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Abstract: HER2 is over-expressed in approximately 25% to 30% of human metastatic breast cancers, primarily due to 
gene amplification. There are currently two HER2-targeted therapies approved for clinical use, the monoclonal HER2 an-
tibody trastuzumab and the EGFR/HER2 dual tyrosine kinase inhibitor lapatinib. Although both agents show clinical 
benefit in a subset of patients with metastatic breast cancer, many patients with HER2-over-expressing metastatic breast 
tumors do not respond to these agents. Furthermore, those who do show an initial response generally demonstrate disease 
progression, on average in less than one year. It has become clear that HER2 expression status alone does not adequately 
predict response to HER2-targeted therapy. Identification and clinical validation of molecular predictors of response to 
trastuzumab and lapatinib is critical for further personalizing treatment and improving clinical benefit for patients whose 
tumors over-express HER2. In this review, we discuss published data describing potential predictors of response or  
resistance to trastuzumab and lapatinib. While a discussion of the preclinical work is provided, the emphasis is placed on 
potential predictors that have been studied in clinical specimens such as tumor tissue or serum obtained from patients 
treated with HER2-targeted therapy. The present analysis and synthesis of the available literature therefore contribute  
towards an emerging knowledgebase to personalize breast cancer treatment taking into factors including but beyond 
HER2 expression.  
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1. INTRODUCTION 

 Approximately 25% to 30% of human metastatic breast 
cancers over-express the human epidermal growth factor 
receptor 2 (HER2) [1]. HER2 (erbB2/neu) is a member of 
the type I transmembrane tyrosine kinase receptor family, 
which also includes the epidermal growth factor receptor 
(EGFR), HER3, and HER4. HER2 is an important regulator 
of cell growth and differentiation during embryogenesis and 
for mammary development during puberty. Deregulation of 
HER2 signaling in mammary cells promotes breast tumori-
genesis [2, 3].  

 Amplification of the HER2 gene is a significant predictor 
of reduced overall survival and shorter time to relapse in 
patients with early-stage breast cancer [1]. Hence, HER2 has 
become an important therapeutic target for this subtype of 
breast cancers. When a breast cancer diagnosis is made, 
HER2 status is routinely assessed by either immunohisto-
chemical (IHC) analysis of HER2 protein expression or fluo-
rescent in situ hybridization (FISH) analysis of HER2 gene 
copy number in a breast tumor biopsy [4]. Evidence of  
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increased expression or amplification of HER2 indicates that 
HER2-targeted therapies should be administered.  

 Currently, two HER2-targeted therapies are approved by 
the United States Food and Drug Administration (FDA) for 
treatment of HER2-overexpressing metastatic breast cancer. 
Trastuzumab (Herceptin), a recombinant humanized mono-
clonal antibody targeted against an extracellular region of the 
HER2 receptor, was approved in 1998 by the FDA. The ini-
tial clinical trials of trastuzumab as a single agent in HER2-
over-expressing metastatic breast cancer demonstrated re-
sponse rates ranging from 12% to 34% for a median duration 
of 9 months [5-7]. Phase III trials combining trastuzumab 
with paclitaxel [8, 9] or docetaxel [10, 11] demonstrated 
increased response rates, time to disease progression and 
overall survival versus single agent chemotherapy. In pa-
tients with metastatic breast cancer showing HER2 amplifi-
cation and no history of previous chemotherapy for metas-
tatic disease, the median time to progression (TTP) in re-
sponse to single-agent chemotherapy was 4.9 months versus 
7.4 months in patients receiving trastuzumab plus chemo-
therapy [9]. The results of these trials indicate that a signifi-
cant number of patients with HER2-over-expressing metas-
tatic breast cancer never respond to trastuzumab-based ther-
apy. Further, of those who do respond, the median time to 
develop resistance (i.e., show disease progression) is less 
than one year.  
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 Lapatinib (Tykerb), the first dual inhibitor of the EGFR 
and HER2 tyrosine kinases, was approved by the FDA in 
2007 for use in combination with capecitabine for treatment 
of patients with advanced or metastatic breast cancer whose 
tumors over-express HER2 and who have previously been 
treated with an anthracycline, taxane, and trastuzumab [12]. 
The Phase III trial comparing lapatinib plus capecitabine 
with capecitabine alone indicated that the combination was 
associated with improved overall response rate versus cape-
citabine alone (22% vs 14%) and significantly increased me-
dian TTP (8.4 vs 4.4 months) in patients with pre-treated 
HER2-over-expressing advanced disease [13]. Another more 
recently reported trial of single-agent lapatinib in trastuzu-
mab-refractory advanced breast cancer showed a 12.8% re-
sponse rate, consistent with the previous trial; median TTP in 
the single-agent trial was 15.3 weeks (approximately 4 
months) [14]. Thus, lapatinib is an important and effective 
therapy for a subset of HER2-over-expressing metastatic 
breast cancers that have progressed on trastuzumab. How-
ever, similar to trastuzumab, the median duration of response 
to lapatinib was less than one year, and a majority of trastu-
zumab-pre-treated patients (almost 80%) failed to respond to 
lapatinib. 

 Altogether, currently available clinical data indicate that 
response to HER2-targeted therapies is, on average, less than 
one year. In addition, while HER2 amplification is the best 
pharmacogenomics predictor currently available for response 
to HER2-targeted therapy, it alone is not a completely reli-
able predictor, as a significant number of patients with 
HER2-over-expressing metastatic disease never respond to 
HER2-targeted therapies. In addition, while increased phos-

phorylation or activation of HER2 may be positively associ-
ated with response to HER2-targeted agents, phospho-HER2 
status alone does not appear to predict response. In this re-
view, we will examine published data obtained from clinical 
tumor samples regarding potential predictors of response to 
trastuzumab and lapatinib. While excellent in vitro and ani-
mal studies of resistance have been established and have 
pointed toward additional markers of response (summarized 
in Table 1), the aim of this review is to highlight those find-
ings that have been obtained from clinical samples of pa-
tients with HER2-over-expressing metastatic breast cancer 
treated with trastuzumab and/or lapatinib.  

2. SERUM HER2: PREDICTOR OF RESPONSE TO 
TRASTUZUMAB? 

 The extracellular domain (ECD) of the HER2 protein can 
be proteolytically cleaved and released into circulation. 
Upon release of the ECD, a truncated 95-kiloDalton HER2 
protein with constitutively active tyrosine kinase activity 
(p95 HER2) remains bound to the cell membrane. An en-
zyme-linked immunosorbent assay (ELISA) (Bayer Diagnos-
tics, Tarrytown, NY) approved by the FDA is available for 
measuring serum HER2 ECD levels for follow-up and moni-
toring of patients with metastatic breast cancer [15]. HER2 
ECD can be detected in the serum of up to 45% of patients 
with metastatic breast cancer, and has been associated with 
progressive metastatic disease and reduced response to che-
motherapy and endocrine therapy [15-17].  

 Several clinical studies have examined potential correla-
tions between serum HER2 ECD level and response to tras-
tuzumab-based therapy (Table 2). In a phase II trial of 

Table 1. Proposed Predictors of Trastuzumab Response Based on in vitro or Clinical Data 

Mechanism Potential Predictive Value Key Observations References 

Increased circulating 
HER2 ECD 

Significant change from baseline level 
during trastuzumab treatment  
associated with favorable response 

ECD reductions from baseline ≥ 20% associated with response, 
increased PFS, or longer TTP 

[18-20, 22] 

Increased PI3K signal-
ing  

Associated with resistance Low PTEN IHC score correlated with reduced response in breast 
tumor tissues; PTEN shRNA was top contributor to  
trastuzumab resistance in a large-scale genetic screen;  
patients with either PTEN loss or PIK3CA mutation  
showed shorter PFS after trastuzumab treatment   

[28, 29] 

Compensatory signaling 
from HER receptors 

Associated with resistance Growth factor ligands of EGFR, HER3, or HER4 (EGF, betacellulin, 
heregulin) reduced the growth inhibitory effect of trastuzumab in 
vitro and in xenografts; EGFR/HER2 heterodimers detected in  
resistant cells; trastuzumab did not block heregulin-activated 
HER3/HER2 interaction in SKBR3 cells  

[37, 54, 55] 

 

IGF-IR over-expression; 
IGF-IR signaling 

Associated with resistance In vitro HER2-over-expressing SKBR3 breast cancer cells stably 
transfected with IGF-IR developed resistance; SKBR3 chronically 
exposed to trastuzumab showed HER2/IGF-IR dimerization and 
IGF-IR cross talk to HER2; IGF-IR expression was associated with 
poor response to preoperative trastuzumab + vinorelbine in HER2-
over-expressing early stage breast cancer 

[40, 41, 44] 

 

IGF-IR, insulin-like growth factor-I receptor 
ECD, extracellular domain; shRNA, short hairpin RNA 
PFS, progression-free survival; TTP, time to progression 
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weekly docetaxel plus trastuzumab therapy, 30 patients with 
HER2-over-expressing metastatic breast cancer were evalu-
ated for correlations between serum HER2 and response 
[10]. Among patients with high HER2 ECD levels prior to 
treatment, overall response rate was 76%, significantly 
higher than the 33% response rate in patients with low base-
line ECD. In addition, changes in serum HER2 levels during 
treatment correlated with response, with serum HER2 ECD 
reduced in 87% of responders. In contrast, among 103 
women with HER2-over-expressing metastatic breast cancer 
treated with trastuzumab-based therapy, no association was 
found between baseline HER2 ECD level and treatment re-
sponse [18]. However, reductions in HER2 ECD level of 
more than 77% of the initial baseline ECD value after 2-4 
weeks of trastuzumab-based therapy correlated with in-
creased progression-free survival (587 days vs. 119 days). 
Similarly, a trial of 55 patients receiving trastuzumab-based 
therapy for HER2-over-expressing metastatic breast cancer 
indicated that response correlated with reductions in serum 
ECD as early as day 8 after starting treatment [19]. This trial 
also showed that high baseline ECD was associated with 
increased response rate, but not with improved progression-
free or overall survival. Consistent with these trials, Fornier 
et al. [20] reported that a decline of at least 55% in post-
treatment ECD versus baseline ECD predicted for response 
to trastuzumab in 55 patients. Another phase II trial testing 
trastuzumab plus vinorelbine as first-line therapy in HER2-
over-expressing metastatic breast cancer did not find any 
association between baseline ECD level and response to 
treatment in 43 patients [21]. This trial also reported lack of 
association between post-treatment reductions in HER2 ECD 
and response, as patients with stable disease showed reduced 
ECD levels after treatment as did responders. However, a 
lack of decline in ECD level did predict for tumor progres-
sion after treatment with trastuzumab plus vinorelbine in this 
trial. Similarly, of 307 patients with metastatic breast cancer, 
191 had a significant decline in serum HER2 after trastuzu-
mab-based therapy [22]. The response rate for those with this 

decline was 57% versus 28% for those who did not show 
reductions in serum HER2. In addition, median TTP, dura-
tion of response, and overall survival were all significantly 
longer for those patients who demonstrated a decline in se-
rum HER2 after trastuzumab treatment. Recently, Lennon et 
al. [23] sequentially analyzed ECD from 322 patients treated 
with six different trastuzumab-containing treatment regimens 
in four clinical trials. The authors did not find any correlation 
between baseline ECD levels and tumor response. After ini-
tiating trastuzumab-containing combination therapy, ECD 
levels declined regardless of treatment regimen and tumor 
response. For trastuzumab monotherapy, there was a trend 
between changes in ECD levels in early cycles and best re-
sponse; however, the overlap between error bars was very 
broad, making it difficult to determine the actual clinical 
utility of the results. Disease progression was not reliably 
predicted by rising ECD levels. Thus, this most recent study 
does not support use of HER2 serum ECD as a predictor of 
response to trastuzumab.  

 Overall, clinical evidence linking serum HER2 ECD 
level to trastuzumab response has not been consistent and 
warrants further study, particularly with respect to its utility 
as a predictive marker in the early days and weeks after ther-
apy has begun. ECD may be a tumor marker or high levels of 
ECD may simply be a marker of robust HER2 overexpres-
sion. While it is conceivable that serum HER2 ECD binds 
and neutralizes trastuzumab, such that the antibody cannot 
bind to available intact full-length (185-kiloDalton) HER2, 
several studies discussed above have shown that patients 
with baseline elevated HER2 ECD had higher response rates 
than those with low levels. Hence, the utility of serum HER2 
in predicting response and the potential mechanism by which 
it may do so are unclear. In addition, p95 HER2, which has 
constitutively active kinase activity, is truncated such that it 
can no longer bind trastuzumab. Thus, HER2 kinase signal-
ing and growth of tumor cells expressing p95 HER2 would 
not be expected to be blocked by trastuzumab therapy. It is 

Table 2. Studies Assessing Serum HER2 ECD and Response to Trastuzumab-Based Therapy 

Treatment Number of Patients Predictive Value of ECD Reference 

Trastuzumab + docetaxel 30 High baseline ECD correlated with response; decreased ECD post-treatment 
associated with response 

[10] 

Trastuzumab + chemotherapy 55 High baseline ECD correlated with response; early changes in ECD after  
treatment associated with response 

[19] 

Trastuzumab + chemotherapy 103 No association between response and baseline ECD; ECD reductions > 77% of 
baseline ECD in early weeks of therapy correlated with increased PFS 

[18] 

Trastuzumab + paclitaxel 55 Reduced ECD > 55% of baseline ECD after treatment associated with response [20] 

Trastuzumab + vinorelbine 43 No correlation between either baseline ECD or reductions in ECD post-
treatment and response; lack of decline in ECD during therapy predicted for 
tumor progression 

[21] 

Trastuzumab + chemotherapy 307 Decline in serum HER2 ≥ 20% of baseline after treatment correlated  
significantly with overall survival, TTP, and response duration 

[22] 

ECD, extracellular domain 
PFS, progression-free survival 
TTP, time to progression 
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possible that binding of trastuzumab to serum HER2 ECD 
helps to clear the ECD from circulation, allowing remaining 
trastuzumab to bind to available full-length HER2 on the cell 
surface; this may be why improved response was often 
documented in cases where ECD levels declined during tras-
tuzumab-based treatment. In fact, trastuzumab has been 
shown to inhibit shedding of the ECD, reducing expression 
of p95 HER2 [24]. Most studies were performed with  
patients receiving trastuzumab plus chemotherapy, as trastu-
zumab monotherapy is less common. Thus, it should be 
noted that declines in serum HER2 ECD may not be due to 
actions of trastuzumab alone, as the chemotherapeutic agent 
may also have an effect. This issue could only be resolved by 
comparing patients treated with trastuzumab-based therapy 
with a similar patient population treated with the chemother-
apy agent alone.  

 With respect to lapatinib, only one study has been re-
ported that examined serum HER2 and response to lapatinib 
plus capecitabine therapy [25]. Although the risk of progres-
sion was significantly reduced with combination therapy 
relative to monotherapy with capecitabine, baseline serum 
HER2 ECD was not predictive of response to lapatinib-based 
treatment. It remains to be seen whether declining serum 
HER2 ECD is associated with response to lapatinib. How-
ever, the mechanisms of action of trastuzumab and lapatinib 
differ, with lapatinib interacting with HER2 at the kinase 
region. Thus, one may hypothesize that lapatinib does not 
interact with serum HER2 (in contrast to the hypothesis with 
trastuzumab), and that membrane-bound p95 HER2 is still 
inhibited by lapatinib regardless of the presence of serum 
HER2 ECD, as has been suggested by preclinical models 
[26, 27]. Thus, clinical studies should be done to determine if 
lapatinib is a more effective therapy than trastuzumab for 
patients who have high levels of circulating HER2 ECD. 

3. INCREASED PHOSPHATIDYLINOSITOL 3 
KINASE (PI3K) SIGNALING AND RESISTANCE TO 
HER2-TARGETED THERAPY 

 One mechanism underlying the anti-tumor activity of 
trastuzumab is inhibition of PI3K signaling downstream of 
HER2. Two important studies suggest that increased PI3K 
signaling correlates with reduced response of HER2-over-
expressing metastatic breast cancers to trastuzumab [28, 29]. 
Constitutive PI3K signaling has been noted to occur in solid 
tumors due to either loss of the phosphatase and tensin ho-
molog (PTEN) phosphatase, a negative regulator of PI3K 
activity [30], or hyper-activating mutations in PIK3CA, 
which encodes the p110 alpha catalytic subunit of PI3K [31]. 
Among 47 primary tumors obtained from patients treated 
with trastuzumab plus taxane, IHC indicated that protein 
expression of PTEN was reduced in approximately 36% of 
tumors [28]. Patients whose tumors showed PTEN staining 
intensity of less than half of what is observed in mammary 
tissues of healthy individuals were defined as PTEN-
deficient. Response rates to trastuzumab plus taxane were 
35.7% in PTEN-deficient patients versus 66.7% for patients 
defined as PTEN-positive (normal level). A statistically sig-
nificant trend was noted such that the probability of respond-
ing to trastuzumab was reduced as PTEN staining decreased. 
In contrast, although approximately 43% of patients treated 

with taxane showed PTEN loss, there was not any correla-
tion between response to taxanes alone and PTEN staining. 
Thus, the study concluded that PTEN deficiency is associ-
ated with reduced response to trastuzumab. The exact 
mechanism by which PTEN protein expression was reduced 
was not addressed in this study (i.e., gene level or post-
transcriptional). However, previous studies have demon-
strated that although loss of heterozygosity at PTEN chro-
mosomal region 10q23 occurs in approximately 41% of spo-
radic breast carcinomas [32], somatic mutation in the PTEN 
gene is extremely rare, estimated to occur in <5% of  
sporadic breast tumors [30]. Thus, reduced expression of the 
PTEN protein in breast cancer may be due to post-
transcriptional events (e.g., increased protein degradation).  

 Interestingly, out of 24,000 short hairpin RNA (shRNA) 
vectors, investigators identified PTEN as the top shRNA to 
confer trastuzumab resistance in vitro during a large-scale 
RNA interference genetic screen [29]. The investigators then 
examined 55 tumor samples from patients treated with tras-
tuzumab alone (6 patients) or trastuzumab plus chemother-
apy (49 patients) for PTEN expression by IHC and also for 
PIK3CA mutation status by direct sequencing or SNP-based 
analysis. Reduced PTEN expression was noted in 22% of 
tumor samples, and while these patients showed a trend for 
worse PFS, this was not statistically significant. PIK3CA 
mutations were found in exons 20 and 9 in 25% of a total of 
14 tumors which were analyzed. PTEN loss and PIK3CA 
mutation rarely occurred together. Shorter PFS was noted in 
patients with PIK3CA mutation, with borderline statistical 
significance (p=0.052). When the authors grouped patients 
according to whether tumors showed “activated PI3K,” de-
fined as presence of either PIK3CA mutation or PTEN loss, 
versus “non-activated PI3K,” PFS was significantly shorter 
for patients with activated PI3K signaling, with multivariate 
analysis showing hazard ratio = 1.9.  

 Both of these studies indicate that increased PI3K signal-
ing promotes resistance to trastuzumab. Mechanisms by 
which PI3K is activated may differ, and include PTEN loss 
(reduced negative regulation of PI3K signaling) and onco-
genic activating PI3K mutation. The first study [28] showed 
statistically significant difference in response to trastuzumab 
with reduced expression of PTEN, whereas the second study 
[29] did not. The discrepancy in results could possibly be 
due to differences in the chemotherapy included with trastu-
zumab in each study, as the second study [29] included a 
heterogeneous population treated with various chemotherapy 
agents versus the first study [28] including only combination 
with a taxane. Mutations in PIK3CA are found in 25%-30% 
of all human breast cancers [33]. This is consistent with the 
number of PIK3CA mutations observed by Berns et al. [29]. 
Overall, the conclusion of both studies is that PI3K activa-
tion predicts for resistance to trastuzumab. Thus, combina-
tion analysis of PTEN loss at the protein level and PIK3CA 
mutational status at the gene level may be a useful predictive 
assay for determining which patients will respond to trastu-
zumab-based therapy. 

 With respect to lapatinib and PI3K signaling, knockdown 
of PTEN did not alter response to lapatinib in vitro [34]. In 
addition, a phase II trial of lapatinib monotherapy in inflam-
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matory breast cancer demonstrated that PTEN loss was not 
associated with reduced response to lapatinib, as approxi-
mately 70% of responders showed PTEN deficiency [34, 
35]. Thus, these studies suggest that PTEN loss does not 
predict for resistance to lapatinib. In contrast, a genome wide 
loss-of-function shRNA screen showed that PTEN loss pro-
moted lapatinib resistance in vitro [36]. In addition, PIK3CA 
mutations were associated with lapatinib resistance in vitro. 
Thus, clinical data in inflammatory breast cancer does not 
support an association between lapatinib response and PTEN 
status; however, additional in vitro data supports further de-
tailed analysis of activated PI3K signaling as a predictor of 
lapatinib resistance in metastatic breast cancer. 

4. EGFR / HER3 SIGNALING AND RESISTANCE TO 
HER2-TARGETED THERAPY 

 In theory, increased activation of other members of the 
HER2 family could compensate for trastuzumab-mediated 
inhibition of HER2 signaling, thus, promoting resistance. 
Because trastuzumab cannot block receptor dimerization, 
increased formation of EGFR/HER2, HER2/HER3, or 
EGFR/HER3 heterodimers could also potentially lead to 
increased downstream signaling and resistance to trastuzu-
mab. Indeed, in vivo xenograft models and cell culture mod-
els of trastuzumab resistance have shown increased expres-
sion and phosphorylation of EGFR, increased expression at 
the RNA level for EGFR ligands transforming growth factor 
alpha, heparin-binding EGF, and heregulin, and increased 
formation of EGFR/HER2 heterodimers versus trastuzumab-
sensitive tumors or cells [37]. Phosphorylated and total 
EGFR have been found to be significantly co-expressed with 
HER2 in 57 HER2-over-expressing breast tumors [38], indi-
cating that activation of EGFR is often associated with 
HER2 over-expression and may be a valid mechanism con-
tributing to reduced response to HER2-targeted therapy. If 
this is the case, simultaneous inhibition of EGFR, as occurs 
with lapatinib, may be preferable. In addition, HER3 was not 
inhibited by the HER tyrosine kinase inhibitor gefitinib [39]. 
Thus, PI3K signaling was still activated by phosphorylated 
HER3, and gefitinib did not inhibit growth of HER2-over-
expressing breast cancer cells in vitro or tumors in vivo. A 
similar mechanism of resistance should be explored for la-
patinib. Thus, HER2-targeted therapy may be further person-
alized by measuring phosphorylated and total EGFR protein 
expression. Further, HER3 phosphorylation status during 
treatment may be a useful predictor of response to HER2-
targeted therapy.  

5. INSULIN-LIKE GROWTH FACTOR-I RECEPTOR 
(IGF-IR) SIGNALING AND TRASTUZUMAB RESIS-
TANCE  

 IGF-IR can interact with and activate HER2 in associa-
tion with trastuzumab resistance [40]. In addition, over-
expression of total IGF-IR levels can reduce response to tras-
tuzumab [41]. This is thought to be due in part to compensa-
tory signaling downstream of IGF-IR, such that PI3K and 
MAPK pathways are activated by IGF-IR even in the pres-
ence of trastuzumab. Interestingly, we found that IGF-I 
stimulation activated PI3K and MAPK more rapidly in our 
trastuzumab-resistant cell lines versus their parental counter-
parts [40], suggesting that resistant cells have increased sen-

sitivity to IGF-I. Increased expression of IGF-binding pro-
teins (IGFBPs) has been shown to improve response of cell 
lines to trastuzumab [41, 42]. Since IGFBPs bind and se-
quester IGF-I, one may hypothesize that IGFBPs increase 
trastuzumab sensitivity by reducing IGF-IR signaling. Fur-
ther, one may predict that reduced expression of IGFBPs 
confers at least partial resistance to trastuzumab. In fact, 
global gene chip analysis of our trastuzumab-resistant and 
trastuzumab-sensitive cell lines showed that IGFBP3 and 
IGFBP5 are the most highly down-regulated genes in our 
resistant cells versus their parental counterparts (Nahta, un-
published data). Further, inhibition of IGF-IR signaling us-
ing antibody or kinase blocking approaches resulted in in-
creased efficacy of trastuzumab in resistant cells [40, 43], 
indicating that IGF-IR inhibition is a potentially valuable 
therapeutic approach for breast cancers that have progressed 
on trastuzumab. With respect to clinical data, Harris et al. 
[44] demonstrated that IGF-IR membrane expression was 
associated with a lower response rate to trastuzumab plus 
vinorelbine neoadjuvant therapy versus those tumors that did 
not express IGF-IR (50% versus 97%; P = 0.001). Thus, 
compelling pre-clinical and clinical evidence support a role 
for IGF-IR in trastuzumab resistance of HER2-over-
expressing tumors. 

6. LAPATINIB RESISTANCE: ESTROGEN RECEP-
TOR (ER) SIGNALING 

 Similar to HER2, ER plays a critical role in breast tu-
morigenesis. Interactions between ER and HER2 signaling 
pathways have been well-documented over the past decade 
in various different contexts in breast cancer research [45]. 
An in vitro model of lapatinib resistance demonstrated in-
creased ER signaling in HER2-over-expressing, ER-positive 
breast cancer cells, due in part to increased FOXO3a-
mediated transcription of ER [46]. Genomic analysis of these 
lapatinib-resistant clones derived from ER-positive, HER2-
over-expressing BT474 breast cancer cells showed up-
regulation of 57 genes by 3-fold or higher versus parental 
cells. Up-regulated genes included molecules in the ER and 
progesterone receptor signaling pathways, ER co-activators, 
FOXO3a, and the Bcl-2 anti-apoptotic protein. Importantly, 
sequential tumor biopsies obtained before and after 14 days 
of lapatinib therapy as part of a neoadjuvant trial in patients 
with early-stage breast cancer showed increased expression 
of FOXO3a, PR, and bcl-2 in HER2-over-expressing breast 
cancers that were constitutively ER-positive. ER was consis-
tently localized to the nucleus after lapatinib treatment, sug-
gesting activation of its transcription factor function. Finally, 
lapatinib-resistant clones were no longer dependent upon 
HER2 signaling, but acquired dependency upon ER, as ER 
knockdown induced apoptosis. Combined treatment of la-
patinib plus an ER inhibitor (tamoxifen, fulvestrant, or estro-
gen deprivation) prevented development of lapatinib resis-
tance in vitro, suggesting a potential therapeutic application 
in the clinic. In fact, results were recently published from a 
clinical trial in which 39 patients with ER-positive advanced 
cancer were treated with lapatinib plus the aromatase inhibi-
tor letrozole [47]. Patients’ tumors were not required to over-
express HER2. Out of 35 evaluable patients, two experi-
enced partial response, one with endometrial cancer and the 
other with breast cancer, and 20 patients had stable disease. 
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Interestingly, the patients with the best responses had ER-
positive but not HER2-over-expressing tumors. However, 
the concept of combining ER- and HER2-targeting ap-
proaches appeared to have some clinical benefit in this popu-
lation. 

7. IS THERE A POSSIBLE ROLE FOR NUCLEAR 
FACTOR-KAPPA B (NF-KB) SIGNALING IN HER2-
TARGETED THERAPY RESISTANCE? 

 Lapatinib resistance was also examined in ER-negative 
HER2-over-expressing lapatinib-resistant clones derived 
from SKBR3 cells [46]. Resistant cells remained ER-
independent, but acquired increased NF-kB signaling. Al-
though increased NF-kB signaling was not validated in clini-
cal specimens, this study [46] supports two possible mecha-
nisms and predictors of lapatinib resistance, increased ER 
signaling and increased NF-kB signaling, depending upon 
ER expression status of the breast tumor. In addition, Biswas 
et al. [48] found that NF-kB is activated predominantly in 
primary breast tumors that are ER-negative and HER2-
positive. Thus, treatment of HER2-over-expressing breast 
cancers could potentially be personalized beyond lapatinib 
by targeting ER, or in ER-negative cases, by measuring NF-
kB signaling as a predictor of possible resistance.  

 NF-kB is a transcription factor that increases expression 
of over 100 genes required for the biological processes of 
inflammation, mitogenesis, proliferation, and cell survival. 
The inhibitor of kappa B (IkB) alpha regulates NF-kB activ-
ity by binding and sequestering NF-kB in the cytoplasm 
where it cannot function as a transcription factor. When IkB 
is phosphorylated on serine 32, it dissociates from NF-kB, 
allowing NF-kB to localize to the nucleus and up-regulate 
expression of its target genes. Interestingly, we have recently 
found that trastuzumab-resistant clones derived from BT474 

ER-positive HER2-over-expressing breast cancer cells and a 
resistant pool derived from SKBR3 ER-negative HER2-
over-expressing breast cancer cells demonstrate increased 
phosphorylation of the inhibitor of kappa B on serine 32 ver-
sus parental cells (Fig. (1)), suggesting that NF-kB is re-
leased and its activity is increased in these cells. In addition, 
viability of BT474 resistant clones is significantly reduced 
when treated with the natural compound curcumin, which is 
an NF-kB inhibitor (Fig. (2)), as is anchorage-independent 
growth (Fig. (3)). SKBR3 resistant pool 2 cells show a trend 
of being more sensitive to a lower dose of curcumin versus 
parental cells (Fig. (4)), although this does not reach statisti-
cal significance. However, anchorage-independent growth of 
curcumin-treated SKBR3 resistant cells appears to be inhib-
ited to a greater degree than curcumin-treated parental cells 
(Fig. (5)). The implications of these novel in vitro findings 
are that trastuzumab-resistant cells may possess increased 
NF-kB signaling versus sensitive cells. Thus, assays that 
measure NF-kB signaling may be useful for predicting  
response to trastuzumab and to lapatinib, as suggested by the 
previously discussed study [46]. In addition, NF-kB-targeted 
agents may be valuable for treating breast cancers that have 
progressed on trastuzumab or lapatinib. These preclinical 
results strongly warrant future clinical studies using human 
tumor samples to validate the role of NF-kB in HER2-
targeted therapy resistance. 
8. TOPO II ALPHA AND RESPONSE TO CHEMO-
THERAPY IN HER2-OVER-EXPRESSING BREAST 
CANCER 
 The DNA modifying enzyme Topo II alpha (T2A), which 
induces single-strand DNA breaks during cell cycle progres-
sion, is located in close proximity to HER2 on chromosome 
17 [49]. A significant number of HER2-over-expressing 
breast tumors have either a T2A deletion or amplification 

 

 

 

 

 

 

 

 

 

Fig. (1). BT474 and SKBR3 parental (Par) or BT474 Herceptin-resistant clones 1, 2, or 3 (BT-HRc1, c2, c3) or SKBR3 Herceptin-resistant 
pool 2 (SK-HRp2) were lysed for total protein, and immunoblotted for phosphorylated serine 32 inhibitor of kappa B alpha (p-Ser32 IkB 
alpha) (Cell Signaling; Denvers, MA) or actin (Santa Cruz Biotech; Santa Cruz, CA) as a loading control. Phosphorylation of IkB alpha on 
serine 32 promotes dissociation of IkB and nuclear factor kappa B (NF-kB), allowing NF-kB to localize to the nucleus and function as a tran-
scription factor. Thus, phosphorylation of IkB alpha on serine 32 is associated with increased NF-kB activity. Herceptin-resistant cells 
showed increased phosphorylation of IkB alpha on serine 32, suggesting that NF-kB signaling may be increased in Herceptin (trastuzumab)-
resistant cells. 



Molecular Predictors of Response to HER2-Targeted Therapy Current Pharmacogenomics and Personalized Medicine, 2009, Vol. 7, No. 4    269 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (2). BT474 Parental (BT-par) and BT474 Herceptin-resistant clones 1, 2, and 3 (BT-HRc1, c2, and c3) were treated with the NF-kB in-
hibitor curcumin at 12.5 or 25 µM or with ethanol (in which curcumin is dissolved) at a volume equal to that found in the highest dose of 
curcumin. After 72 hours (h) viable cells were counted by trypan blue exclusion. Each sample was done in duplicate or triplicate, and experi-
ments were performed on two separate occasions for reproducibility. Values in graph represent the average of the two experiments, with error 
bars reflecting standard deviation between the two averages. Statistical significance was determined by student’s t-test, and was considered 
significant at less than 0.05; *p<0.05, **p<0.005 for Herceptin-resistant versus parental cells. Trastuzumab-resistant cells were significantly 
more sensitive to curcumin than parental, trastuzumab-sensitive cells, suggesting that NF-kB inhibition may be an effective strategy in resis-
tant cells. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. (3). BT474 Parental (BT-par) and BT474 Herceptin-resistant clones 1, 2, and 3 (BT-HRc1, c2, and c3) were plated in matrigel and 
treated with curcumin at 25 µM or with ethanol at the volume equal to that found in the dose of curcumin. Cells were maintained for 2 weeks. 
Representative photographs are shown, and were taken with an Olympus IX50 inverted microscope at 4X magnification. Experiments were done 
in duplicate and performed twice. Curcumin inhibited anchorage-independent growth of resistant cells to a greater degree than parental cells. 
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Fig. (4). SKBR3 Parental (SK-par) and Herceptin-resistant pool 2 (SK-HRp2) were treated with curcumin at 12.5 or 25 µM or with ethanol 
(in which curcumin is dissolved) at a volume equal to that found in the highest dose of curcumin. After 72 hours (h) viable cells were counted 
by trypan blue exclusion. Each sample was done in duplicate or triplicate, and experiments were performed on three separate occasions for 
reproducibility. Values in graph represent the average of the three experiments, with error bars reflecting standard deviation between the three 
averages. Statistical significance was determined by student’s t-test, and was considered significant at less than 0.05 for Herceptin-resistant 
versus parental cells. SKBR3 trastuzumab-resistant cells showed a trend of being more sensitive to curcumin than parental, trastuzumab-
sensitive cells at the lower dose of 12.5 µM curcumin, but this was not statistically significant. 

 

 

 

 

 

 

 

 

 

 

 

Fig. (5). SKBR3 Parental (SK-par) and Herceptin-resistant pool 2 (SK-HRp2) were plated in matrigel and treated with curcumin at 25 µM or 
with ethanol at the volume equal to that found in the dose of curcumin. Cells were maintained for 2 weeks. Representative photographs are 
shown, and were taken with an Olympus IX50 inverted microscope at 4X magnification. Experiments were done in duplicate and performed 
twice. Curcumin appeared to inhibit anchorage-independent growth of resistant cells to a greater degree than parental cells.  

leading to questions regarding a possible role for T2A in 
HER2- over-expressing tumors. The results are inconclusive 
in that some studies suggest that T2A is a possible predictor 
of response to neoadjuvant chemotherapy, particularly an-
thracyclines, while other studies have found no correlation 
between T2A expression and response to chemotherapy. 
Breast tumors from pre-menopausal women with node-

positive breast cancer were analyzed for T2A and HER2 am-
plification by FISH analysis. HER2-over-expressing tumors 
that had T2A alterations showed higher response to adjuvant 
chemotherapy treatment with cyclophosphamide, epirubicin, 
and 5-fluorouracil (CEF) versus cyclophosphamide, 
methotrexate, and 5-fluorouracil (CMF) [50]. In another 
study, T2A and HER2 protein expression were analyzed in 
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patients treated with neoadjuvant CEF or CMF with an end-
point of pathologic or clinical response. The results indicated 
that HER2 or T2A over-expression were potential predictors 
of positive therapeutic response to neoadjuvant chemother-
apy [51]. Increased expression of T2A has been associated 
with HER2 family receptor activation, as well as sensitivity 
to anthracyclines. Anthracyclines covalently bind and inter-
fere with T2A, leading to DNA damage and subsequent 
apoptosis. T2A and HER2 copy number were analyzed in 
tumors treated with cyclophosphamide, doxorubicin, and 
fluorouracil (CAF), and compared to the clinical response. 
Although there was a positive correlation between T2A am-
plification and HER2 amplification, these tumors did not 
demonstrate increased response to chemotherapy, suggesting 
that T2A amplification may be a predictive marker of re-
sponse to anthracyclines [49]. In contrast to these studies, 
Wang et al. [52] recently showed that T2A was selectively 
associated with response of HER2-over-expressing tumors to 
some chemotherapy regimens and not others. T2A was ana-
lyzed by immunohistochemical scoring in 118 primary breast 
tumors before and after preoperative DEC (docetaxel, epiru-
bicin, cyclophosphamide), VFC (vinorelbine or vincristine, 
5-fluorouracil, cyclophosphamide), or EFC (epirubicin, 5-
fluorouracil, cyclophosphamide). T2A expression was asso-
ciated with pathologic response to preoperative DEC chemo-
therapy only. Overall, T2A may serve as a prognostic 
marker; however, current evidence from retrospective analy-
sis does not support use of T2A amplification or deletion for 
selection of patients with HER2-over-expressing breast can-
cers for anthracycline treatment. 

9. CONCLUSIONS AND FUTURE OUTLOOK 

 Over the past decade, the breast cancer research commu-
nity has paid strong attention to the important issue of im-
proving treatment for patients with HER2-over-expressing 
disease. Research has gone a long way toward providing 
clues regarding potential mechanisms of action of trastuzu-
mab and lapatinib. The result has been identification of po-
tential predictors of therapeutic response and novel therapeu-
tic strategies. Some of these biomarkers and novel treatments 
are currently being tested in clinical trials, and numerous 

other molecules that have been implicated as potential pre-
dictors in pre-clinical assays are being validated in clinical 
samples.  

Implications for Novel Therapeutic Strategies 

 One of the goals of identifying the mechanisms that 
cause drug resistance is to find additional molecular targets 
against which therapeutic strategies can be designed. Thus, 
HER2-targeted therapy can be combined with other targeted 
agents (Table 3) to improve response rates and overall sur-
vival. Based on data gained from clinical samples showing 
PI3K signaling as a possible mechanism of trastuzumab re-
sistance, inhibitors of the mammalian target of rapamycin 
(mTOR) kinase, downstream in the PI3K pathway, are being 
studied in clinical trials in patients with HER2-over-
expressing breast cancer that has progressed on trastuzumab. 
PI3K inhibitors are also being developed for clinical use and 
are likely to be tested in combination with trastuzumab and 
lapatinib in the future. In addition, preclinical cell culture-
based data has implicated the insulin-like growth factor-I 
receptor in development of resistance to trastuzumab. These 
preclinical results suggested that IGF-IR over-expression 
[41] and IGF-IR/HER2 heterodimerization and subsequent 
cross talk from IGF-IR to HER2 [40] may promote trastu-
zumab resistance. IGF-IR kinase inhibitors and monoclonal 
antibodies have entered clinical trials, and one of the settings 
in which they will be tested is HER2-over-expressing breast 
cancers, potentially either in combination with trastuzumab 
or lapatinib or in cancers that have progressed on a HER2-
targeted therapy. The results of these clinical trials are ea-
gerly anticipated, as novel molecular targets for HER2-over-
expressing disease will be validated, and strong improve-
ments in patient survival may be achieved. 

Personalizing HER2-Targeted Therapy 

 Discovery of molecular predictors of response allows 
patients that are likely to achieve clinical benefit to be identi-
fied prior to administration of therapy. By predicting which 
patients will benefit from HER2-targeted therapy, adverse 
effects such as cardiotoxicity, as well as substantial medica-
tion costs, could potentially be avoided for patients that are 

Table 3. Novel Agents for Increasing Sensitivity to HER2-Targeted Therapy 

Novel Agent Class (Examples) Rationale References 

PI3K and mTOR inhibitors (NVP-BEZ235, SF1126, RAD001, 
CCI-779) 

Increased PI3K signaling associated with trastuzumab resistance; 
mTOR is downstream in this pathway 

[28, 29, 36, 56-59] 

IGF-IR inhibitors- tyrosine kinase inhibitors or monoclonal 
antibodies (BMS-536924, NVP-AEW541, CP-751,871) 

IGF-IR cross-signaling to HER2, and IGF-IR over-expression  
associated with trastuzumab resistance  

[40, 41, 44, 60-62] 

HSP90 inhibitors (IPI-504 / retaspimycin hydrochloride,  
17-AAG / geldanamycin) 

Inhibition of hsp90 induces degradation of HER2 [63, 64] 

Trastuzumab-chemotherapy conjugates (trastuzumab-
doxorubicin nanoparticles) 

Trastuzumab-coated doxorubicin nanoparticles bind to and are 
taken up by breast cancer cells 

[65] 

PI3K, phosphatidylinositol-3-kinase 
mTOR, mammalian target of rapamycin 
IGF-IR, insulin-like growth factor-I reeceptor 
Hsp90, heat shock protein 90 
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unlikely to respond. In one cost analysis, the mean cost of 
intravenous administration of trastuzumab per patient ex-
ceeded $2500 per visit [53]. The benefit to patients who re-
spond far outweighs this cost. In patients who are unlikely to 
respond, however, substantial cost savings may be achieved. 
More importantly, alternative approaches in clinical trials 
may be pursued prior to additional disease progression if 
potentially non-responsive patients can be identified in a 
timely manner.  

 In the case of HER2-targeted therapy, once the HER2 
expression status of a breast tumor has been established, a 
gene-based assay should be developed to allow rapid detec-
tion of PIK3CA mutations. Development of such an assay is 
feasible as specific PIK3CA mutations contributing to trastu-
zumab resistance have been identified [29]. In addition, pro-
tein assays that detect PTEN, EGFR, and HER3 may be used 
for identifying patients that may show a positive response to 
trastuzumab. The role of serum HER2 ECD is as yet unclear, 
but an ELISA has already been approved and is available for 
monitoring HER2 ECD levels before and during treatment 
with trastuzumab or lapatinib. Gene-based assays that con-
firm activation of ER signaling are also available, and may 
be useful for predicting resistance to lapatinib. As there ap-
pear to be multiple mechanisms regulating response to tras-
tuzumab and lapatinib, gene-based assays will more than 
likely have to include multiple gene sets to allow the highest 
degree of “therapeutic personalization”. Validation of multi-
ple gene sets as being predictive of response to HER2-
targeted therapies will require a large volume of patients in 
prospective trials. Ultimately, the potential for this highly 
personalized approach is careful and highly deliberate selec-
tion of patients who will benefit from HER2 targeting. Thus, 
development and implementation of gene- and protein–based 
assays that measure the molecular mechanisms of resistance 
described above will allow further personalization of HER2-
targeted therapy beyond HER2 expression status, and should 
ultimately improve patient survival rates.  
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ABBREVIATIONS 

ECD = Extracellular domain  

EGFR = Epidermal growth factor receptor  

ELISA = Enzyme-linked immunosorbent assay  

ER = Estrogen receptor 

FDA = Food and Drug Administration  

FISH = Fluorescent in situ hybridization  

HER2 = Human epidermal growth factor receptor 2 

IGF-IR = Insulin-like growth factor-I receptor  

IHC = Immunohistochemical  

IkB = Inhibitor of kappa B 

mTOR = Mammalian target of rapamycin  

NF-kB = Nuclear factor kappa B 

PI3K = Phosphatidylinositol 3 kinase 

PTEN = Phosphatase and tensin homolog 

shRNA = Short hairpin RNA 

TTP = Time to progression  
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