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Abstract Lapatinib, a novel oral dual tyrosine kinase

inhibitor blocking HER1 and HER2 pathways, has pre-

sented beneficial effects on breast cancer with positive

HER2. However, its efficacy is largely limited by the

occurrence of acquired drug resistance. In this study, we

aimed to explore the underlying molecular mechanisms of

Lapatinib resistance using bioinformatics strategies. The

gene expression profile of SKBR3-R (acquired Lapatinib-

resistant) and SKBR3 (Lapatinib-sensitive) cell line was

downloaded from gene expression omnibus database.

Then, the differentially expressed genes (DEGs) were

selected using dChip software. Furthermore, gene ontology

(GO) and pathway enrichment analyses were carried out by

using DAVID database. Finally, the protein–protein inter-

action network was constructed, and the hub genes in the

network were analyzed by using STRING database. A total

of 300 DEGs, such as HSPA5, MAP1LC3A and RASSF2,

were screened out. GO functional enrichment analysis

showed that the genes were associated with cell membrane

component-related, stimulus-related and binding-related

items. KEGG pathway analysis indicated that three dys-

functional pathways, including PPAR signaling pathway,

cytokine–cytokine receptor interaction and pathways in

cancer, were enriched. Protein–protein interaction network

construction revealed that some hub genes, such as

PPARG, TGFBI, TGFBR2, TIMP1, CTGF, UBA52 and

JUN, might have an association with Lapatinib resistance.

The present study offered new insights into the molecular

mechanisms of Lapatinib resistance and identified a series

of important hub genes that have the potential to be the

targets for treatment of Lapatinib-resistant breast cancer.
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Introduction

Breast cancer is the most common cancer for women in the

world [1]. Approximately 20% of breast cancers over-ex-

press human epidermal growth factor receptor 2 (HER2),

which is related to not only aggressive tumor behavior but

also poor patient outcome [2]. Lapatinib, an orally dual

tyrosine kinase inhibitor targeting HER1 and HER2, pre-

sented dramatically therapeutic effects in patients with

HER2-positive breast cancer, including reduction in

recurrence risk and prolongation of overall survival [3, 4].

However, the vast majority of patients with initial excel-

lent responses to Lapatinib eventually develop drug resis-

tance, which has presented a severe clinical challenge [5].

It is still totally unclear about the molecular mechanisms

of acquired Lapatinib resistance. Previous studies have

described that HER2 alteration and multiple bypass sig-

naling might have a correlation with this progress.

For example, the abnormal expression and/or activation of

signaling molecules includes PI3K [6], RON [7], SRC [8],

PP2A [9], CXCR4 [10], NF-jB [11], FOXM1 [12], PI3K/

AKT and MAPK/ERK [13], which participated in Lapa-

tinib resistance through various mechanisms. Generally
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speaking, these studies demonstrated that multiple gene

alterations occurred in Lapatinib-resistant cells. Therefore,

it is difficult to treat breast cancer with Lapatinib resistance

by interrupting single molecular alteration or pathway.

In the past several years, a variety of therapeutic mea-

sures attempting to reverse Lapatinib resistance have been

explored [14]. However, owing to the unclear pathogene-

sis, investigations on the treatments are still at an early

stage and the treatment effects are unsatisfactory. In fact,

the majority of the studies concentrated on any certain

molecular target, ignoring that Lapatinib resistance

involves aberrant expressions of multiple genes. It reflected

that traditional therapeutic approaches targeting any certain

single gene are insufficient to illuminate the nature of

resistance, and thus, it is urgent to investigate the resis-

tance-related multiple gene variations with more powerful

genome-wide technologies, which may shed new light on

clarification of the nature of Lapatinib resistance and then

help look for novel therapeutic strategies.

Microarray is a high-throughput tool for efficiently

performing global gene expression profiles, which has been

widely utilized for exploring the mechanisms underlying a

series of disorders. Using microarray, previous studies have

described the gene expression profiles of acquired Lapa-

tinib-resistant breast cancer cells [15, 16]. Accordingly, to

better understand the intrinsic mechanisms, it is necessary

to carry out further research about gene expression profiles

of acquired Lapatinib resistance.

In the present study, using bioinformatics methods,

public microarray data were downloaded for identifying

differentially expressed genes (DEGs) between acquired

Lapatinib-resistant and Lapatinib-sensitive breast cancer

cells. The functions of DEGs were further assessed by gene

ontology (GO) annotation, pathway enrichment and pro-

tein–protein interaction network construction. We aimed to

obtain better insights into the mechanisms and clarify

potential therapeutic targets for overcoming Lapatinib

resistance.

Methods

Identification of differentially expressed genes

(DEGs) from public microarray data

To obtain DEGs in acquired Lapatinib-resistant breast

cancer cells compared to Lapatinib-sensitive breast cancer

cells, we downloaded the public gene expression profile

(GSE38376) from the gene expression omnibus (GEO)

database (http://www.ncbi.nlm.nih.gov/geo/). This dataset

was deposited by Ram et al. [16], containing information

from HER2-positive breast cancer cell line SKBR3 (Lap-

atinib-sensitive) and SKBR3-R (acquired Lapatinib-

resistant cell line). Then, the dataset was analyzed using

dChip software (v.2011.01) (http://www.hsph.harvard.edu/).

T test was used to screen out Lapatinib resistance-related

DEGs between SKBR3-R and SKBR3 cells, with a thresh-

old of P value\0.05 and fold change C1.5.

Functional enrichment analysis of DEGs

Using database such as annotation, visualization and inte-

grated discovery (DAVID) database, the functional

enrichment analyses of the DEGs, including gene ontology

(GO) function analysis and Kyoto encyclopedia of genes

and genomes (KEGG) pathway analysis, were carried out.

In the GO analysis, the categories include cellular com-

ponent (CC), biological process (BP) and molecular func-

tion (MF) terms, and P value \0.01 was regarded as

statistically significant differences. In the KEGG pathways

analysis, enriched pathways were identified according to

the hypergeometric distribution with a P value\0.1.

Protein–protein interaction network construction

by STRING

Through inputting ID number of DEGs, the products of

these 300 DEGs were analyzed by the online tool,

STRING, to predict the interaction among them. A com-

bined score of not\0.7 (high confidence score) was con-

sidered significant. The hub protein was selected based on

its association with other proteins. The DEGs with more

association with other DEGs indicate important roles in the

PPI interaction network.

Results

Identification of DEGs between Lapatinib-sensitive

and acquired Lapatinib-resistant breast cancer cells

The analysis has been conducted as shown in Fig. 1. Based

on the public microarray dataset GSE38376, the t test in

dChip software was used to analyze the gene expression

profiles and identify the DEGs between Lapatinib-sensitive

SKBR3 cells and acquired Lapatinib-resistant SKBR3-R

cells with the described criteria. As a result, a total of 300

DEGs were screened out, including 146 up-regulated and

154 down-regulated DEGs. The top ten down-regulated

DEGs and up- regulated DEGs are listed in Table 1.

Functional annotation and pathway enrichment

of DEGs

To investigate the altered biological function of the DEGs,

data were clustered through gene ontology (GO) analysis in
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DAVID. A P value of\0.01 was considered significant.

The enriched GO terms that were divided into CC, BP and

MF ontologies are illustrated as Figs. 2, 3 and 4,

respectively.

In the CC ontology, we found that the majority of

enriched categories were associated with cell membrane

components, such as extracellular region (45 genes), vesi-

cle (20 genes) and plasma membrane part (45 genes). In

addition, the other enriched CC GO terms contained

extracellular matrix (13 genes) and actin cytoskeleton (11

genes). In the BP ontology, the most significant GO cate-

gories were stimulus-related items such as response to

extracellular stimulus (13 genes) and response to steroid

hormone stimulus (11 genes). Besides, the other enriched

categories comprised items related to cell proliferation, cell

adhesion, cell motion and anti-apoptosis: for instance

negative regulation of cell proliferation (15 genes), bio-

logical adhesion (21 genes), cell motion (8 genes) and anti-

apoptosis (9 genes). In the MF ontology, the binding-re-

lated items constitute the majority of enriched GO cate-

gories, including oxygen binding (5 genes), extracellular

matrix binding (4 genes) and protein binding/bridging (6

genes).

Furthermore, the enrichment of 3 dysfunctional path-

ways was assessed by the KEGG pathway analysis, which

included PPAR signaling pathway (4 genes), cytokine–

cytokine receptor interaction (8 genes) and pathways in

cancer (9 genes) (Table 2).

Protein–protein interaction network construction

STRING (a database of known and predicted protein

interactions) was used to predict protein interactions

among the DEGs. Firstly, the 300 DEGs were submitted to

the STRING Web site to get PPI data. Then, the PPIs, with

combined scores greater than 0.7, were selected for con-

structing PPI networks. In the PPI networks, 7 node pro-

teins, including PPARG, TGFBI, TGFBR2, TIMP1, CTGF,

UBA52 and JUN, showed a strong association with other

node proteins (more than 5), indicating that they have

higher hub degrees (Table 3; Fig. 5). These hub genes

(proteins) might play crucial roles in the Lapatinib resis-

tance of breast carcinoma.

Discussion

Lapatinib resistance is a huge challenge for treating

patients with breast cancer. Therefore, it is very necessary

to explore the mechanisms of Lapatinib resistance and

develop feasible treatment strategy for it. Through gene

expression profiling by microarray technology, the key

genes associated with drug resistance could be discovered,

which could be further utilized to explore novel diagnostic

and therapeutic strategies. In this study, we identified

DEGs between Lapatinib-resistant and Lapatinib-sensitive

breast cancer cells. Then, we analyzed their functions by

GO annotation and pathway enrichment. Finally, the

interrelationship of them was investigated using protein–

Fig. 1 The flowchart of the bioinformatics analysis

Table 1 The most significant up-regulated and down-regulated

DEGs (top ten, Lapatinib-resistant SKBR3-R versus Lapatinib-sen-

sitive SKBR3)

Probe set Gene symbol Fold change P value

Down-regulated

ILMN_1678493 CHN1 -4.11 0.000002

ILMN_1693192 PI3 -5.96 0.000019

ILMN_1849186 ZNF704 -5.62 0.001048

ILMN_1743100 TNFRSF18 -4.57 0.001454

ILMN_1788778 SEPT11 -3.84 0.005769

ILMN_1651826 BASP1 -4.01 0.006203

ILMN_1709683 RASSF2 -3.93 0.006459

ILMN_1693338 CYP1B1 -9.63 0.006931

ILMN_1777190 CFD -6.32 0.010067

ILMN_2140510 KLHL13 -8.25 0.010660

Up-regulated

ILMN_1673649 HYOU1 1.64 0.000019

ILMN_2190541 XAGE2 2.66 0.000025

ILMN_2410038 FAM111A 1.73 0.000028

ILMN_1691578 GTF3C6 2.02 0.000033

ILMN_1773865 HSPA5 2.06 0.000051

ILMN_1797557 PLEKHA6 1.87 0.000052

ILMN_1776188 MAP1LC3A 2.76 0.000064

ILMN_2317446 CT55 2.72 0.000079

ILMN_2372082 SNRPN 2.41 0.000080

ILMN_1651358 HBE1 7.45 0.000093
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Fig. 2 GO enrichment of DEGs in cellular component ontology

Fig. 3 GO enrichment of DEGs in biological process ontology

Fig. 4 GO enrichment of DEGs in molecular function ontology
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protein interaction network construction. As a result, a

series of hub genes were identified, which might play

crucial roles in Lapatinib resistance and might be potential

targets for treatment of Lapatinib-resistant breast cancer.

DChip is a powerful software for probe-level and high-

level analysis of gene expression microarrays. Using this

tool, we obtained 300 DEGs between Lapatinib-resistant

and Lapatinib-sensitive breast cancer cells, including 146

up-regulated and 154 down-regulated DEGs. Among the

DEGs, a proportion of them showed remarkable fold

change (more than 5) in Lapatinib-resistant cells compared

with sensitive cells, such as HBE1, PI3, ZNF704, CYP1B1,

CFD and KLHL13, with 7.45, -5.96, -5.62, -9.63, -6.32

and -8.25 fold change, respectively. Therefore, we

hypothesized that the DEGs have the potential to be

biomarkers for distinguishing or predicting Lapatinib

resistance. However, the mechanism remains unclear and

further verification experiments are needed. In addition,

evidence indicates that some DEGs may contribute to drug

resistance in various carcinomas. For examples, HSPA5

(heat shock 70 kDa protein 5), listed in the top ten up-

regulated DEGs, has been proven to participate in

chemotherapy resistance of B-lineage acute lymphoblastic

leukemia [17] and breast cancer [18] cells. MAP1LC3A,

Table 2 The enriched KEGG pathway of DEGs

Term Count P value

hsa03320:PPAR signaling pathway 4 0.073531

hsa04060:cytokine–cytokine receptor interaction 8 0.075847

hsa05200:pathways in cancer 9 0.090420

Table 3 Associated genes of

the 7 key hub genes
Hub gene Associated genes

JUN ZHX2 THBS1 PPARG ATF3 TIMP1 CCL5 ADM MAFB

PPARG SERPINE1 KLF2 JUN MUC1 RORC SERPINE1 KLF2 JUN MUC1 RORC

TGFBI CDKN2B CTGF TGFBR2 BGN TIMP1

TGFBR2 CTGF PRKCZ TGFBI CUX1 UBA52

TIMP1 CFD JUN SERPINE1 TGFBI THBS1

CTGF TGFBR2 ADM KLF2 BMP7 PRKCZ TGFBI

UBA52 SH3KBP1 TRAM1 PRKCZ PSME1 TCEB2 TGFBR2 RPL28

Fig. 5 Protein–protein

interaction network diagram of

the 7 node proteins including

PPARG, TGFBI(5), TGFBR2,
TIMP1, CTGF, UBA52 and

JUN, showing more association

with other node proteins (more

than 5), indicating that they

have higher hub degrees
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another gene listed as one of the top ten up-regulated

DEGs, could activate LC3A through demethylation,

thereby mediating autophagy that contributed to the

acquired resistance to EGFR tyrosine kinase inhibitors in

lung cancer [19]. Besides, MAP1LC3A has been also

shown to be correlated with herceptin resistance [20].

RASSF2, listed as one of the top ten down-regulated

DEGs, is a novel tumor suppressive protein. Loss of

RASSF2 could enhance tumorigenicity of lung cancer cells

and confer their resistance to chemotherapy [21]. Taken

together, the DEGs might contribute to Lapatinib resistance

through complex mechanisms.

Through GO annotation in DAVID database, we ana-

lyzed the biological function of the DEGs. First, in CC

oncology, we found that the majority of the DEGs were

enriched in cell membrane-related items, and other DEGs

were enriched in non-membrane-related items such as

extracellular matrix and actin cytoskeleton. The results

reflected that Lapatinib resistance might occur through

complex cellular molecular mechanisms involved in both

membrane and non-membrane structure. Previous evidence

suggested that actin cytoskeleton [22] and ion pumps [23]

conferred chemoresistance of various tumor cells. Then, in

GO category of BP, our data showed that the most sig-

nificant items were stimulus-related ones such as extra-

cellular response. Our data also revealed that other

enriched categories included items associated with cell

proliferation, cell adhesion, cell motion and anti-apoptosis.

It is easy to understand that drug resistance could be

interpreted as a cellular adaptive response to drugs as alien

chemicals. In response to the stimulus of Lapatinib, cancer

cells can develop resistance by gene mutation and natural

selection mechanism. In the evolution process, a series of

genetic changes occurred in cancer cells, which participate

in drug resistance through different mechanisms such as

affecting cell proliferation, adhesion, motion and apoptosis.

As a result, the resistance phenotype emerged, including

suppressing cell death signals and maintaining proliferation

ability under the condition of drug exposure. In addition,

cancer cells with drug resistance phenotype frequently

have the enhanced cell migration and invasion capability.

The DEGs might have influences on migration and inva-

sion by participating in cell motility and cytoskeleton

organization. Taken together, these results showed that the

DEGs might participate in various biological processes

about Lapatinib resistance of breast cancer. In the MF

portion, the most enriched oncologies are three binding-

related items, including oxygen binding, extracellular

matrix binding and protein binding/bridging. These data

reflected that the DEGs may affect the binding among

protein, oxygen and extracellular matrix and then influence

energy metabolism and signal translation in cancer cells. It

has been reported that energy metabolism mechanism and

aberrant signal translation participated in drug resistance

especially Lapatinib resistance in breast cancer [24].

Accordingly, the DEGs might play important roles in

Lapatinib resistance through binding-related mechanisms,

which is worth testing in further studies.

Pathway analysis may reveal more precise biological

functions of genes than GO analysis. In the present study,

three pathways were enriched, including cytokine–cytokine

receptor interaction, pathways in cancer and PPAR sig-

naling pathway, respectively. It is easily comprehensible

that cytokine–cytokine receptor interaction and pathways

in cancer might take part in cancer development including

drug-resistant phenotype. In addition, recent studies have

demonstrated that PPARc is up-regulated in many tumor

types including breast cancer and involved in cell prolif-

eration, invasion, metastasis and chemoresistance [25].

Currently, it is unknown whether PPAR signaling pathway

is involved in Lapatinib resistance. Further studies are

needed to explore the roles of the DEGs enriched in the

PPAR signaling pathway.

Through PPI network construction, a series of hub

proteins have been observed to form a local network,

including PPARc, TGFBI, TGFBR2, TIMP1, CTGF,

UBA52 and JUN, of which several DEGs have been

reported to associate with cancer development or drug

resistance. PPARc, peroxisome proliferator-activated

receptor gamma, was an important component of PPAR

signaling pathway, and its agonists could reverse multidrug

resistance (MDR) of breast cancer cells by interrupting the

aberrant PPARc/PTEN/PI3K/Akt pathway [26]. This

finding was in accordance with the results of the pathway

analysis in which PPAR signaling pathway was enriched.

TGFBI and TGFBR2 are crucial molecules of TGF-beta

pathway. Evidence reflected that the cross talk between

TGFB and HER2 may result in increased cancer cell pro-

liferation, survival and invasion, accelerated metastasis in

animal models and occurrence of resistance to

chemotherapy and HER2-targeted therapy [27]. TIMP-1,

tissue inhibitor of metalloproteinase 1, increases expression

of proteins such as CK2a, CDK1 and PLK1 and hence

associates with chemoresistance of breast cancer cells [28].

Meanwhile, CTGF, connective tissue growth factor, was

found to be over-expressed in breast cancer and associated

with resistance to paclitaxel and doxorubicin [29]. UBA52

is the abbreviation of ubiquitin A-52 residue ribosomal

protein fusion product 1. As we know, ubiquitin could

conjugate to target proteins and perform different functions

depending on the Lys residue of the ubiquitin that is linked,

including cell cycle regulation, lysosomal degradation and

kinase modification. Reports showed that E3 ubiquitin

ligase HOIP attenuates apoptotic cell death induced by

cisplatin in ovarian cancer [30]. Low expression of the E3

ubiquitin ligase CBL confers chemoresistance in human
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pancreatic cancer cells [31], which demonstrated that

ubiquitin or ubiquitin-like signaling might play crucial

roles in drug resistance of cancers. Moreover, Jun, an

oncogene, has been found to participate in drug resistance

in many types of cancers [32]. Taken together, these results

supported the notion that the hub genes might play

important roles in Lapatinib resistance. However, it is

unclear whether the above hub genes can be used to be

targets for reversing Lapatinib resistance of breast cancer.

The results of this study are preliminary findings, and

further evaluations for the potential roles of the hub genes

are needed.

In summary, the study provides preliminary research for

the mechanisms of Lapatinib resistance of breast cancer.

DEGs of Lapatinib-resistant breast cancer cells were

screened out by computational bioinformatics methods.

Then, the aberrant pathways in Lapatinib-resistant cancer

cells were identified. Furthermore, several key hub DEGs

were selected as potential targets for reversing Lapatinib

resistance. The results of the present study may give a

valuable indication for both the basic research and clinical

treatment of Lapatinib-resistant breast cancer. However,

further investigations are still needed to confirm our

hypothesis.
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