anti-tumor efficacy in both 
tumor and angiogenic compartments and this 
effect of BEZ235 is worth exploring as a poten-
tially superior therapeutic strategy as com-
pared to trastuzumab/trastuzumab plus pertu-
zumab in the context of trastuzumab-resistant 
condition.

One of the key advantages of BEZ235 over the 
isoform-specific PI3K inhibitor is its potential to 
treat tumors harboring oncogenic abnormali-
ties that signal through all PI3K isoforms and 
mTOR (it’s downstream) which are activated by 
upstream PI3K-dependent and independent 
manners. The PI3K-AKT-mTOR pathway, a cen-

Figure 7. Efficacy of BEZ235 alone and in combination with trastuzumab in HER2+/trastuzumab-sensitive, BT474 
(A), HER2+/trastuzumab-resistant, BT474HerR (B) and HER2+/PIK3CA mutated, HCC1954 (C) human tumor xeno-
graft models: A pilot study was conducted with HCC1954 cells to determine 1) the number of cells required to inject 
for the establishment of tumors and their maintenance in animals throughout the period of drug administration and 
2) the maximum tolerable dose of drugs in animals with tumor burden. The number of cells injected was adjusted 
on the basis of the tolerable tumor burden in untreated animals (following IACUC guidelines). On the basis of the re-
sults of the pilot study, cells were injected in matrigel subcutaneously into the flank of immunocompromised female 
nude (nu/nu) mice. Established xenograft tumors were treated with BEZ235 (45 mg/kg, oral, every other day) alone 
and in combination with trastuzumab (10 mg/kg i.p., twice weekly for 3 weeks). The table [(lower panel of (Aa), 
(Ba) & (Ca)] shows the change in volumes of xenograft tumors and body weights of the mice in response to drug 
combinations. PD data of BT474 tumor (Ab), BT474HerR (Bb) and HCC1954 (Cb) for cell proliferation marker (Ki67), 
tumor-induced angiogenic markers (CD31 & pVEGFR and cell signaling markers (pAKT & pS6RP) were presented. 
(D) A dual PI3K/mTOR inhibitor (BEZ235) plus trastuzumab showed in vivo efficacy in mouse xenograft models. 
Quantification of the mean changes (relative values) in tumor volume of xenografts after 3 weeks treatment, nega-
tive values indicate tumor regression.
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tral regulator of diverse normal cellular func-
tions is often subverted during neoplastic 
transformation [63]. Activation of this signaling 
pathway lying downstream of HER2 and its fam-
ily members, which facilitates signaling inde-
pendently of the HER2 kinase, plays an impor-
tant role in the development of de novo and 
acquired resistance to trastuzumab therapy. 
Resistance to current anti-HER2 therapies in- 
cluding trastuzumab is a major hurdle in the 
eradication of HER2+ breast cancer. Ampli- 
fication of HER2 and PIK3CA mutations (30-
40%) often co-occur in breast cancer. Sarat 
Chandarlapaty and his group recently reported 
that the combined rate of PTEN loss and 
PIK3CA mutation in the trastuzumab-resistant 
tumors was 71% [64].

Current PI3K inhibitors under clinical develop-
ment are grouped by their specificity, ranging 
from pure PI3K inhibitors to compounds that 
block both PI3K and its downstream effector, 
mTOR (dual inhibitor) to pure catalytic mTOR 
inhibitors, and to inhibitors that block AKT. 
However it remains uncertain which type of 
inhibitor would be more appropriate clinically; 
isoform-specific inhibitors, pan-PI3K inhibitors 
or PI3K/mTOR dual inhibitors. Selective PI3K 
p110a (PI3Ka) inhibitors are currently being 
tested in the clinic in patients with advanced 
malignancies, with promising results in patients 
with breast tumors harboring PIK3CA muta-
tions [65, 66]. However, not all the patients 
benefit equally from these agents and even 
those that initially respond typically relapse 
after months of therapy. A few studies have 
reported that a combined use of two different 
molecules targeting the same cellular effectors 
through independent inhibitory mechanisms 
can improve the ultimate outcome [67-69]. We 
have recently showed that a combination of a 
dual PI3K/mTOR inhibitor, GDC-0980 induced 
an efficient antitumor effect in the BRCA-co- 
mpetent triple-negative breast cancer (TNBC) 
model when combined with a PARP inhibitor 
[31].

BEZ235 treatment resulted in viability/survival 
changes measured by MTT, 2D, 3D-ON-TOP clo-
nogenic growth, cell cycle and apoptotic mark-
ers, while apoptosis was not observed with 
RAD001 (an allosteric inhibitor of mTOR), indi-
cating that either PI3K and/or mTORC2 is suffi-
cient for cell viability/survival. Despite some 
success in selected tumor types, rapalogs gen-
erally showed very limited anticancer efficacy 

as a single agent [70]. At 2013 ASCO meeting 
Ruth O’Regan and her group reported that the 
addition of everolimus (RAD001) did not im- 
prove clinical benefits rate with HER2+/trastu-
zumab-resistant, taxane-pretreated advanced 
breast cancer in the BOLERO-3 trial [71]. Si- 
milarly, a frontline treatment with everolimus 
combined with trastuzumab and paclitaxel fa- 
iled to delay the progression of the disease 
when compared with trastuzumab and pacli-
taxel in patients with HER2+ advanced breast 
cancers (according to the result from phase III 
BOLERO-I presented at 2014 SABCS, San An- 
tonio). Negative feedback loops involving S6K 
have been described significant effects on drug 
responses for mTORC1 inhibitors [72]. Targeting 
tumors with rapalogs can result in increased 
PI3K-AKT activity leading to an enhanced prolif-
eration rate of the tumor and decreased the 
efficacy of allosteric mTOR inhibitors [72]. ATP-
competitive mTOR kinase inhibitors (e.g. OSI-
027, AZD2014, and MLN0128) have been 
developed and are undergoing clinical trials. 
However resistance to these mTOR kinase 
inhibitors can still arise via the PI3K feedback 
mechanism, by increased p-AKT at threonine 
308 or activation of AKT-independent PI3K tar-
gets [73]. Similarly, inhibition of PI3K leads to 
compensatory activation of upstream receptor 
tyrosine kinases that limit the effectiveness  
of those compounds [74, 75]. We have shown 
here that BEZ235 with its dual PI3K/mTOR 
kinase activity overcame these feedback sig-
naling mechanisms. Moreover, upregulation of 
the RAS-MAPK pathway that occurs following 
mTORC1 inhibition alone [41] as well as BEZ2- 
35 at 500 nM concentration [74], was not 
detected with BEZ235 at 50 nM or 200 nM 
concentration (except UACC893 cells, Figure 
2H lower panel) as it simultaneously blocked 
mTORC1, mTORC2, and PI3K. It has been re- 
cently proposed that p70S6K mostly regulates 
by mTOR in controlling cell size whereas mTOR’s 
effects on proliferation are mainly attributable 
to 4EBPs [76]. Our data demonstrated that 
dual PI3K/mTOR inhibition caused sustained 
inhibition of both p70S6K and 4EBPs. Differing 
from the report by Choo and Blenis [77] and 
Choo et al. [78] who showed that with rapamy-
cin, after an initial inhibitory effect on 4EBP1 
phosphorylation, phosphorylation re-appeared, 
we observed (Figure 2E-G) a complete inhibi-
tion of phosphorylation of 4EBP1 and no reacti-
vation of the pathway until after 24 hours of 
treatment. BEZ235 mediated progressive de- 
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phosphorylation of 4EBP1 led to a selective 
inhibition of translation of cap-dependent pro-
tein synthesis including HIF1α. We and others 
have previously shown that the PI3K-AKT-mTOR 
pathway plays an important role in the activity 
of HIF1α in solid tumors [56, 57, 79]. Like PI3K 
signaling, hypoxia and HIF1α are associated 
with aggressive disease, metastasis, and treat-
ment resistance in many cancers [80]. Acti- 
vation of HIF1α is normally observed under 
hypoxic condition but can be influenced by 
oncogenic expression [81, 82]. Here our data 
showed that BEZ235 substantially blocked 
HIF1α synthesis probably via inhibition of mT- 
OR-4EBP1-cap-dependent translational mach- 
inery in trastuzumab-sensitive, trastuzumab-
resistant and PIK3CA mutated cells (Figure 6).

Two recent clinical studies have demonstrated 
that HER2-positive breast cancer patients with 
PIK3CA mutations are less likely to achieve a 
pCR compared with those with wild-type, when 
the patients were treated with neoadjuvant 
chemotherapy plus anti-HER2 therapies in the 
GeparQuattro, GeparQuinto, and GeparSixto 
trials [83] and the NeoALTO trial [84]. Similarly, 
PIK3CA mutation is associated with a shorter 
progression-free survival in HER2-positive met-
astatic breast cancer treated with HER2-ta- 
rgeted therapies in CLEOPATRA trial [85]. Ho- 
wever unlike the results observed in the neo- 
adjuvant and metastatic settings, there is no 
association between the PIK3CA mutation and 
the degree of benefit from trastuzumab in the 
adjuvant setting in the NSABP B-31 trial [86]. 
Recently published studies and our current 
data may explain why mutational activation of 
the PI3K pathway (PIK3CA) promotes resis-
tance to trastuzumab. HER2 blockade by treat-
ing the cells with trastuzumab did not affect 
p-AKT or its downstream effectors in HER2+/
PIK3CA mutated HCC1954 (Figure 2F lane 2 
and 3), suggesting that trastuzumab can no 
longer inhibit PI3K and its downstream signal-
ing molecules in the presence of mutant 
PIK3CA. Elkabets and colleagues [87] recently 
reported that p110α-isoform specific inhibitor 
such as BYL719 was not effective in PIK3CA 
mutated breast tumors with persistent activa-
tion of S6K (a marker of mTORC1 signaling)  
and suggested that simultaneous inhibition of 
mTORC1 may enhance the clinical efficacy of 
the p110α-specific drug.

Progression of solid tumors (including HER2+ 
breast tumor) to the metastatic stage is ac- 

countable for the majority of cancer-related 
death. Additionally, patients with tumors hav- 
ing increased phosphorylation of p70S6K (an 
immediate downstream effector of mTOR) sh- 
owed a trend for worse disease-free survival 
and increased metastasis [88]. Accumulating 
evidence is emerging that the PI3K-AKT-mTOR 
signaling axis also actively engages with the 
migratory process in motile cells including  
metastatic cancer cells [89]. Interference with 
PI3K-AKT-mediated cell motility impairs and 
attenuates malignant progression/metastasis 
of cancers. Because metastasis is responsible 
for 90% of mortality in cancer patients, the 
acceleration of cancer cell spreading observed 
in association with hyperactivation of the PI3K 
pathway has highlighted the awareness of the 
regulation of cancer cell motility to distant 
organs via inhibition of the PI3K pathway. It has 
been also reported that activation of the HER2 
receptor tyrosine kinase stimulates breast  
cancer cell motility [90]. From these data, we 
hypothesized that the PI3K-AKT-mTOR pathway 
may be the key for HER2 overexpressing cell 
motility. Here our data showed that BEZ235 
significantly abrogated HER2+/PIK3CA or HE- 
R2+/PTEN mutated cells migration on fibronec-
tin (Figure 5A). Several reports suggest that 
activation of RAC-GTP is necessary for integrin-
mediated cell migration [33, 91, 92]. Literature 
references suggest that PI3K is a possible 
upstream regulator of the RAC signaling pa- 
thway [93, 94]. Evidence suggests that the 
RAC1’s immediate downstream effector PAK1 
is implicated in breast tumor progression. In- 
deed, more than 50% of breast tumors show 
overexpression and/or hyperactivation of PAK1 
[95]. In the same line, our data also showed 
that integrin-mediated RAC1 activation was 
substantially inhibited following the treatment 
of BEZ235 (Figure 5B). Taken together (migra-
tion and RAC1 activation data), we can suggest 
that a dual PI3K/mTOR inhibitor may control 
HER2+ breast tumor cells metastasis. It war-
rants further investigation.

In in vivo studies BEZ235 treatment did impact 
the tumor stromal compartment (Figure 8) as it 
appeared to either directly or indirectly inhibit 
angiogenesis. This aligns with extensive litera-
ture demonstrating that PI3K is a key signaling 
node for the induction of angiogenesis by regu-
lating the production of VEGF [79, 96, 97] and 
VEGF is the transcriptional effector of HIF1α. In 
the present study CD31-positive microvessel 
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density (MVD) in whole tumor sections of sub-
cutaneous HER2+ xenografts in the BEZ235-
treated group was strikingly diminished. This 
effect was much more pronounced in the com-
bination arms in all three groups (trastuzumab-
sensitive, trastuzumab-resistant and PIK3CA 
mutated models) (Figure 7Ab, 7Bb and 7Cb). 
While the exact mechanism is not known, the 
effect of BEZ235 on HIF1α synthesis and sub-
sequent production of VEGF suggest a direct 
link between the PI3K-AKT-mTOR inhibition and 
the inhibition of angiogenesis, as demonstrat-
ed by decreased MVD in our mouse xeno- 
grafts.

In all three xenograft models, antitumor res- 
ponses to single agent BEZ235 was observed, 
however, a combination of BEZ235 plus trastu-
zumab showed more antitumor activity ranging 
from tumor growth inhibition to stasis but not 
tumor regression (Figure 7Aa, 7Ba and 7Ca). 
Unlike Violeta Serra and group (using PIK3CA 

mutant overexpressing cells) [98], in our hands, 
PIK3CA mutant tumor did not show better 
response compared to the other two xenograft 
models. It was previously reported by others 
that MYC a commonly deregulated breast can-
cer oncogene was responsible for the acquired 
BEZ235 resistance [99, 100] and HCC1954 
are also MYC-dependent cells [101]. HCC1954 
cells have a high copy number of MYC (greater 
than 7). Additionally, very high level of amphi-
regulin (ligand for EGFR) mRNA is also exp- 
ressed in HCC1954 cells [102]. It has been 
also reported that amphiregulin-induced EGFR-
mediated breast cancer cell proliferation is 
independent of PI3K inhibition [103]. From our 
PD data, we could suggest that BEZ235-me- 
diated (either alone or in combination with 
trastuzumab) antitumor response was due to 
suppression of p-AKT, p-S6 ribosomal protein, 
reduced proliferation (low Ki67) and reduced 
tumor-induced angiogenesis (CD31 and pVEG-
FR) in all treated samples. In our study the 

Figure 8. Schematic representation of the central theme of our study: PI3K-mTOR dual inhibitor BEZ235 blocks 
the transcriptional activity of HIF1alpha by decreasing its synthesis which in turn downregulates tumor-associated 
stromal endothelial cells in a paracrine manner and thereby inhibits tumor-angiogenesis.
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superiority of a combined HER-targeted agent 
(using trastuzumab) with an anti-PI3K/mTOR 
pathway approach was found effective in only 
one trastuzumab-resistant HER2-amplified br- 
east cancer cell line and one PIK3CA mutated 
HER2-amplified breast cancer cell line and 
understandably cannot necessarily be extra- 
polated to other HER2+/PIK3CA mutated or 
HER2+/PTEN null cell lines. It has been also 
suggested by other that trastuzumab treatment 
increased PTEN phosphatase activity and PTEN 
was required for antitumor activity of trastu-
zumab [19]. Recently, it was also reported that 
dual blockade of the HER2 signaling network 
with HER2: HER3 anti-dimerization antibody or 
HER3 specific antibody (inhibits HER2: HER3 
dimer) in combination with a PI3K pathway 
inhibitor may be an effective treatment ap- 
proach to HER2 overexpressing breast cancers 
[104].

In summary, combination treatment also leads 
to a reduction of HER2-positive breast cancer 
cell proliferation and tumor-induced angiogen-
esis when compared to single agent therapy. 
Our results further substantiate the previously 
reported treatment strategy in HER2+/tras- 
tuzumab-resistant as well as HER2+/PIK3CA 
mutated breast cancers that could be used for 
the design of phase II/III clinical studies. It is 
generally assumed that targeting a single or 
subgroup of isoforms will achieve the goal of 
limiting systemic toxicities [105]. However, a 
central question has been whether anticancer 
efficacy can be achieved by just targeting a 
specific single target alone. In regards to simul-
taneously targeting HER2 and the PI3K-AKT-
mTOR pathway, there are hypothetical conce- 
rns about the safety and tolerability of this 
approach. Clinical investigations will be needed 
to determine whether this is tolerable and is an 
effective method of dual PI3K/mTOR signaling 
blockade in combination with anti-HER2 thera-
py in HER2 amplified breast cancer patients. 
Considering the existence of an intricate feed-
back loop within the PI3K-AKT-mTOR pathway 
we argued that targeting two major nodal points 
of this pathway, PI3K and mTOR will be ideal in 
order to achieve a maximum inhibition of the 
signaling pathway. Inhibition of mTOR following 
BEZ235 treatment in our study provided three 
significant advantages over the use of pan-
PI3K or isoform-specific PI3K inhibitors. It ca- 
used a blockade of the a) cap-dependent mR- 
NA translation, b) HIF1α-VEGF angiogenic path-
way and c) AKT-independent LKB-AMPK-mTOR 

mediated nutrient/energy signaling of the tu- 
mor cells. Thus, we successfully targeted the 
survival/proliferation component of the “onco-
genic event” rather than a single gene (HER2)-
mediated signals in HER2+ breast cancers 
(Figure 8). Our data indicate that further study 
is warranted to test the efficacy of the combina-
tion of BEZ235 plus trastuzumab in order to 
obtain a superior therapeutic strategy in tras- 
tuzumab-sensitive and trastuzumab-resistant 
HER2+ BC carrying upregulation of the PI3K-
mTOR pathway.
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