
PRECLINICAL STUDY

Transcriptome- and proteome-oriented identification
of dysregulated eIF4G, STAT3, and Hippo pathways altered
by PIK3CAH1047R in HER2/ER-positive breast cancer

Feixiong Cheng1,6,7 • Junfei Zhao1,2 • Ariella B. Hanker3 • Monica Red Brewer3 •

Carlos L. Arteaga3,4,5 • Zhongming Zhao1,2,4,5

Received: 2 August 2016 / Accepted: 5 October 2016 / Published online: 22 October 2016

� Springer Science+Business Media New York 2016

Abstract

Purpose Phosphatidylinositol 3-kinase (PI3K)/AKT path-

way aberrations are common in human breast cancer.

Furthermore, PIK3CA mutations are commonly associated

with resistance to anti-epidermal growth factor receptor 2

(HER2) or anti-estrogen receptor (ER) agents in HER2 or

ER positive (HER2?/ER?) breast cancer. Hence, deci-

phering the underlying mechanisms of PIK3CA mutations

in HER2?/ER? breast cancer would provide novel insights

into elucidating resistance to anti-HER2/ER therapies.

Methods In this study, we systematically investigated the

biological consequences of PIK3CAH1047R in HER2?/ER?

breast cancer by uniquely incorporating mRNA transcrip-

tomic data from The Cancer Genome Atlas and proteomic

data from reverse-phase protein arrays.

Results Our integrative bioinformatics analyses revealed

that several important pathways such as STAT3 and

VEGF/hypoxia were selectively altered by PIK3CAH1047R

in HER2?/ER? breast cancer. Protein differential expres-

sion analysis indicated that an elevated eIF4G might pro-

mote tumor angiogenesis and growth via regulation of the

hypoxia-activated switch in HER2?PIK3CAH1047R breast

cancer. We observed hypo-phosphorylation of EGFR in

HER2?PIK3CAH1047R breast cancer versus HER2?

PIK3CAwild-type (PIK3CAWT). In addition, ER and

PIK3CAH1047R might cooperate to activate STAT3,

MAPK, AKT, and Hippo pathways in ER?PIK3CAH1047R

breast cancer. A higher YAPpS127 level was observed in

ER?PIK3CAH1047R patients than that in an ER?PIK3CAWT

subgroup. By examining breast cancer cell lines having

both microarray gene expression and drug treatment data

from the Genomics of Drug Sensitivity in Cancer and the

Stand Up to Cancer datasets, we found that the elevated

YAP1 mRNA expression was associated with the resistance

of BCL-2 family inhibitors, but with the sensitivity to

MEK/MAPK inhibitors in breast cancer cells.
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Conclusions In summary, these findings shed light on the

functional consequences of PIK3CAH1047R-driven breast

tumorigenesis and resistance to the existing therapeutic

agents in HER2?/ER? breast cancer.

Keywords PIK3CA � Bioinformatics � Synergistic

interactions � HER2 � ER � Breast cancer

Introduction

Breast cancer is one of the most common cancers in the

United States and other parts of the world. According to the

cancer statistics in 2016, a total of 246,660 new breast

cancer cases and 40,450 deaths in the United States were

estimated [1]. Furthermore, breast cancer is a heteroge-

neous disease and has been categorized into three main

therapeutic groups: (i) human epidermal growth factor

receptor 2 (ERBB2 or HER2) amplified, having significant

clinical benefit from anti-HER2 therapies; (ii) estrogen

receptor-positive (ER?, luminal), responding to targeted

hormonal therapies; and (iii) basal-like or triple-negative

breast cancer (lacking expression of the ER, HER2, and

progesterone receptor). In addition, breast cancer often

arises by the accumulation of genetic and epigenetic

alterations that alter various signaling pathways (i.e., PI3K/

AKT), resulting in dysregulation of downstream molecular

events and heterogeneous changes at the gene and/or pro-

tein expression level [2–6].

Approximately 40 % of HER2-positive (HER2?) breast

cancer cases harbor activating mutations in PIK3CA,

especially at two ‘‘hotspots’’: E542K and E545K (exon 9)

in the helical domain and H1047R (exon 20) in the kinase

domain [7, 8]. Two recent studies independently reported

that PIK3CAH1047R induced multi-potency and multi-lin-

eage mammary tumors and further causes breast tumor

heterogeneity [9, 10]. Hanker et al. studied the synergistic

interaction between PIK3CA mutation and HER2 in

HER2? breast cancer using the HER2?PIK3CAH1047R

mouse model [11]. The authors found that mutant PIK3CA

and HER2 could synergistically accelerate HER2-driven

transgenic mammary tumors and induce resistance to

combinatorial therapies of anti-HER2 agents. The CLEO-

PATRA trial found that PIK3CA mutations were associated

with a poor progression-free survival in metastatic breast

cancer patients treated with trastuzumab, pertuzumab, and

chemotherapy [12]. Further, Loibl et al. found that PIK3CA

mutations were associated with lower rates of pathological

complete response to anti-HER2 therapies in HER2? breast

cancers [13]. However, disease-free survival and overall

survival rates were not significantly different in the patients

with mutant PIK3CA from the PIK3CAwild-type

(PIK3CAWT) [13]. Altogether, although PIK3CA mutations

show some inconsistent clinical utility, the biological

validity of the data raises the interesting hypothesis that

combining PI3K inhibitors with anti-HER2 therapeutic

agents may be more effective for patients harboring

PIK3CA mutations in HER2? breast cancer [3, 14, 15].

Although PIK3CA mutations commonly occur in HER2?

breast cancer,PIK3CA is more frequently mutated in luminal

breast cancer [7, 8]. Furthermore, dysregulation of the PI3K/

AKT pathway often contributes to the resistance of anti-

endocrine agents in breast cancer [16–18]. For example,

Miller et al. found that a hyper-activation of the PI3K path-

way promoted the escape from hormone dependence in ER?

breast cancer in the long-term estrogen deprivation breast

cancer cell lines [16]. Sabine et al. evaluated the effects of

PIK3CA mutations in breast cancer patients who received

anti-endocrine therapies in the Exemestane Versus Tamox-

ifen-Exemestane pathology study covering more than 4000

patients [17]. Interestingly, while PIK3CA mutations were

found in approximately 40 % of luminal breast cancer

patients, they could not serve as an independent predictor of

the outcome to anti-endocrine therapies. Therefore, there is a

strong need to decipher molecular events contributing to the

responses of anti-endocrine therapies inPIK3CA-mutant and

ER? breast cancer.

The recent release of multi-omics data from large-scale

cancer genomics projects such as The Cancer Genome

Atlas (TCGA) allowed us to systematically study the sig-

naling pathways altered by PIK3CA mutations in HER2?/

ER? breast cancer [7, 19, 20]. Furthermore, TCGA projects

provided the reverse-phase protein assay (RPPA) profiling

using a panel of proteins and phosphoproteins. This RPPA

has been applied to hundreds of tumors across multiple

cancer types, including breast cancer [21]. An integrative

bioinformatics approach combining the transcriptomic and

protein expression data from TCGA and RPPA, as well as

the related clinical information, would be effective for

uncovering the biological consequences of PIK3CA muta-

tions in the breast cancer patients who have developed the

resistance. Such knowledge would aid in developing more

efficient anti-HER2, anti-endocrine, or combinatorial

therapeutics for breast cancer in the post-genomic era [22].

In this study, we proposed an integrative bioinformatics

framework to study functional consequences of

PIK3CAH1047R in HER2?/ER? breast cancer by uniquely

exploiting protein expression from RPPA [21] and RNA-

seq data from the TCGA breast cancer project [7, 8]. We

hypothesized that PIK3CAH1047R might synergistically

cooperate with HER2/ER to activate the specific signaling

pathways that contributed to breast tumorigenesis or to the

resistance of anti-HER2 or anti-endocrine therapies in

HER2?/ER? breast cancer. We found that EGFR was

hypo-phosphorylated in HER2?PIK3CAH1047R patients

compared to the HER2?PIK3CAWT group. In addition, ER
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and PIK3CAH1047R might cooperate to activate STAT3,

MAPK, AKT, and Hippo pathways. By further integrating

microarray gene expression and drug treatment data in

breast cancer cell lines, we found that an elevated mRNA

expression of YAP1 was associated with the resistance or

sensitivity of several existing targeted cancer agents. In

summary, these findings provided novel insights into the

functional consequences of PIK3CAH1047R-driven tumori-

genesis and drug resistance, enabling the timely develop-

ment of targeted therapies in HER2?/ER? breast cancer.

Materials and methods

Data collection and pre-processing

Gene expression

We downloaded read count data for 1097 breast primary

tumors from TCGA [7, 8] (http://cancergenome.nih.gov,

January, 2015) using the R package in TCGA-Assembler

[23]. We obtained clinical data for breast cancer samples

from the original clinical dataset (clinical_patient_pib-

lic_brca.txt) as described in previous studies [7, 8].

According to the current clinical guideline jointly issued by

the American Society of Clinical Oncology and the College

of American Pathology, a breast tumor is called ER posi-

tive if the corresponding nuclear staining is C1 %, other-

wise called ER negative. For HER2, a breast tumor with an

immunohistochemistry (IHC) value of 0 or 1? is called

‘‘negative’’, while IHC level 3? is called ‘‘positive.’’ The

detailed descriptions were provided in previous studies

[7, 8]. We also collected microarray gene expression data

for breast cancer cell lines from two sources: (i) gene-

centric RMA-normalized mRNA expression data across 53

breast cancer cell lines was extracted from the Genomics of

Drug Sensitivity in Cancer (GDSC) database (version:

updated in October, 2012) [24, 25]; and (ii) microarray

gene expression profiles across 45 breast cancer cell lines

were collected from the Stand Up to Cancer (SU2C)

database [26]. Gene-level expression values in SU2C were

computed using aroma.affymetrix with quantile normal-

ization and a log-additive probe-level model based on the

HuEx-1_0-stv2,DCCg,Spring2008 chip definition file, as

described in the previous study [26].

Protein expression

Protein or phosphoprotein (protein/phosphoprotein)

expression data measured by the RPPA approach were

extracted from TCPA [21]. Normalized values based on

replicate-based normalization were used for protein dif-

ferential expression analyses.

Drug pharmacological data

We downloaded drug pharmacological data from two

previous studies [25, 26]. First, Garnett et al. [25] assayed

48,178 drug-cell line combinations with a range of 275 to

507 cell lines per drug for more than 130 anticancer drugs.

The pharmacological data across cell lines based on the

half maximal inhibitory concentration (IC50) was converted

to the natural log micromolar [25, 26]. Second, Heiser et al.

tested 74 therapeutic drugs against 45 different breast

cancer cell lines [26]. The pharmacological data across cell

lines based on the concentration of 50 % of maximal

inhibition of cell proliferation (GI50) was converted to

-log10(GI50).

Gene co-expression weighted protein interaction

network

We constructed a protein interaction network (PIN) for

YAP based on protein–protein interactions as done in our

previous studies [27–29]. We calculated the Pearson Cor-

relation Coefficient (PCC) value for each gene–gene pair

using the RNASeq-V2 data and mapped the PCC value

onto the above PIN to build a co-expression weighted PIN

for YAP, as described previously [27–31]. The co-expres-

sion weighted network graph was drawn using Cytoscape

(v2.8.1) [32].

Gene and protein/phosphoprotein differential

expression analyses

We used the edgeR package [33] for gene differential

expression analyses based on RNAseq read count data for

primary breast cancer and matched normal tissues collected

from the TCGA breast cancer project [7, 8]. We defined a

significantly up-regulated gene using cutoff: log2(FC)[ 1

and adjusted P value (q)\ 0.01. We used the Wilcoxon

rank-sum test to perform the protein/phosphoprotein dif-

ferential analyses based on normalized RPPA protein

expression data collected from TCPA [21].

Oncogenic pathway activity analyses

To explore the specific oncogenic signaling pathways

altered by PIK3CA mutation in different subtypes of breast

cancer, we grouped the breast cancer patients into 8 cate-

gories: HER2?PIK3CAH1047R, HER2?PIK3CAWT,

HER2-PIK3CAH1047R, HER2-PIK3CAWT, ER?

PIK3CAH1047R, ER?PIK3CAWT, ER-PIK3CAH1047R, and

ER-PIK3CAWT. We then performed gene differential

expression analyses using the edgeR package [33] for the

samples in each aforementioned category by comparing

normal breast tissues in the same TCGA dataset. The
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details of significantly mutated genes for each category

were provided in Supplementary Table 1. We collected a

panel of 52 well-annotated gene signatures that represent

the main oncogenic pathways in breast cancer from a

previous study [34]. Finally, we performed gene set

enrichment analysis for the significantly up-regulated

genes in each category across 52 well-annotated gene

signatures in breast cancer using Fisher’s exact test.

Statistical analysis

All statistical tests were conducted using the R package

(v3.0.2) (http://www.r-project.org/).

Results

PIK3CA hotspot mutations across subtypes in breast

cancer

We first surveyed the spectrum ofPIK3CA hotspot mutations

in breast cancer using TCGA data. Figure 1a shows several

hotspot mutations, including N345K/T, E542K/G, and

E545K/A in the helical domain, and H1047R/L in the kinase

domain. We next checked thePIK3CAmutations in different

breast cancer subtypes. Among the 119 patients with the

PIK3CAH1047R mutation, 10.9 % (13/119) patients harbored

HER2?PIK3CAH1047R, whereas 76.5 % (91/119) patients

had ER?PIK3CAH1047R (Fig. 1b, c). We further performed

Kaplan survival analysis for PIK3CA mutant versus

PIK3CAWT groups. Figure 1d, e showed that there was no

significant relationship of overall survival rates between

patients withPIK3CAH1047R andPIK3CAWT (P = 0.380), or

between PIK3CAE545K and PIK3CAWT (P = 0.522) groups.

This result is consistent with a previous study [13]. In addi-

tion, there was no significant relationship of overall survival

rates for HER2 ? or ER ? breast cancer patients with or

withoutPIK3CAH1047R orPIK3CAE545K mutations (P[ 0.1,

Supplementary Fig. S1).

Oncogenic signaling pathways altered

by PIK3CAH1047R in HER21/ER1 breast cancer

To investigate the signaling pathways altered by

PIK3CAH1047R in HER2?/ER? breast cancer, we examined

the enrichment of the significantly up-regulated genes across

10 different categories (Supplementary Table 1) using a

panel of 52 previously well-defined gene expression signa-

tures in breast cancer [34]. We calculated gene differential

expression using RNA-seq read count data generated from

the TCGA breast cancer project [7]. We defined the signifi-

cantly over-expressed genes by q value threshold\ 0.01 and

log2(FC)[ 1, where FC denotes fold change. We then

performed gene set enrichment analysis (see ‘‘Materials and

methods’’ section) for the 10 significantly up-regulated gene

sets (Supplementary Table 1) against the 52 well-defined

gene expression signatures (Supplementary Table 2) [34]

using Fisher’ exact test. Several well-known breast cancer

gene signatures (Supplementary Table 2), such as PIK3CA

signaling, proliferation, mutant p53 signaling (P53 MUT),

beta catenin activation (bCATENIN), LKB1 signaling,

BMYB signaling (BMYB), and loss of RB expression (RB

LOH), were found to be significantly active in breast cancer

when compared to normal tissues (Fig. 2). Interestingly,

Stat3 activation (STAT3), tumor necrosis factor alpha

(TNFA), and vascular endothelial growth factor/hypoxia

signaling (VEGF/hypoxia) were selectively altered by

PIK3CAH1047R in HER2?/ER? breast cancer (Fig. 2). For

example, VEGF/hypoxia (P = 6.8 9 10-3) were selec-

tively activated in HER2?PIK3CAH1047R compared to that

of the HER2?PIK3CAWT subgroup. Hypoxia is an important

cancer cell metabolism pathway involved in a variety of

cancer types or subtypes [35]. For instance, Ghazoui et al.

found that a hypoxia metagene mediated the resistance of

aromatase inhibitor in breast cancer [36]. In addition, a well-

known breast cancer signaling, STAT3, is activated in both

HER2?PIK3CAH1047R (P = 0.036) and ER?PIK3CAH1047R

(P = 0.060) compared to HER2?PIK3CAWT and ER?

PIK3CAWT subgroups respectively. Finally, TNFA is

selectively activated in HER2?PIK3CAH1047R (P = 0.015)

compared to that of the HER2?PIK3CAWT subgroup. As

above, cancer cell metabolism pathway (e.g., VEGF/hy-

poxia) and tumor necrosis factor alpha pathway altered by

PIK3CAmutations might play critical roles in HER2? breast

cancer.

Elevated eIF4G and hypo-phosphorylation of EGFR

in HER21PIK3CAH1047R breast cancer

We next examined the differentially expressed proteins/

phosphoproteins using RPPA data. Figure 3a shows the top 5

up-regulated and down-regulated proteins/phosphoproteins

that had the lowestP value in HER2?PIK3CAH1047R patients

compared to the HER2?PIK3CAWT subgroup (Supplemen-

tary Table 3). In this study, we labeled the phosphorylation

sites in phosphoprotein via subscript text. The top 5 up-

regulated proteins are GAB2 (P = 0.02, Wilcoxon rank-sum

test), p27pT198 (P = 0.02), eIF4G (P = 0.03), VHL

(P = 0.03), and ARID1A (P = 0.03). Bocanegra et al.

reported that GAB2 plays oncogenic roles by enhancing

epithelial cell proliferation and metastasis of HER2-driven

murine breast cancer [37]. Larrea et al. found that RSK1 (an

effector of PI3K/PDK1 pathway) drives p27pT198 to increase

cell motility and metastatic potential of cancer cells [38].

Thus, GAB2 and p27pT198 might have oncogenic roles via

PIK3CAH1047R in HER2? breast cancer. The eIF4G,
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eukaryotic translation initiation factor 4 gamma, is a protein

mediating the transferring mRNA to the ribosome for

translation initiation. Braunstein et al. found that eIF4G

orchestrates a hypoxia-activated switch that promotes breast

tumor angiogenesis and growth [39]. Furthermore, Fig. 2

indicates that VEGF/hypoxia is selectively altered by

PIK3CAH1047R in HER2? breast cancer. Collectively,

PIK3CAH1047R may be associated with an increase of eIF4G

expression that subsequently promotes breast tumor angio-

genesis and growth by regulating the hypoxia-activated

switch in HER2? breast cancer. More experimental work to

validate this hypothesis will be needed in future.

The top 5 down-regulated proteins are mTORpS2448

(P = 0.01), SrcpY527 (P = 0.02), SrcpY416 (P = 0.02),

AKT (P = 0.02), and S6pS235_S236 (P = 0.03). The details

are shown in Fig. 3a and Supplementary Table 3. While

AKT had low protein expression, the ratio of AKTpT308/

AKT in HER2?PIK3CAH1047R was marginally higher than

that in the HER2?PIK3CAWT group (P = 0.07, Fig. 3b),

indicating a weak inactivation of AKT. Interestingly, we

found that the ratios of both S6pS235_S236/S6 (P = 0.04)

and S6pS240_S244/S6 (P = 0.03) in HER2?PIK3CAH1047R

patients were lower than that in the HER2?PIK3CAWT

group. In addition, HER2?PIK3CAH1047R patients had a

trend toward a decreased protein expression in ERBB

family members, such as EGFRpY1068 (P = 0.03),

HER3pY1289 (P = 0.04), HER2pY1248 (P = 0.07), and

HER2 (P = 0.08), suggesting down-regulation of ERBB

pathways in HER2?PIK3CAH1047R patients versus

HER2?PIK3CAWT. Moreover, we found a hypo-phospho-

rylation of EGFR (P = 0.019) in HER2?PIK3CAH1047R

patients compared to HER2?PIK3CAWT (Fig. 3b). These

Fig. 1 Spectrum of hotspot mutations in PIK3CA across subtypes of

breast cancer. a Spectrum of hotspot mutations of PIK3CA in breast

cancer based on The Cancer Genome Atlas (TCGA) data (December

2015). b and c Overlap of mutations in PIK3CAH1047R or PIK3CAWT

patients with two other subtypes of breast cancer: anti-epidermal

growth factor receptor 2 positive (HER2?) or negative (HER2-)

(b) and estrogen receptor positive (ER?) or negative (ER-) (c). d and

e, Kaplan–Meier overall survival rates for breast cancer patients with

or without two PIK3CA hotspot mutations (H1047R and E545K)

using TCGA data [7, 8]. All P values of Kaplan–Meier survival

analysis were performed using a log-rank test
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results suggested that PIK3CAH1047R might reduce the

expression of phosphorylated EGFR in HER2? breast

cancer, consistent with PI3K-mediated feedback repression

of ERBB family proteins (e.g., HER3) reported previously

[40, 41]. Therefore, our result of low expression of ERBB

proteins altered by PIK3CAH1047R might partially explain

why the current ERBB family inhibitors could not com-

pletely block the PI3K pathway in HER2? breast cancer.

Activation of STAT3, MAPK, and AKT

in ER1PIK3CAH1047R breast cancer

Next, we examined the differentially expressed proteins

between ER?PIK3CAH1047R and ER?PIK3CAWT patients.

Figure 4a showed the 10 most differentially expressed

proteins based on the P values, including 5 up-regulated

(AKTpS473, AKTpT308, MAPKpT202_Y204, YAPpS127, and

Fig. 2 Heat map showing oncogenic pathways altered by

PIK3CAH1047R across 10 different subgroups of breast cancer. A

panel of 52 well-annotated gene signatures representing the main

oncogenic pathways in breast cancer was collected from a previous

study [34]. The P value indicates the statistical significance of

enrichment analysis for the up-regulated genes (Supplementary

Table 1) in each subgroup of breast cancer compared to normal

breast tissues across 52 well-annotated gene signatures

(Supplementary Table 2) using Fisher’s exact test. Gene differential

expression analysis was performed based on the breast invasive

carcinoma dataset (RNA-seq, read count) from TCGA. The signif-

icantly up-regulated genes by cutoff: log2(FC)[ 1 and adjusted

P value\ 0.01 were used for 52 well-annotated gene signature

enrichment analyses. Two interesting pathways, VEGF/Hypoxia and

STAT3, were highlighted in bold at the right side and discussed in

main text
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Fig. 3 Box plots showing the representative differential proteins or

phosphoproteins in HER2?PIK3CAH1047R versus HER2?PIK3CAWT

subgroups. a Top 5 up-regulated and down-regulated proteins or

phosphoproteins (y-axis by protein expression) in HER2?

PIK3CAH1047R patients versus HER2?PIK3CAWT subgroup. b
Box plot view showing the ratio of phosphoprotein to total protein

level for 5 example proteins (S6, AKT, EGFR, HER2, and HER3)

altered by PIK3CAH1047R in HER2? breast cancer. Protein or

phosphoprotein differential analyses in this figure and Fig. 4 were

performed based on the normalized RPPA protein expression data

collected from TCPA [21]. The phosphorylation sites in phospho-

protein were labeled by subscript text. The P values were calculated

by Wilcoxon rank-sum test. The detailed data are provided in

Supplementary Table 3
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Fig. 4 Box plots showing the representative differential proteins in

ER?PIK3CAH1047R versus ER?PIK3CAWT subgroups. a The top 5 up-

regulated and down-regulated proteins or phosphoproteins (y-axis by

protein expression) in ER?PIK3CAH1047R patients versus ER?

PIK3CAWT subgroup, respectively. b Box plot view showing the ratio

of phosphoprotein to total protein level for 2 representative proteins

(AKT and YAP), phosphoprotein (STAT3) and protein (BCL-XL)

differential expression, and mRNA differential expression for YAP1

and two YAP1 target genes (TEAD1 and CTGF) altered by

PIK3CAH1047R in ER? breast cancer. The phosphorylation sites in

phosphoprotein were labeled by subscript text. The P values were

calculated by Wilcoxon rank-sum test for protein differential expres-

sion analysis and by edgeR software for mRNA differential expression

analysis. The detailed data are provided in Supplementary Table 3
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Fibronectin) and 5 down-regulated (FoxM1, ASNS, 4E-

BP1, eIF4E, and Cyclin B1) proteins or phosphoproteins.

Interestingly, we found the elevated protein expression of

MAPK, STAT3, and AKT in ER?PIK3CAH1047R patients

compared to ER?PIK3CAWT (Supplementary Table 3). For

example, the ratios of both AKTpS473/AKT (P = 2.7 9

10-4, Wilcoxon test) and AKTpT308/AKT (P = 0.003) in

ER?PIK3CAH1047R patients were significantly higher than

that in the ER?PIK3CAWT group, suggesting activation of

the AKT pathway, as expected. The transcription factor

STAT3 has been reported to be frequently active in breast

cancer [42]. Figure 4b indicates an elevated phosphoryla-

tion level of STAT3 (STAT3pY705, P = 0.038) in ER?

PIK3CAH1047R patients compared to the ER?PIK3CAWT

group. These findings revealed that ER and PIK3CAH1047R

might co-activate multiple pathways involving STAT3,

MAPK, and AKT in ER?PIK3CAH1047R breast cancer.

An elevated phosphorylation level of YAP

in ER1PIK3CAH1047R breast cancer

The Hippo pathway is an important kinase cascade sig-

naling hub involved in organ growth and size maintenance,

and it plays critical roles in various cancer types [43]. For

instance, Hippo signaling inhibits a transcriptional co-ac-

tivator and oncoprotein YAP/TAZ. Thus, Hippo plays a

critical tumor suppressor role in various cancers, such as

breast cancer, colorectal cancer, and liver cancer [43, 44].

As shown in Fig. 4a, we found an elevated expression of

phosphorylated YAP (YAPpS127, P = 6.2 9 10-5) in

ER?PIK3CAH1047R patients compared to the ER?

PIK3CAWT group. Moreover, the ratio of YAPpS127/YAP in

ER?PIK3CAH1047R patients was significantly higher than

that in the ER?PIK3CAWT group (P = 5.0 9 10-4).

Activation of the Hippo tumor suppressor leads to YAP

phosphorylation and cytoplasmic retention of YAP by the

14–3–3 binding and proteasome-dependent degradation

[45]. However, when the Hippo pathway is under dysreg-

ulation, YAP is free to translocate into nucleus and then

activates the transcription process of the genes that pro-

mote tumor growth and migration, such as CTGF,

ANKRD1, CYR61, and AREG [46]. As shown in Fig. 4b,

although YAP1 is slightly over-expressed at the mRNA

level (P = 2.3 9 10-4), several target genes (CTGF

[P = 0.11] and YEAD1 [P = 0.031]) revealed a weak or

non-significant over-expression in ER?PIK3CAH1047R

when compared to the ER?PIK3CAWT patients. This

observation is consistent with no significant correlation

(R = 0.063, P = 0.22 [F statistics]) between mRNA

expression of TEAD1 and YAPpS127 expression or a sig-

nificant positive correlation (R = 0.251, P = 6.1 9 10-5)

between mRNA expression of CTGF and YAPpS127

expression in ER?PIK3CAH1047R patients (Supplementary

Fig. S2). The inconsistent correlation of YAPpS127

expression with its down-regulated gene (CTGF and

TEAD1) mRNA expression might be caused by protein’s

post-translational modifications or tumor heterogeneity in

breast cancer as discussed previously [47]. The previous

study has suggested that a high YAP phosphorylation level

could be elevated by a highly active Hippo pathway,

leading to inactivate transcription of YAP target genes

[45]. Hence, our observation of the low transcription

activities for several YAP target genes (e.g., CTGF and

YEAD1) might be caused by the elevated phosphorylation

of YAP. For example, we next observed a slightly low

expression (Fig. 4b) of a YAP’s downstream protein, BCL-

XL, and a significant negative correlation (R = -0.122

and P = 0.016 [F statistics]) between YAPpS127 expression

and BCL-XL protein expression in ER?PIK3CAH1047R

patients (Supplementary Fig. S2). This is consistent with a

previous study [48]. Collectively, the results supported that

PIK3CAH1047R might activate the Hippo tumor suppressor

pathway in ER? breast cancer.

We next constructed a gene co-expression-weighted PIN

to further explore the potential downstream events due to

the Hippo pathway activation in ER?PIK3CAH1047R breast

cancer. First, we collected protein–protein interactions for

YAP from several publicly available databases as descri-

bed in our previous studies [27–29]. In total, we found 58

interacting proteins that are either experimentally validated

or literature-curated for YAP, including physical interac-

tions and phosphorylation reactions (kinase-substrate

interactions) as described in our previous studies

[27–29, 49, 50]. We then calculated gene co-expression

correlation measured by PCC value using RNA-seq data

and mapped the PCC value of each gene co-expression pair

onto the above PIN as the weight. As shown in Fig. 5a, we

found 8 significantly negative co-expressed partners (blue

lines) and 24 significantly positive co-expressed partners

(red lines) with P value\ 0.01 (F statistics). The top 5

positive co-expressed partners with the lowest P-values in

ER?PIK3CAH1047R breast cancer are PTPN14

(PCC = 0.66, P = 7.9 9 10-13), CTNNB1 (PCC = 0.57,

P = 4.0 9 10-9), LATS2 (PCC = 0.57, P = 5.4 9 10-9),

RUNX1 (PCC = 0.53, P = 5.5 9 10-8), and TEAD1

(PCC = 0.52, P = 1.8 9 10-7). A previous study showed

that PTPN14 is required for the density-dependent control

of YAP1 [51]. Guo et al. found LATS2-mediated YAP

phosphorylation in hepatocellular carcinoma tumorigenesis

[52]. Browne et al. found that RUNX1 is associated with

breast cancer progression and invasion [53]. Moreover,

TEAD1 was reported as a major YAP1 target gene in breast

cancer cell lines [54]. In summary, the elevated YAP1

phosphorylation level is a common feature in a subtype of

breast cancer, which may be altered by PIK3CAH1047R in

ER? breast cancer.
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Elevated YAP1 expression correlates

with the resistance of targeted chemotherapy agents

in breast cancer cell lines

A previous study reported that the elevated YAP1 expres-

sion promotes the resistance to multiple anticancer agents

[48]. We next examined the correlation between YAP1

mRNA expression and resistance of anticancer agents in

breast cancer cell lines. We collected both drug treatment

and gene expression data in 53 breast cancer cell lines from

the GDSC database [55]. The heat map in Fig. 5b sum-

marizes the overall correlation of the expression of 59

genes (YAP1 and its 58 interacting partners in Fig. 5a) with

their responses (measured by IC50 natural log micromolar)

to 132 drugs. Among the 132 anticancer agents, we found

that the elevated YAP1 expression was significantly asso-

ciated with resistance to ABT.263 (r = 0.46, P = 0.01

[F statistics]) and JNK-9L (r = 0.42, P = 0.01) (Fig. 5c).

ABT.263 (navitoclax), an oral BCL-2 family inhibitor

(BCL-2, BCL-XL and BCL-W), is under clinical investi-

gation for various cancer treatments, including leukemia,

lung cancer, breast cancer, and multiple myeloma [56].

Although overexpression of the pro-survival protein BCL-2

is common in breast cancer [57], we found that the BCL-2

family inhibitor (navitoclax) might have a resistance risk in

ER?PIK3CAH1047R breast cancer due to the low expression

of BCL-XL, which is inhibited by the elevated phospho-

rylation level of YAP (Fig. 4b). We found that the elevated

YAP1 expression was associated with the sensitivity of two

additional drugs: EHT-1864 (r = -0.40, P = 0.03) and

PF-4708671 (r = -0.38, P = 0.05) (Fig. 5c). EHT-1864

is a small molecule inhibitor of RAC family small GTPases

(RAC1) [58]. Giehl et al. reported that short-term phar-

macological inhibition of RAC1 activity by EHT-1864

reduced the expression of a YAP target gene CTGF in

HKC-8 cells [59]. Furthermore, a recent study has sug-

gested that EHT-1864 might be a potential therapeutic

molecule in breast cancer [60]. Katz et al. found that EHT-

1864 blocked the spread of human breast cancer by down-

regulating STAT3 activity [61]. In the present study, we

observed the elevated protein levels of STAT3, MAPK,

and AKT in ER?PIK3CAH1047R breast cancer (Fig. 4).

Therefore, a RAC family inhibitor, such as EHT-1864,

might provide a potential agent or combinatorial therapy by

down-regulation of STAT3, MAPK, and AKT pathways in

ER?PIK3CAH1047R breast cancer.

We further examined the correlation of YAP1 expression

with the resistance of anticancer agents in breast cancer

cell lines using an independent SU2C dataset [26]. We

collected 45 different breast cancer cell lines having both

74 therapeutic drug treatments and gene expression profiles

from SU2C [26]. The heat map in Fig. 6a displays the

correlation between YAP1 mRNA expression and its 58

interacting protein partners and 74 anticancer therapeutic

drugs in response (-log10(GI50) value). Figure 6b indi-

cated that the elevated expression of YAP1 was signifi-

cantly associated with the resistance of ibandronate

(r = -0.47, P = 0.04) based on the SU2C dataset.

Although ibandronate provides a potential therapy for

metastatic breast cancer [62], we found that ibandronate

might have a potential risk of drug resistance in ER?

PIK3CAH1047R breast cancer. Among the 74 therapeutic

drugs we examined, the elevated mRNA expression of

YAP1 was found to be significantly associated with sensi-

tivity to PD-98059 (r = 0.63, P = 0.01) and oxaliplatin

(r = 0.47, P = 0.03), respectively (Fig. 6b). Oxaliplatin is

a platinum-based chemotherapeutic drug for colon cancer

and breast cancer [63]. PD-98059, a MEK/MAPK inhi-

bitor, has been widely investigated for various cancer

treatments. In addition, Fig. 4a shows a high activation of

MAPK in ER?PIK3CAH1047R breast cancer. Altogether,

combining a MEK/MAPK inhibitor with known anti-en-

docrine agents may enhance tumor repression in ER?

PIK3CAH1047R breast cancer.

Discussion

Drug resistance in current anti-HER2 or anti-ER therapies is

a big obstacle in HER?/ER? breast cancer. Previous studies

have shown that HER2 and PIK3CAH1047R cooperate to

promote transformation of the mammary epithelium and

metastasis and cause breast tumor heterogeneity [9–11].

Furthermore, a hyper-activation of the PI3K pathway helps

the escape from hormone dependence in ER? breast cancer

cell lines [16]. However, PIK3CA mutations have shown

inconsistent clinical utility for anti-HER2 or anti-endocrine

therapeutic agents in HER?/ER? breast cancer patients, as

bFig. 5 A gene co-expression-weighted protein interaction subnet-

work for YAP1 and the relationship between mRNA expression and

drug responses in breast cancer cell lines based on the GDSC dataset

[55]. a A gene co-expression-weighted protein interaction subnetwork

connecting YAP1 and its 58 interacting proteins. The red edges

denote positive co-expression and blue edges denote negative co-

expression. The different color keys on nodes represent significance

(P values) of gene co-expression measured by F statistics. Gene co-

expression analysis was performed based on ER?PIK3CAH1047R

breast invasive carcinoma dataset (RNA-seq with V2 RSEM) from

TCGA. b Heat map showing the Pearson correlation coefficient (color

key) between drug responses and gene mRNA expression for YAP1

and its 58 interacting genes based on the GDSC dataset [55] including

130 drugs’ response data (IC50, the natural log micromolar) and

microarray expression across 53 breast cancer cell lines. The labels at

the right side are genes and in the bottom are drugs. YAP1 and its two

important target genes (TEAD1 and CTGF) were highlighted by red.

c Four significant correlation (r: Pearson correlation coefficient) pairs

between YAP1 mRNA expression and drug resistance. The P values

were performed by F statistics
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reported in several large-scale clinical trials [13, 17]. The

underlying mechanisms of PIK3CA mutations contributing

to the resistance of anti-HER2 or anti-endocrine agents in

breast cancer remain unclear. In this study, we developed an

integrative bioinformatics approach to investigate the

potential synergistic mechanisms of PIK3CAH1047R in

HER2?/ER? breast cancer. Through an integration of RNA-

Seq, protein expression, drug pharmacological data, and

microarray gene expression in breast cancer patients or

breast cancer cell lines, we found several interesting

molecular events that were potentially altered by

PIK3CAH1047R. These results, while requiring further func-

tional and clinical validation, provided useful insights into

the functional consequences of PIK3CAH1047R-driven breast

tumorigenesis and resistance to known chemotherapeutic

agents in HER2?/ER? breast cancer.

The clinical use of anti-HER2 targeted agents has yiel-

ded a substantial and positive impact on the survival of

HER2? breast cancer patients [3]. However, several pre-

vious studies reported potential resistance to anti-HER2

therapies in HER2?PIK3CAH1047R breast cancer [13, 14].

Herein, we found the decreased activation of the ERBB

pathway in HER2?PIK3CAH1047R breast cancer. For

example, the hypo-phosphorylation of EGFR was observed

in HER2?PIK3CAH1047R patients when compared to the

HER2?PIK3CAWT subgroup (Fig. 3b). In addition, we

found a weak activation of AKT and a low activation of S6

(Fig. 3a) in HER2?PIK3CAH1047R breast cancer, consistent

with the low activation of the ERBB pathway. One possible

mechanism for the decreased activation of the ERBB

pathway in HER2?PIK3CAH1047R breast cancer might be

explained by the PI3K-mediated feedback repression of

ERBB family proteins (e.g., HER3), as reported in previous

studies [40, 41]. We speculated that the decreased

expression of ERBB proteins altered by PIK3CAH1047R

might contribute to the inconsistent clinical utilities of anti-

HER2 therapies (e.g., lapatinib) in HER2?PIK3CAH1047R

breast cancer (Fig. 7a). Thus, a combination of anti-HER2

targeted agents with other targeted agents, such as PI3K/

AKT inhibitors, may potentially improve the clinical effi-

cacy in anti-HER2 therapies for HER2?PIK3CAH1047R

breast cancer patients [11]. Interestingly, we found that

VEGF/hypoxia and STAT3 signaling pathways were

selectively altered by HER2?PIK3CAH1047R breast cancer.

Furthermore, a hypoxia-activated switch (eIF4G) reveals a

higher expression in HER2?PIK3CAH1047R patients than

that in the HER2?PIK3CAWT subgroup. We proposed that

the elevated eIF4G might promote cell hypoxia and pro-

liferation in HER2?PIK3CAH1047R breast cancer

[39, 64, 65], as shown in Fig. 7a.

Although PIK3CA mutations commonly occur in

HER2? breast cancer, PIK3CA is more frequently mutated

in ER? breast cancer (Fig. 1b, c). Recent studies reported

that actionable mutations in the PI3K/AKT pathway often

mediate the resistance of anti-endocrine agents in breast

cancer [16–18]. Therefore, it is critical to identify the

molecular events involved in the resistance of anti-en-

docrine agents and altered by PIK3CA mutations in ER?

breast cancer. For this purpose, our analyses revealed that

ER and PIK3CAH1047R might synergistically activate the

Hippo pathway in ER?PIK3CAH1047R breast cancer. For

example, the elevated phosphorylation of YAP was

observed in ER?PIK3CAH1047R patients compared to the

ER?PIK3CAWT subgroup. We speculated that YAP might

not easily translocate into nucleus because of its hyper-

phosphorylation in cytoplasm (Fig. 7b) triggered by the

high activation of AKT [45] (Fig. 4b). Our speculation is

consistent with the transcriptional inactivation of several

tumor growth and migration-related YAP1 target genes

(e.g., TEAD1 and CTGF in Fig. 4b) in ER?PIK3CAH1047R

breast cancer (Fig. 7b). Furthermore, our analyses found

that the elevated mRNA expression of YAP1 was signifi-

cantly associated with the resistance to the BCL-2 family

inhibitor (Fig. 5c). Thus, combining BCL-2 inhibitors with

anti-endocrine agents might lead to potential risk of resis-

tance in ER?PIK3CAH1047R breast cancer (Fig. 7b). Fur-

thermore, the elevated mRNA expression of YAP1 was

significantly associated with the sensitivity to a MEK/

MAPK inhibitor, PD-98059, in breast cancer cells

(Fig. 6b). Hence, combining MEK/MAPK inhibitors with

anti-endocrine agents might provide potential alternative

therapies in ER?PIK3CAH1047R breast cancer. Although

ER?PIK3CAH1047R tumors are not dependent on the Hippo

pathway to promote breast tumorigenesis, the activation of

STAT3, MAPK, and AKT (Fig. 4) may drive tumorigen-

esis in ER?PIK3CAH1047R breast cancer (Fig. 7b). Col-

lectively, our data suggested that combining STAT3/

MAPK/AKT inhibitors with anti-endocrine agents might

help to overcome the resistance of current therapies in

ER?PIK3CAH1047R breast cancer.

In addition to PIK3CAH1047R, several helical domain

mutations, such as PIK3CAE545K, were frequently mutated

in breast cancer [7]. For example, totally 50 patients with

PIK3CAE545K have protein expression data based on the

released data in the current TCGA breast cancer project

[7, 8]. We found both similar and unique patterns of the

bFig. 6 Relationship between YAP1 mRNA expression and drug

responses in breast cancer cell lines based on the SU2C dataset [26].

a Heat map showing the Pearson correlation coefficient (color key)

between drug responses and gene expression for YAP1 and its 58

interacting genes based on the SU2C dataset [26] containing 73

drugs’ response data (-log10(GI50)) and microarray expression across

45 breast cancer cell lines. The labels at the right side are genes and in

the bottom are drugs. b Three significant correlation (r: Pearson

correlation coefficient) pairs between YAP1 mRNA expression and

drug sensitivity. The P values were performed by F statistics
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differentially expressed proteins/phosphoproteins altered

by PIK3CAE545K across HER? or ER? breast cancer

patients via our integrative bioinformatics framework

(Supplementary Figs. 1 and 2). The top 5 up-regulated

proteins are PR (P = 9.7 9 10-3, Wilcoxon rank-sum

test), Fibronectin (P = 0.013), STAT3pY705 (P = 0.030),

NDRG1pT346 (P = 0.034), and C.RafpS338 (P = 0.039) in

HER2?PIK3CAE545K compared to HER2?PIK3CAWT

subgroups (Supplementary Fig. 1). Both PIK3CAH1047R

and PIK3CAE545K activate the PI3K pathway, but they

show different mechanisms of activation, such as eIF4G.

Specifically, a decreased eIF4G expression was altered by

PIK3CAE545K compared to the elevated eIF4G level

(Fig. 3) altered by PIK3CAH1047R in HER2? breast cancer.

The possible explanation is that different gene regulatory

networks or miRNA regulation altered by PIK3CAH1047R

or PIK3CAE545K result in different up- or down-regulation

of eIF4G. The top 5 up-regulated proteins are Annexin.1

(P = 4.5 9 10-4), YAPpS127 (P = 5.8 9 10-4), Fibro-

nectin (P = 1.1 9 10-3), XBP1 (P = 1.3 9 10-3), and

YAP (P = 3.3 9 10-3) in ER?PIK3CAE545K compared to

ER?PIK3CAWT subgroups (Supplementary Fig. 2). Inter-

estingly, the activation of Hippo tumor suppressor pathway

may be altered by both PIK3CAE545K and PIK3CAH1047R

(Fig. 4) in ER? breast cancer. Altogether, the integrative

bioinformatics framework presented in this study would

provide a powerful tool to identify specific pathways

altered by particular driver mutations (e.g., PIK3CAH1047R

and PIK3CAE545K) in HER2?/ER? breast cancer.

There are several limitations in our integrative bioin-

formatics approach. First, we mainly focused on mRNA

transcriptome and protein expression analyses. However,

recent studies have shown that microRNA (miRNA) reg-

ulation or epigenetic changes may also be linked by driver

mutations in cancer [27, 66]. Second, high breast tumor

heterogeneity and small sample sizes might influence the

reliability and power in the statistical tests in the present

study. For example, there were only 13 HER2?

PIK3CAH1047R breast cancer patients that had both gene

expression and protein expression data, which potentially

affected the significance interpretation in gene or protein

differential expression analysis. However, as we explained

in other studies [66, 67], the panomics data [68] from the

same samples or subgroups should be more effective in the

integrative analysis like the present study. This is because

cancer is highly heterogeneous and simply increasing

sample size may introduce noise in genomic analysis. Of

note, we found a weak trend of up-regulation of VHL and

ARID1A in HER2?PIK3CAH1047R patients compared to

the HER2?PIK3CAWT subgroup (Fig. 3a and Supplemen-

tary Table 3). However, several previous studies reported

the tumor suppressor roles of both VHL [69] and ARID1A

[70] in breast cancer. Third, inconsistencies of the mea-

sured drug pharmacological data may have potential data

bias in breast cancer pharmacogenomics analyses [71].

Fourth, due to lack of subtype-specific information (like

ER or HER2 status) for breast cancer cell lines from GDSC

[24, 25] and SU2C [26] datasets, we only performed sub-

type-specific analysis with or without PIK3CAH1047R

mutation for primary breast tumor samples collected from

the TCGA project in the present study. Fifth, there is no

drug (like PI3K-targeted agents) treatment information for

breast cancer patients annotated in TCGA. Hence, the

patient survival analysis should be investigated in patients

who are treated with therapeutics targeting PI3K in future

to comprehensively evaluate the clinical utility of targeting

PIK3CA mutation in breast cancer. Finally, the results

remain to be experimentally validated in terms of their

function and clinical implications.

In future, we will perform more reliable bioinformatics

analyses in four directions: (i) by integrating miRNA

expression and transcriptional factor (TF)-miRNA regula-

tory networks to identify potential miRNA or TF regula-

tory networks altered by PIK3CAH1047R in HER2?/ER?

breast cancer; (ii) by integrating methylation data from the

TCGA breast cancer project to examine the potential epi-

genetic markers altered by PIK3CAH1047R in different

subtypes of breast cancer; (iii) by integrating functional

data generated from high-throughput functional screening

technologies, such as RNAi and CRISPR-Cas9, to identify

driver events altered by PIK3CAH1047R in HER2?/ER?

breast cancer; and (iv) by building more comprehensive

bioinformatics workflow by integrating genomics data and

the quantitative radiomics data generated from the TCGA

and The Cancer Imaging Archive (http://www.cancer

imagingarchive.net) breast cancer projects to develop

quantitative predictive PIK3CA mutant models for preci-

sion cancer medicine and patient treatment strategies in

breast cancer.

Conclusions

In this study, we developed an integrative bioinformatics

approach to investigate the potential synergistic mecha-

nisms of PIK3CAH1047R in HER2?/ER? breast cancer. We

bFig. 7 Proposed models for illustrating potential molecular mecha-

nisms altered by PIK3CAH1047R in HER2? (a) or ER? (b) breast

cancer. a Hypo-phosphorylation of EGFR altered by PIK3CAH1047R

may correlate with potential resistance of pan-ERBB inhibitors (e.g.,

Lapatinib) due to PI3K-mediated feedback repression of ERBB

family proteins as described in the previous studies [40, 41].

b Elevated phosphorylation level of YAP (‘‘Hippo on’’) is a common

feature in ER?PIK3CAH1047R breast cancer compared to ER?

PIK3CAWT. This may contribute to the potential activation of MAPK

and STAT3 pathways and further correlate with the sensitivity of

MEK/MAPK inhibitors
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found that cancer cell metabolism-related pathways (e.g.,

VEGF/hypoxia and STAT3) were selectively altered by

PIK3CAH1047R in HER2? breast cancer. Protein differential

analysis suggested that a higher eIF4G expression might

promote the increased tumor angiogenesis and growth via

regulating the hypoxia-activated switch in HER2?

PIK3CAH1047R breast cancer. We found the lower activities

of the ERBB pathway (e.g., hypo-phosphorylation of

EGFR) in HER2?PIK3CAH1047R, which may mediate

resistance to the pan-ERBB inhibitors in HER2? breast

cancer. Moreover, we found an activation of the MAPK,

STAT3, AKT, and Hippo pathways (e.g., the elevated

phosphorylation of YAP) in ER?PIK3CAH1047R patients.

Finally, an elevated mRNA expression of YAP1 was

associated with the resistance to BCL-2 family inhibitors

but with sensitivity to MEK/MAPK inhibitors in breast

cancer cell lines. In summary, these findings generated

some important hypotheses which could help us better

understand the biological consequences of PIK3CAH1047R-

driven breast tumorigenesis, uncover the resistance mech-

anisms on existing chemotherapeutic agents in HER2? or

ER? breast cancer, and develop the enhanced molecular

therapeutic strategies in this specific subtype of breast

cancer.
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