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Abstract

Purpose—HER2-positive breast cancer is heterogeneous. Some tumors express mutations, like 

activating PIK3CA mutations or reduced PTEN expression, that negatively correlate with response 

to HER2-targeted therapies. In this exploratory analysis, we investigated whether the efficacy of 

trastuzumab emtansine (T-DM1), an antibody–drug conjugate comprised of the cytotoxic agent 

DM1 linked to the HER2-targeted antibody trastuzumab, was correlated with the expression of 

specific biomarkers in the phase III EMILIA study.

Experimental Design—Tumors were evaluated for HER2 (n = 866), EGFR (n = 832), and 

HER3 (n = 860) mRNA expression by quantitative reverse transcriptase PCR; for PTEN protein 

expression (n = 271) by IHC; and for PIK3CA mutations (n = 259) using a mutation detection kit. 

Corresponding Author: José Baselga, Memorial Sloan Kettering Cancer Center, 1275 York Avenue, New York, NY 10065. Phone: 
212-639-8000; Fax: 212-974-3182; baselgaj@mskcc.org.
Current address for J. Huober: Department of Gynecology, University of Ulm, Ulm, Germany.

Note: Supplementary data for this article are available at Clinical Cancer Research Online (http://clincancerres.aacrjournals.org/).

Prior presentation: Preliminary account of these data has been presented in part at the annual meeting of the American Association for 
Cancer Research, Washington, DC, April 6 to 10, 2013. J Baselga, S Verma, J Ro, J Huober, et al. Relationship between tumor 
biomarkers (BM) and efficacy in EMILIA, a phase 3 study of trastuzumab emtansine (T-DM1) in HER2-positive metastatic breast 
cancer (MBC). Abstract LB-63.

Disclosure of Potential Conflicts of Interest: S. Verma is a consultant/advisory board member for Amgen, AstraZeneca, Boehringer 
Ingelheim, Novartis, and Roche. J. Huober reports receiving speakers bureau honoraria from Roche and is a consultant/advisory board 
member for GlaxoSmithKline and Roche. S. Olsen has ownership interests (including patents) in Genentech/Roche. M.D. Pegram is a 
consultant/advisory board member for Pfizer. G.D. Lewis Phillips, A.E. Guardino, and M.K. Samant are employees of Genentech. S.L. 
de Haas is an employee of F. Hoffmann-La Roche. No potential conflicts of interest were disclosed by the other authors.

Authors' Contributions: Conception and design: J. Baselga, S. Verma, A.E. Guardino, M.K. Samant, S. Olsen, M.D. Pegram
Development of methodology: J. Baselga, S. Verma, A.E. Guardino, M.K. Samant, S. Olsen, S.L. de Haas
Acquisition of data (provided animals, acquired and managed patients, provided facilities, etc.): J. Baselga, G.D. Lewis Phillips, 
S. Verma, J. Ro, J. Huober, A.E. Guardino, M.D. Pegram
Analysis and interpretation of data (e.g., statistical analysis, biostatistics, computational analysis): J. Baselga, G.D. Lewis 
Phillips, A.E. Guardino, M.K. Samant, S. Olsen, S.L. de Haas, M.D. Pegram
Writing, review, and/or revision of the manuscript: J. Baselga, G.D. Lewis Phillips, S. Verma, J. Ro, J. Huober, A.E. Guardino, 
M.K. Samant, S. Olsen, S.L. de Haas, M.D. Pegram
Study supervision: J. Baselga, S. Verma, A.E. Guardino, S. Olsen

HHS Public Access
Author manuscript
Clin Cancer Res. Author manuscript; available in PMC 2017 August 01.

Published in final edited form as:
Clin Cancer Res. 2016 August 01; 22(15): 3755–3763. doi:10.1158/1078-0432.CCR-15-2499.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://clincancerres.aacrjournals.org/


Survival outcomes were analyzed by biomarker subgroups. T-DM1 was also tested on cell lines 

and in breast cancer xenograft models containing PIK3CA mutations.

Results—Longer progression-free survival (PFS) and overall survival (OS) were observed with 

T-DM1 compared with capecitabine plus lapatinib in all biomarker subgroups. PIK3CA mutations 

were associated with shorter median PFS (mutant vs. wild type: 4.3 vs. 6.4 months) and OS (17.3 

vs. 27.8 months) in capecitabine plus lapatinib–treated patients, but not in T-DM1-treated patients 

(PFS, 10.9 vs. 9.8 months; OS, not reached in mutant or wild type). T-DM1 showed potent activity 

in cell lines and xenograft models with PIK3CA mutations.

Conclusions—Although other standard HER2-directed therapies are less effective in tumors 

with PI3KCA mutations, T-DM1 appears to be effective in both PI3KCA-mutated and wild-type 

tumors.

Introduction

Overexpression of HER2 occurs in approximately 15% to 20% of breast cancers and is 

associated with poor prognosis (1). HER2 homodimerization or heterodimerization with 

other HER family members leads to the activation of the HER2 receptor tyrosine kinase 

through autophosphorylation, and transphosphorylation of other HER receptors, resulting in 

the activation of downstream signaling pathways that regulate cell growth and survival (2). 

The humanized mAb trastuzumab binds subdomain IV of the HER2 extracellular domain 

(ECD). Reported mechanisms of action of trastuzumab include inhibition of HER2 ECD 

shedding, disruption of downstream signal transduction pathways (most notably the PI3K 

pathway), and mediation of antibody-dependent cell-mediated cytotoxicity (ADCC; ref. 3). 

Trastuzumab improves clinical outcomes when used with chemotherapy in patients with 

HER2-positive breast cancer (4, 5). Three other HER2-targeted agents have also been 

approved for the treatment of HER2-positive metastatic breast cancer (MBC): lapatinib, a 

dual tyrosine kinase inhibitor of HER1 (EGFR) and HER2; pertuzumab, a humanized mAb 

targeting the heterodimerization domain (subdomain II) of HER2; and trastuzumab 

emtansine (T-DM1), an antibody–drug conjugate composed of trastuzumab conjugated to 

the cytotoxic agent DM1 via a stable thioether linker.

Resistance to HER2-directed therapies may occur through a number of mechanisms, 

including, but not limited to, modulation of HER2 signaling at the receptor level (e.g., 

heterodimerization with EGFR or HER3, increased expression of HER receptor ligands; 

refs.6, 7), dysregulation of the PI3K/AKT pathway downstream from HER2 (8–10), and 

activation of alternate signal transduction pathways (e.g., signaling through the insulin-like 

growth factor 1 receptor; ref. 11). Constitutive activation of the PI3K/AKT pathway, via 

mutations in PIK3CA or through the loss of PTEN, is a key mechanism of resistance in 

HER2-positive breast cancer (8–10). These molecular alterations are associated with poorer 

outcomes or resistance to trastuzumab-, lapatinib-, and pertuzumab-containing therapies (8, 

9, 12–17). PIK3CA mutations and the loss or diminished expression of PTEN have been 

reported in approximately 32% and 19% to 48% (depending on methodology and 

interpretation) of patients with HER2-positive MBC, respectively (14, 16). The most 

commonly occurring PIK3CA mutations in breast cancer are H1047R and E545K (18).
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T-DM1 has multiple mechanisms of action. Like trastuzumab, T-DM1 binds subdomain IV 

of the HER2 ECD, leading to the inhibition of HER2-mediated signaling and HER2 ECD 

shedding, as well as the induction of ADCC (19). T-DM1 also induces mitotic arrest and 

subsequent apoptosis through intracellular release of the microtubule disrupting agent DM1 

(20). This mechanism may be independent of signaling pathways downstream of HER2 in 

that the T-DM1–HER2 complex undergoes receptor-mediated internalization, with active 

DM1-containing catabolites subsequently released following lysosomal degradation (21). T-

DM1 is active in HER2-positive trastuzumab- and lapatinib-resistant cell lines and tumor 

models (19, 20), as well as in patients with breast cancer progressing on trastuzumab and/or 

lapatinib treatment (22–25), suggesting at least a partially non-overlapping mechanism of 

action. In the phase III EMILIA study, T-DM1 treatment resulted in a significant 

improvement in progression-free (PFS) and overall survival (OS) with less toxicity 

compared with the then standard-of-care combination of capecitabine and lapatinib (CL) in 

patients with HER2-positive MBC previously treated with trastuzumab and a taxane (24).

Results from previous exploratory analyses in phase II studies suggested a correlation 

between improved clinical benefit with T-DM1 and higher levels of HER2 mRNA 

expression (22, 23, 26). Here, we present the results of exploratory biomarker analyses in 

EMILIA, as well as preclinical data evaluating the antitumor activity of T-DM1 in HER2-

amplified breast cancer models with wild-type (WT) and mutant (MT) PIK3CA.

Materials and Methods

Patients

The EMILIA trial (NCT00829166) enrolled patients with centrally confirmed HER2-

positive, unresectable, locally advanced breast cancer or MBC who had received treatment 

previously with trastuzumab and a taxane. A description of major inclusion and exclusion 

criteria for EMILIA is published elsewhere (24).

Study design

Patients were randomized to T-DM1 3.6 mg/kg i.v. every 21 days or capecitabine 1,000 

mg/m2 orally twice daily on days 1 to 14 of a 21-day cycle plus lapatinib 1,250 mg orally 

once per day as continuous dosing. The randomization procedure, eligibility criteria, and 

primary endpoints have been published elsewhere (24).

The trial protocol was approved by the relevant Institutional Review Boards, and the trial 

was conducted in accordance with the Declaration of Helsinki, current FDA Good Clinical 

Practices, and applicable local laws. Participating patients provided written informed 

consent. Biomarker results are reported in accordance with reporting recommendations for 

tumor marker prognostic studies (Supplementary Table S1; ref. 27).

Biomarker assessments

Before randomization, tumor cell blocks or unstained slides (at least 11) were sent to the 

central laboratory (Targos Molecular Pathology GmbH or Clarient) for the confirmation of 

HER2 status. If prior approval had been granted by the sponsors, centrally confirmed HER2 
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results for patients participating in a current or previous F. Hoffmann-La Roche/Genentech– 

sponsored trial could be used for enrollment in EMILIA.

Both IHC and FISH methodologies were used, although only 1 positive result was required 

to determine eligibility. The central laboratory used assays or kits approved by the FDA to 

evaluate HER2 status with the HercepTest for IHC testing (Dako) and either the HER2 FISH 

pharmDx Kit (Dako) or the PathVysion HER2 FISH Kit (Abbott Molecular) for FISH 

testing.

Tumor tissue collected for central HER2 testing was also used for quantitative reverse 

transcription PCR analysis of EGFR, HER2, and HER3. This analysis was performed 

centrally at Targos Molecular Pathology GmbH using protocols and processing instructions 

developed at Roche Molecular Diagnostics. In addition, tumor tissue samples from patients 

who signed an optional research informed consent form could be analyzed for PIK3CA 
mutations and PTEN expression. PIK3CA mutation analyses (by allele-specific PCR) for the 

following mutations were performed using a Mutation Detection Kit on a COBAS Z480 

analyzer (Roche Molecular Systems Inc.): exon 1, R88Q; exon 4, N345K; exon 7, C420R; 

exon 9, E542K, E545A, E545D, E545G, E545K, and Q546E, Q546K, Q546L, Q546R; exon 

20, M1043I, H1047L, H1047R, H1047Y, and G1049R. Cytoplasmic PTEN expression in 

tumor tissue was measured by IHC using a PTEN (138G6) antibody (Cell Signaling 

Technology). PTEN expression levels were compared with surrounding normal tissue and 

categorized as “none,” “decreased,” “slightly decreased,” “equivalent,” or “increased,” as 

described previously (28).

Statistical analyses

EGFR, HER2, and HER3 subgroups were defined a priori as those with values >median or ≤ 
median for this study based on previous analyses of HER2 mRNA, which indicated that 

clinical outcomes diverged around the median value (22, 23, 26). Analysis of our data by 

percentile demonstrated that clinical outcomes diverged around the median, confirming that 

the median is an appropriate cutoff (Supplementary Fig. S1).

PFS, OS, and overall response rate (ORR) were defined as in the primary study analysis 

(24). Median PFS and OS were calculated using the Kaplan–Meier method. Univariate 

analysis using Cox proportional hazards modeling, stratified by world region, number of 

prior chemotherapeutic regimens for locally advanced breast cancer or MBC, and visceral 

versus nonvisceral disease, was used to estimate HRs and associated 95% confidence 

intervals (CI) for EGFR, HER2, HER3, PIK3CA, and PTEN as categorical variables.

Because of the potential for a relationship between biomarkers and clinical variables that 

may in turn influence survival, we also performed multivariate analysis using Cox 

proportional hazards modeling in which EGFR, HER2, and HER3 were evaluated as 

continuous variables to maximize statistical power and PIK3CA was evaluated as a 

categorical variable (WT, MT); PTEN was not evaluated because the number of patients in 

the “equivalent/increased” group was prohibitively small. The following additional variables 

were considered: world region, prior chemotherapy regimen in locally advanced/metastatic 

setting, visceral disease, age, race, number of disease sites, prior anthracycline therapy, 
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baseline Eastern Cooperative Oncology Group performance score, progesterone receptor and 

estrogen receptor status, baseline disease measurability, menopausal status, prior anticancer 

therapy, prior trastuzumab therapy, and HER2 status. A stepwise variable selection 

procedure was used to select covariates that were statistically significant to obtain a final 

model. Tests for multiplicative interaction between treatment effect and biomarker status 

were also conducted. OR estimates and 95% CIs for ORR for each biomarker subgroup were 

derived using a logistic regression model.

Cell viability assays

Breast cancer cell lines SK-BR-3 (wild-type PIK3CA), BT-474 (PIK3CA mutation: 

K111N), ZR-75-30 (PIK3CA mutation: I391M ‘polymorphism’), HCC1954 (PIK3CA 
mutation: H1047R), and MCF7 (PIK3CA mutation: E545K) were obtained from the ATCC. 

EFM-192A (PIK3CA mutation: C420R) were obtained from the German Collection of 

Microorganisms and Cell Cultures. KPL-4 (PIK3CA mutation: H1047R) were kindly 

provided by Dr J. Kurebayashi (Kawasaki Medical School, Okayama, Japan). Cells from 

ATCC were authenticated at ATCC using short tandem repeat (STR) methodology. 

EFM-192A and KPL-4 cells were deposited into a Genentech cell bank upon receipt and 

were authenticated at Genentech using STR methodology. All cells were used within 3 

months of thawing a frozen vial. Cells were maintained in Ham's F-12: DMEM (50:50), 

high glucose, supplemented with 10% heat-inactivated FBS, and 2 mmol/L L-glutamine (all 

from Invitrogen Corp). MCF7-neo/HER2 cells were engineered to express high levels of 

human HER2 using neomycin resistance for selection. Trastuzumab and T-DM1 were from 

Genentech, Inc. As defined previously, efficiency of transformation values for the p110α 
mutants, according to oncogenic potency, were as follows: >4.0 for E545K (MCF7) and 

H1047R (HCC1954, KPL-4), 3.0 to 4.0 for C420R (EFM-192A), and <2.0 for K111N 

(BT-474; ref. 29). Cell viability assays were performed as described previously (19).

In vivo efficacy studies

Mouse xenograft studies were performed as follows: KPL-4 cells (3 × 106/mouse) were 

inoculated into SCID/beige mice (Charles River Laboratories); BT-474M1 and MCF7-neo/

HER2 cells (5 × 106/mouse) were inoculated into NCr nude mice (Taconic), which had 0.36 

mg 17β-estradiol 60-day sustained release pellets implanted 1 to 3 days before inoculation. 

All cells were mixed 1:1 with Matrigel (Becton, Dickinson and Co) and were inoculated into 

the number 2/3 mammary fat pads. Mice were randomized when tumor volumes reached an 

average of 200 mm3. Mice were administered a single intravenous injection of T-DM1 

(doses of 1, 3, 5, 6, or 10 mg/kg) or vehicle, and tumor growth was monitored by caliper 

measurement 1 to 2 times per week.

Results

Patients and biomarker subgroups

Patients were enrolled between February 2009 and October 2011. As with the primary 

analysis (24), the data cut-off date for the analysis of biomarker data was January 14, 2012, 

(median follow-up of 13 months) for PFS and ORR and July 31, 2012, (median follow-up of 

19 months) for OS. EGFR, HER2, and HER3 mRNA results were available from 832, 866, 
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and 860 patients, respectively (Supplementary Fig. S2). Results were available for PIK3CA 
and PTEN analyses from 259 and 271 patients, respectively, owing to constraints on tissue 

availability. Median mRNA concentration ratios (data not shown), PIK3CA mutation 

frequency, and PTEN expression were similar across treatment arms (Tables 1 and 2).

Baseline demographic and disease characteristics of the sub-population of patients whose 

tumors were analyzed for biomarker expression were similar to those in the overall patient 

population (24), to patients for whom biomarker data were not available, and between 

treatment arms with 2 related exceptions (Supplementary Table S2). There were numerically 

greater proportions of patients from “other” world region and Asian patients for PIK3CA-

nonevaluable versus PIK3CA-evaluable patients; however, the imbalance was numerically 

similar in each treatment arm. Moreover, world region was used as a stratification factor in 

these analyses, and its effect is thus accounted for statistically.

Impact of different levels of HER2 expression on T-DM1 activity

T-DM1 treatment, compared with CL, reduced the risk of disease progression to a similar 

degree in patients with HER2-positive MBC regardless of the extent of overexpression of 

tumor HER2 mRNA (i.e., >median and ≤ median; Table 1; Fig. 1A). Similarly, there was an 

OS benefit favoring T-DM1 for patients with both >median and ≤median HER2 mRNA 

levels (Table 2; Fig. 1B). However, the survival benefit associated with T-DM1 treatment 

relative to CL was greater in patients whose tumors had >median HER2 mRNA levels (HR, 

0.53; 95% CI, 0.37–0.76; median OS, 34.1 vs. 26.5 months) compared with those whose 

tumors had ≤ median levels (HR, 0.80; 95% CI, 0.59–1.09; median OS, 24.8 vs. 23.7 

months). Results from multivariate analyses of PFS and OS by HER2 mRNA, which 

adjusted for potential baseline confounding factors, were consistent with the findings from 

the univariate analyses (Table 3). Tests for interaction between treatment and HER2 mRNA 

level were not statistically significant (Table 3); however, these tests are exploratory and not 

powered to detect an interaction.

ORRs were higher in the T-DM1 arm compared with the CL arm for both HER2 mRNA 

subgroups (Fig. 1C).

Impact of EGFR and HER3 expression levels on T-DM1 activity

Median PFS and OS were longer in the T-DM1 arm than in the CL arm, independent of 

EGFR and HER3 mRNA expression level (Tables 1 and 2). The PFS and OS benefit with T-

DM1 relative to CL was greater in patients with tumors containing ≤ median EGFR or 

HER3 mRNA levels compared with those with tumors containing >median levels (Tables 1 

and 2). These differences were greater for OS than for PFS. Results from multivariate 

analyses of PFS and OS by EGFR and HER3 mRNA, which adjusted for potential baseline 

confounding factors, were consistent with the findings from the univariate analyses (Table 

3). Tests for interaction between treatment and EGFR and HER3 mRNA level were not 

statistically significant (Table 3); however, these tests are exploratory and not powered to 

detect an interaction.
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Association of PIK3CA mutation and PTEN expression status with treatment outcomes

Treatment benefit in terms of PFS, OS, and ORR was observed with T-DM1 relative to CL 

independent of PIK3CA mutation status (Tables 1 and 2; Fig. 2). Among patients treated 

with CL, the presence of a tumor PIK3CA mutation was associated with shorter median PFS 

(MT vs. WT, 4.3 vs. 6.4 months), shorter median OS (17.3 vs. 27.8 months), and lower ORR 

(17.1% vs. 39.7%). A differential treatment effect based on PIK3CA mutation status was not 

observed in T-DM1–treated patients (PFS, 10.9 vs. 9.8 months; OS, not reached in MT or 

WT; ORR, 50.0% vs. 47.4%; Tables 1 and 2; Fig. 2). Consistent with these data, the 

reduction in risk of disease progression with T-DM1 relative to CL was greater in patients 

with PIK3CA-mutated tumors (HR, 0.45; 95% CI, 0.25–0.82) than in those with WT tumors 

(HR, 0.74; 95% CI, 0.50–1.10; Table 1; Fig. 2A). A similar result was seen for the reduction 

in risk of death (MT PIK3CA: HR, 0.26; 95% CI, 0.12–0.57; WT PIK3CA: HR, 0.68; 95% 

CI, 0.40–1.15; Table 2; Fig. 2B). These findings were further supported by multivariate 

analyses of PFS and OS, which adjusted for baseline factors (Table 3). There was an 

interaction between treatment effect and PI3KCA mutation status with respect to OS (P = 

0.05) but not PFS (P = 0.22), suggesting that the OS benefit is affected by mutation status. 

However, benefit was seen in both PI3KCA-mutated and WT tumors (Table 3).

T-DM1 was associated with longer median PFS and OS compared with CL, regardless of 

tumor PTEN expression (Tables 1 and 2).

In patients with absent or decreased tumor PTEN expression, the decreased risk of disease 

progression with T-DM1 relative to that with CL (HR, 0.55; 95% CI, 0.39–0.78) was greater 

than in patients with normal-to-increased tumor PTEN expression (HR, 0.78; 95% CI, 0.32–

1.91) (Table 1). This relationship was not observed for OS (decreased PTEN expression: 

HR, 0.52; 95% CI, 0.32–0.86; normal-to-increased PTEN expression: HR, 0.43; 95% CI, 

0.14–1.32; Table 2).

Activity of T-DM1 in PIK3CA-mutant breast cancer cell lines and xenograft models

To further characterize the activity of T-DM1 in HER2-positive tumors with PIK3CA 
mutations, HER2-amplified breast cancer cell lines with WT PIK3CA and with specific 

PIK3CA mutations were treated with T-DM1 and trastuzumab. At concentrations ≥0.01 

μg/mL, sensitivity to T-DM1 was observed across all cell lines with various activating 

PIK3CA mutations (Fig. 3). T-DM1 consistently showed enhanced potency relative to 

trastuzumab. In contrast, sensitivity to trastuzumab appeared to be mutation specific (Fig. 3). 

Consistent with other reports (9), cell lines with the H1047R (i.e., HCC1954, KPL-4) and 

E545K mutations (i.e., MCF7-neo/HER2) were insensitive to trastuzumab at all 

concentrations evaluated. Less-activating mutations (e.g., K111N) did not appear to confer 

resistance to trastuzumab.

We next evaluated the in vivo antitumor activity of T-DM1 in 3 mouse orthotopic xenograft 

models of human breast cancer expressing activating (H1047R/KPL-4, E545K/MCF7-neo/

HER2) or nonactivating (K111N/BT-474M1) PIK3CA mutations (Fig. 3). Inhibition of 

tumor growth was seen at T-DM1 doses ≥3 mg/kg in all 3 models, irrespective of PIK3CA 
mutation status. A single dose of T-DM1 ≥5 mg/kg was sufficient to achieve regression 
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and/or complete suppression of tumor growth through ≥20 days after administration. In 

vehicle-treated animals, tumors continued to grow throughout the time of the experiments 

compared with vehicle-treated control animals.

Discussion

De novo and acquired resistance to HER2-directed therapies occurs through multiple 

mechanisms (6–11) and can limit efficacy (8, 9, 14, 15).T-DM1 may retain antitumor 

activity in the presence of some resistance mechanisms, in part because of its cytotoxic 

moiety, which has a mechanism of action that largely bypasses intracellular signaling 

pathways downstream of HER2 (Supplementary Fig. S3; ref. 20). In this exploratory 

biomarker analysis of the EMILIA trial, T-DM1 produced superior survival outcomes 

relative to CL in all of the analyzed tumor biomarker subgroups.

Aberrant activation of the PI3K/AKT/mTOR pathway, such as occurs in the presence of 

activating PIK3CA mutations or through the loss of PTEN expression, results in constitutive 

pathway activation downstream of HER2, and can lead to decreased activity of 

trastuzumab-, lapatinib-, and pertuzumab-containing therapies (8, 9, 12–17). In our study, 

the presence of PIK3CA mutations was associated with shorter PFS and OS durations in 

patients who received CL but did not adversely affect efficacy with T-DM1. T-DM1 also 

appeared to result in a greater PFS benefit versus CL in patients with absent or decreased 

PTEN expression, although the sample size is small. Taken together, these data suggest that 

activation of the PI3K/AKT/mTOR pathway may mediate resistance to lapatinib but not T-

DM1. The results with CL in patients in EMILIA presented here are consistent with 

preclinical findings that activating PIK3CA mutations mediate resistance to lapatinib (10) 

and with the recently reported NeoALTTO study of neoadjuvant trastuzumab versus 

lapatinib versus the combination (15). In this study, PIK3CA mutations correlated with a 

statistically significant decrease in the rate of pathologic complete response when compared 

with tumors lacking such mutations. Moreover, the cell culture and mouse xenograft data 

reported here provide complementary evidence that T-DM1 has cytotoxic activity in vitro 
and in vivo regardless of PIK3CA mutation status. Recent data from the phase III TH3RESA 

study in patients who previously received ≥2 prior HER2-directed regimens for advanced 

disease are consistent with the results presented here. PFS was similar in T-DM1–treated 

patients regardless of tumor PIK3CA mutation status or PTEN expression level (30).

Agents that can inhibit the constitutive activation of the PI3K/AKT/mTOR pathway may 

offer an additional approach to treating tumors resistant to other HER2-directed therapies. 

For example, although a randomized phase III trial evaluating the addition of the mTOR 

inhibitor everolimus to trastuzumab and paclitaxel did not improve PFS in the ITT 

population (31), a recent pooled analysis from this and a different phase III trial evaluating 

everolimus plus trastuzumab and vinorelbine (32) suggested that everolimus, when added to 

trastuzumab plus chemotherapy, conferred greater PFS benefit in patients with HER2-

positive advanced breast cancer whose tumors exhibited mutations indicative of 

hyperactivation of the PI3K signaling pathway (i.e., PIK3CA mutations or low PTEN 

expression), compared with those without these mutations (33).

Baselga et al. Page 8

Clin Cancer Res. Author manuscript; available in PMC 2017 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



HER2 mRNA expression appeared to be proportionately related to efficacy in that median 

PFS and OS were longer in each treatment group in patients with >median tumor HER2 

mRNA expression. These findings suggest that tumors with >median HER2 expression may 

be characterized by increased sensitivity to treatment with either T-DM1 or lapatinib and are 

consistent with reports from phase II studies of T-DM1 for HER2-positive MBC, in which 

patients with ≥median HER2 mRNA levels had longer median PFS durations and higher 

ORRs than those with <median HER2 mRNA levels (22, 23, 26).

EGFR mRNA expression also appeared to be proportionately related to efficacy in that 

median PFS and OS were shorter in T-DM1-treated patients with >median tumor EGFR 

mRNA expression. The role of increased EGFR expression warrants further investigation in 

preclinical models.

Our study is limited in that PIK3CA mutation and PTEN expression analyses were 

performed on subsets of the patient population owing to constraints on tissue availability. 

However, there were no clear differences in patient or disease characteristics between these 

subsets and the intent-to-treat population that were not accounted for statistically, suggesting 

that our results were not likely to be biased (Supplementary Table S2; ref. 24). Furthermore, 

a number of methods are currently used to categorize the extent of PTEN expression (12, 13, 

16, 28, 30), and there is no standard validated method (16). Finally, archived tumor samples 

may not represent the molecular status of the tumors at the time of study treatment. 

However, it has been estimated that marked changes in HER2 expression levels from 

primary to metastatic tumors occur in only 10% of patients (34).

In conclusion, our data suggest that tumors previously exposed to trastuzumab and taxane 

with enhanced signaling through the HER2/PI3K/AKT pathway (e.g., PIK3CA-mutated 

tumors) may be sensitive to initial T-DM1 treatment and exhibit decreased sensitivity to CL 

or, when examined in preclinical models, trastuzumab. These results have clinical 

implications suggesting that single-agent T-DM1 may be active in HER2-positive MBC, 

which is less sensitive to other standard HER2-directed therapies. Validation in a prospective 

study is needed to confirm these results.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Translational Relevance

HER2 overexpression is associated with poor prognosis in patients with metastatic breast 

cancer. Tumors often develop resistance to therapies that inhibit HER2 signaling, in part 

due to the constitutive activation of downstream pathways such as PI3K/AKT. Consistent 

with this, activating PIK3CA mutations and reduced PTEN expression have been 

negatively correlated with response to HER2-targeted therapies. Trastuzumab emtansine 

(T-DM1) has demonstrated activity in patients with HER2-positive breast cancer whose 

disease progressed on other HER2-targeted agents. Our results suggest that although the 

efficacy of capecitabine plus lapatinib is reduced in patients with tumors expressing 

PIK3CA mutations compared with patients with PIK3CA wild-type tumors, efficacy with 

T-DM1 is similar between the two groups. Furthermore, T-DM1 showed potent activity in 

preclinical models with PIK3CA mutations. Thus, T-DM1 appears efficacious in the 

presence of a biomarker previously associated with impaired response to other HER2-

targeted treatments.
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Figure 1. 
Kaplan–Meier estimates of PFS (A), OS (B), and ORR (C), by independent review 

committee, according to HER2 mRNA expression in EMILIA. HRs are based on unstratified 

analyses. Results for the CL arm are based on 439 patients who were evaluable for HER2 

mRNA expression (88.5% of 496 patients randomized to CL). Results for the T-DM1 arm 

are based on 427 evaluable patients (86.3% of 495 patients randomized to T-DM1). OR, 

odds ratio.
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Figure 2. 
Kaplan–Meier estimates of PFS (A) and OS (B), as well as ORR (C), by independent review 

committee, according to PIK3CA mutation status in EMILIA. HRs are based on unstratified 

analyses. Results for the CL arm are based on 126 patients who were evaluable for PIK3CA 
mutation status (25.4% of 496 patients randomized to CL). Results for the T-DM1 arm are 

based on 133 evaluable patients (26.9% of 495 patients randomized to T-DM1). NE, not 

estimable. OR, odds ratio.
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Figure 3. 
Response to T-DM1 in HER2-amplified breast cancer cell lines and xenograft models 

expressing mutant PIK3CA. Breast cancer cells were treated for 5 days with different 

concentrations of T-DM1 or trastuzumab. Cell viability was assessed using the CellTiter-Glo 

Luminescent Cell Viability Assay. The following cell lines were tested: SK-BR-3 (wild-type 

PIK3CA; A); BT-474 (mutant PIK3CA K111N, weakly activating; B); ZR-75-30 (mutant 

PIK3CA I391M; C); EFM-192A (mutant PIK3CA C420R, strongly activating; D); 

HCC1954 (mutant hotspot PIK3CA H1047R; E); KPL-4 (mutant H1047R; F); MCF7-neo/

HER2 (mutant hotspot E545K; G). Antitumor efficacy of T-DM1 was assessed in PIK3CA-

mutant breast cancer cell xenograft models. Xenograft models were initiated by inoculating 

KPL-4 cells (activating H1047R PIK3CA mutation; H) into the mammary fat pads of SCID 

beige mice or by inoculating BT-474M1 (nonactivating K111N PIK3CA mutation; I), or 

MCF7-neo/HER2 (activating E545K PIK3CA mutation; J) cells into the mammary fat pads 
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of NCr nude mice, which had 0.36-mg 17β-estradiol 60-day sustained release pellets 

implanted 1 to 3 days prior to cell inoculation. In all models, once tumor volumes reached an 

average of 200 mm3, mice were administered a single intravenous injection of T-DM1 

(doses of 1, 3, 5, 6, or 10 mg/kg) or vehicle. Tumor growth was monitored by caliper 

measurement.
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Table 3
Multivariate Cox regression analysis of PFS and OS by biomarker status adjusting for 

prognostic and clinically important baseline variablesa,b; analysis of multiplicative 
interaction between treatment effect and biomarker status

EGFR, HER2, and HER3 evaluated as continuous variables

T-DM1 treatment relative to CL treatment HR (95% CI)

PFSc OSd

EGFR mRNA concentration ratio 0.68 (0.57–0.82) 0.64 (0.50–0.81)

HER2 mRNA concentration ratio 0.69 (0.57–0.83) 0.62 (0.49–0.78)

HER3 mRNA concentration ratio 0.68 (0.57–0.82) 0.61 (0.48–0.78)

EGFR, HER2, HER3, combined 0.67 (0.56–0.81) 0.61 (0.48–0.78)

PIK3CA mutation status evaluated as a categorical variable

T-DM1 treatment relative to CL treatment HR (95% CI)

PIK3CA mutation status PFSe OSf

Mutated (n = 79) 0.50 (0.27–0.94) 0.21 (0.09–0.47)

Wild type (n = 180) 0.70 (0.47–1.03) 0.65 (0.38–1.10)

P value for interactiong between treatment and biomarker expression

PFS OS

EGFR mRNA concentration ratio 0.83 0.25

HER2 mRNA concentration ratio 0.07 0.13

HER3 mRNA concentration ratio 0.52 0.88

PIK3CA mutation status 0.22 0.05

a
The initial model also included the following variables: world region, prior chemotherapy regimen in locally advanced/metastatic setting, visceral 

disease, age, race, number of disease sites, prior anthracycline therapy, baseline Eastern Cooperative Oncology Group (ECOG) performance score, 
progesterone receptor and estrogen receptor status, baseline disease measurability, menopausal status, prior anticancer therapy, prior trastuzumab 
therapy, and HER2 status.

b
A stepwise procedure was used to determine the final model.

c
Significant baseline risk factors were number of disease sites per independent review (<3 or ≥3 sites); baseline ECOG performance score (0 or 1); 

and disease measurability by independent review (yes or no).

9
Significant baseline risk factors were number of disease sites per independent review (<3 or ≥3 sites); baseline ECOG performance score (0 or 1); 

and prior trastuzumab therapy for metastatic breast cancer (yes or no).

e
The only significant baseline risk factor for the PIK3CA-mutated group was the number of disease sites per independent review (<3 or ≥3 sites). 

The only significant factor for the PIK3CA wild-type group was the presence of visceral disease (yes or no).

f
The only significant baseline risk for the PIK3CA-mutated group was prior anthracycline treatment (yes or no). Significant factors for the PIK3CA 

wild-type group were number of disease sites per independent review (<3or ≥3 sites) and the presence of visceral disease (yes or no).

g
This analysis was conducted using a Cox proportional hazard model, and the P value was obtained using Wald statistics.
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