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Purpose

Phgsphatase and tensin homolog (PTEN) loss or activating mutations of phosphoinositol-3 (PI3)
kinase (PIK3CA) may be associated with trastuzumab resistance. Trastuzumab, the humanized
human epidermal growth factor receptor 2 (HER2) monoclonal antibody, and lapatinib, an
epidermal growth factor receptor/HER2 tyrosine kinase inhibitor, are both established treatments
for HER2-overexpressing breast cancers. Understanding of the cellular response to HER2-targeted
therapies is needed to tailor treatments and to identify patients less likely to benefit.

Methods
We evaluated the effect of trastuzumab or lapatinib in three HER2-overexpressing cell lines. We

confirmed the in vitro observations in two neoadjuvant clinical trials in patients with HER2
overexpression; 35 patients received trastuzumab as a single agent for the first 3 weeks, then
docetaxel every 3 weeks for 12 weeks (trastuzumab regimen), whereas 49 patients received
lapatinib as a single agent for 6 weeks, followed by trastuzumab/docetaxel for 12 weeks before
primary surgery (lapatinib regimen). Apoptosis, Ki67, p-MAPK, p-AKT, and PTEN were assessed by
immunohistochemistry. Genomic DNA was sequenced for PIK3CA mutations.

Results

Under low PTEN conditions, in vitro data indicate that lapatinib alone and in combination with
trastuzumab was effective in decreasing p-MAPK and p-AKT levels, whereas trastuzumab was
ineffective. In the clinical trials, we confirmed that low PTEN or activating mutation in PIK3CA
conferred resistance to the trastuzumab regimen (P = .015), whereas low PTEN tumors were
associated with a high pathologic complete response rate (P = .007).

Conclusion

Activation of PI3 kinase pathway is associated with trastuzumab resistance, whereas low PTEN
predicted for response to lapatinib. These observations support clinical trials with the combination
of both agents.

J Clin Oncol 29:166-173. © 2010 by American Society of Clinical Oncology

through activation of the AKT/phosphoinositol-3
kinase (PI3K) pathway.” Aberrant HER1 and HER2

The epidermal growth factor receptor (EGFR)/hu-  signaling contributes to cancer cell proliferation

man epidermal growth factor receptor (HER) fam-
ily of transmembrane type I receptor tyrosine
kinases plays an important role in processes such as
cell proliferation, differentiation, and survival. Con-
formational changes after receptor dimerization
lead to autophosphorylation and initiation of diver-
gent signal transduction cascades.' These type I re-
ceptors signal through the MAPK/ERK pathway,
stimulating cell division.” Cell line evidence also sug-
gests that these receptors also modulate cell survival
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and survival.

The HER2 monoclonal antibody, trastu-
zumab, has been approved as adjuvant treatment for
patients with breast cancer with HER2 overexpres-
sion, reducing both the recurrence rate and mortal-
ity.4 Lapatinib, a reversible dual kinase inhibitor
against EGFR and HER2,” has activity in patients
with HER2 overexpression when given either as
first-line therapy or after treatment failure with
trastuzumab®® and has been approved in combination
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with capecitabine in patients with metastatic disease, with significantly
improved progression-free survival.” Recent data have also shown that
the addition of lapatinib to letrozole almost tripled progression-free
survival rates in patients with breast cancer whose tumors coexpressed
steroid receptors and HER2.'°

The antitumor effects of HER2 inhibitors require the modulation
of key signaling pathways and cell cycle/apoptosis regulatory mole-
cules that mediate the transforming effects of HER2.''"'> Activation of
the PI3K pathway, as a result of loss or low levels of the phosphatase
and tensin homolog (PTEN), is associated with resistance to trastu-
zumab. Recent data further support the observation that activation of
the PI3K pathway by PIK3CA mutation or loss of PTEN is associated
with resistance to trastuzumab.'* Mechanisms for lapatinib are less
well established. Recent in vitro data suggest that, unlike trastuzumab,
loss of PTEN function is not associated with lapatinib resistance.'”
Previously, we observed in repeat biopsies of human primary breast
cancers that blocking activation of the PI3K/AKT survival pathway is
the main mechanism of action of trastuzumab.'® The objectives of this
study were to expand on these earlier observations and, first, to define
cellular mechanisms of action of trastuzumab and lapatinib in cell
lines and in clinical human biopsy samples and, second, to define
possible predictive markers of response, especially in the PI3K/AKT
pathway. As such, we evaluated the effect of lapatinib or trastuzumab
given alone or in combination in HER2-overexpressing cell lines. We
confirmed our in vitro observations in two sequential neoadjuvant clinical
trials in patients with HER2-overexpressing locally advanced breast can-
cer, for which repeat biopsies were analyzed for involvement of either the
MAPK/ERK or PI3K/AKT pathway. The results of the first neoadjuvant
trastuzumab study have been reported'® and are reiterated in this current
analysis for comparison with the results from the lapatinib trial.

In Vitro Cell Culture Transfections and Treatments

SKBR3 cells were grown in McCoy’s Media (Invitrogen, Carlsbad, CA)
with 10% fetal bovine serum (Cellgro, Manassas, VA) and 1X penicillin/
streptomycin, and BT474 cells were grown in DMEM Glutamax Media (In-
vitrogen) with 10% fetal bovine serum and 1X penicillin/streptomycin. The
cells were then transfected with 50 nmol/L of mock or PTEN short interfering
RNA (siRNA; Dharmacon, Lafayette, CO) for 24 hours using Dhramfect
(Dharmacon), according to the manufacturer’s instruction, and treated in the
following four groups: vehicle control; lapatinib alone (1 uM); trastuzumab
alone (10 mg/mL); or lapatinib (1 uM) and trastuzumab (10 mg/mL). The cells
were harvested 48 hours after treatment, and Western analysis for p-MAPK and
p-AKT (Cell Signaling Technologies, Danvers, MA) was performed.

Next, we transfected MDA361 cells, which contain E545K PIK3CA mu-
tation, with PTEN short hairpin RNA (shRNA) using Lipofectamine reagent
(Invitrogen) or with mock shRNA. After 24 hours, Western analysis on a
portion of cells for PTEN, p-AKT, and estrogen receptor-a was performed to
demonstrate effectiveness of the ShRNA. The rest of the cells were then divided
into four groups and treated with control (dimethyl sulfoxide), lapatinib (1
M), trastuzumab (10 mg/mL), or a combination of lapatinib (1 uM) and
trastuzumab (10 mg/mL) and allowed to grow in six-well plates for a period of
a month. The cells were then stained with crystal violet, counted for colony
formation, and photographed.

Patients and Clinical Samples

Two sequential neoadjuvant studies (NCT00133796 and NCT00206427)
were conducted in patients with HER2-overexpressing (defined as HercepTest
[DAKO, Copenhagen, Denmark] score of 3+ or HER2 amplified by fluores-
cent in situ hybridization) breast cancers (primary cancers > 4 cm). These
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studies were approved by the Institutional Review Board of Baylor College of
Medicine. In brief, the inclusion criteria were age greater than 18 years, a
diagnosis of breast cancer confirmed by core needle biopsy, and adequate liver
and kidney function tests (within 1.5X the institution’s upper limit of normal).
Exclusion criteria included severe underlying chronic illness or disease and prior
systemic treatments or treatment with other chemotherapeutic drugs.

In the first study (trastuzumab regimen), trastuzumab was administered
initially as an intravenous loading dose of 4 mg/m? and then weekly at 2
mg/m’. After the initial 3 weeks of single-agent trastuzumab, docetaxel (100
mg/m? every 3 weeks) was administered for a total of four cycles, with weekly
trastuzumab. After completion of neoadjuvant treatment, primary surgery
was performed, if the tumor was operable. The second trial (lapatinib regi-
men) was a sequential study where lapatinib 1,500 mg orally was administered
for 6 weeks, followed by docetaxel (100 mg/m? every 3 weeks) for a total of four
cycles, with weekly trastuzumab (Fig 1). Core biopsies of the primary cancers
were performed at the following time points. In the first study (trastuzumab
regimen), biopsies were performed at baseline, week 1, and week 3, whereas in
the second study (lapatinib regimen), core biopsies were performed at baseline
and weeks 2, 4, and 6, while the patients were on targeted therapy alone.
Sample sizes were altered as a result of unforeseen loss of tissue because of
tropical storm Allison.

Clinical response was assessed in all patients by physical examination
before and after therapy by two experienced breast specialists (J.C.C. and
M.R.). Pathologic complete response (pCR) after preoperative therapy was
prospectively defined as complete disappearance of all invasive cancer or only
residual minute foci (< 0.1 cm in diameter), as previously defined.'”'

Laboratory Methods

The details for the immunohistochemistry assays have been described
elsewhere'® (Appendix Table Al and Appendix Fig A2, online only). Ki67
staining for proliferation index, cleaved caspase-3 (CC3), and terminal deoxy-
nucleotidyl transferase-mediated deoxyuridine triphosphate-biotin nick-end
labeling (TUNEL) staining were scored by point counting of at least 500 cancer
cells, and results were presented as percentage of positive tumor cells. All the
slides were scored (M.C.G. and L.M.) without knowledge of the clinical param-
eters. Genomic DNA was isolated (10 to 100 ng) and sequenced using the
BigDye Terminator Cycle Sequencing Kit and an ABI 3730 automated capil-
lary sequencer (Applied Biosystems, Foster City, CA).

Statistical Methods

Patient and tumor characteristics were summarized by descriptive statis-
tics. Changes in tumor sizes from the initial to post-treatment measurements
and changes in next week biomarker levels between the initial and subsequent

Trastuzumab  Standard trastuzumab/docetaxel
3 weeks 12 weeks
Initial W1 W3
Lapatinib Standard trastuzumab/docetaxel
6 weeks 12 weeks
Initial w2 w4 we Pathologic
Response

Fig 1. Schema of two sequential neoadjuvant studies in patients with human
epidermal growth factor receptor 2—overexpressing locally advanced breast cancers.
Biopsies were obtained in the neoadjuvant trastuzumab study at baseline, week (W) 1,
and WS3. In the second study (lapatinib), biopsies were obtained at baseline, W2, \W4, and
W6. Pathologic response was assessed after completion of all neoadjuvant treatment.
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Fig 2. Effect of PTEN on human epidermal growth factor receptor 2—overexpressing breast cancer cell lines. (A) Western blot analysis of SKBR3 breast cancer cell
lines transfected with PTEN short interfering RNA (siRNA) and, after 24 hours, treated with control, lapatinib (Lap.; 1 uM), trastuzumab (Tras.; 10 mg/mL), and lapatinib
(1T uM) plus trastuzumab (10 mg/mL). (B) Western blot analysis of MDA361 cells containing E545K PIK3CA mutation treated with PTEN short hairpin RNA. (C) Colony
formation assay of MDA361 cells treated with control (con), lapatinib (lap; 1 uM), trastuzumab (tras; 10 mg/mL), and lapatinib (1 M) plus trastuzumab (10 mg/mL).

biopsy samples were compared using the Wilcoxon signed rank test, for which
parallel comparisons were made in the previously published report for the
trastuzumab study.?® In the current study, we also adopted linear mixed
models to model the changes in biomarker levels over time. Separate models
were constructed to account for the fact that patients were enrolled onto the
two sequential neoadjuvant studies. Time was treated as a continuous fixed
effect with both linear and quadratic effects, and subject was treated as a
random effect in the models. P values were computed by model-based con-
trasts. Means of predicted values and 95% Cls as twice the SEM were plotted to
visualize the changes over time. Response rates were calculated along with
exact 95% CIs. Association between activation of PI3K/AKT pathway and
treatment response for each study was assessed using the Fisher’s exact test.
Odds ratios and corresponding 95% Cls were computed for all comparisons.
In addition, activation of P13K/AKT pathway in response to trastuzumab or
lapatinib on pCR was examined simultaneously by testing the interaction term
between activation of P13K/AKT pathway and treatment in the logistic regres-
sion model. Odds ratios and corresponding 95% Cls for comparing treat-
ments on pCR by activation of P13K/AKT pathway were calculated. Statistical
analyses were performed using SAS version 9.2 (SAS Institute, Cary, NC).

In Vitro Effects of Lapatinib or Trastuzumab in SKBR3
and BT474 Cells

Under normal PTEN conditions (scrambled siRNA), both lapa-
tinib and trastuzumab, alone and in combination, reduced p-MAPK
or p-AKT levels in SKBR3 and BT474 cells. Under low PTEN condi-
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tions (PTEN siRNA), lapatinib alone or in combination with trastu-
zumab decreased p-MAPK and p-AKT levels, whereas trastuzumab
alone did not (Fig 2A, representative data for SKBR3 cells; similar results
with BT474 cells are not shown). Thus, with low PTEN conditions, lapa-
tinib alone or in combination was effective in decreasing p-MAPK and
p-AKT, whereas trastuzumab alone did not change these levels, sug-
gesting that under low PTEN conditions, breast cancer cells may be
resistant to trastuzumab but not to lapatinib-containing treatments.

In Vitro Effects of PTEN in Presence of
PIK3CA Mutation

MDA361 cells possess the E545K mutation in PI3KCA. Under nor-
mal PTEN conditions, trastuzumab and lapatinib, alone and in combina-
tion, were both effective in decreasing proliferation. Consistent with
earlier results, under low PTEN conditions (PTEN shRNA), these cells
were resistant to trastuzumab, whereas lapatinib, alone and in combina-
tion, was associated with a decrease in the proliferation assay (Fig 2B).
These data further support the observation that under low PTEN condi-
tions, breast cancer cells with PIK3CA mutations were resistant to trastu-
zumab but remained sensitive to lapatinib-containing treatments.

Patient Characteristics and Clinical and
Pathologic Responses

The clinical characteristics of the patients enrolled onto these
phase II neoadjuvant studies are listed in Table 1 and Appendix Table

JOURNAL OF CLINICAL ONCOLOGY
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Table 1. Patient Demographics and Clinical Characteristics
Trastuzumab (n = 35) Lapatinib (n = 49)
No. of No. of
Characteristic Patients % Patients %
Age, years
Median 53.5 53.7
Range 33-69 29-83.5
Tumor size, cm
Median 10 8
Range 4-25 2.5-30
Biomarkers
ER positive 6 17 20 41
PR positive 11 15 31
Pathologic complete response 32" 34"
Yes Nl 34 23 68
No 21 66 11 32
Abbreviations: ER, estrogen receptor; PR, progesterone receptor.
“Three patients who received trastuzumab and 15 patients who received lapatinib did not have data for pathologic complete response.

A2 (online only). In the trastuzumab study, where trastuzumab was
administered for 3 weeks, the median tumor size at presentation was
10 X 10 cm? (range, 4 X 4 to 25 X 25 cm?). As previously reported,
regression in the product of bidimensional tumor measurements with
a median decrease of —20.0% (range, —78.6% to 0%; P < .001) was
observed in primary tumors after only 3 weeks of single-agent trastu-
zumab. In the lapatinib study, where lapatinib was administered for 6
weeks, the initial median tumor size was 8 X 8 cm (range, 2.5 X 2.5 to
25 X 30 cm), and the median decrease in size was —73% (range, —100%
10 92.9%; P < .001, Wilcoxon signed rank test) after 6 weeks of lapatinib.
Regarding pCRafter completion of all neoadjuvant therapy, 11 (34.4%) of
32 patients achieved pCR with the trastuzumab regimen, 24 (63.1%) of 38
patients achieved pCR with the lapatinib regimen.

Serial Changes in Biomarkers With Trastuzumab or
Lapatinib Treatment

Survival pathways (p-AKT, CC3). Consistent with previously
reported data of trastuzumab, the apoptosis index (CC3) was signifi-
cantly increased in week 1 (P = .004, model-based contrast) and had a
significant time effect on overall change in CC3 (P = .001, model-
based contrast; Fig 3A; Appendix Table A3, online only).'® Current
thinking suggests that reductions in activated AKT, a major signaling
molecule in the cell survival pathways, should lead to induction of
apoptosis. Again, as previously published, there was no significant
change in expression of either nuclear or cytoplasmic p-AKT with
trastuzumab treatment.

With lapatinib, there was no significant change in CC3 at any time
point (P = .41, model-based contrast; Fig 3A). There was no significant
change in expression of p-AKT with lapatinib treatment. To explore the
possibility of caspase-independent apoptosis, we examined a subset of the
lapatinib-treated patient samples with TUNEL, as well as downstream
effects of the cell survival pathway by a pan-Foxo (Foxol/Foxo3/Foxo4)
antibody (Abcam, Cambridge, MA), and demonstrated no statistically
significant change with lapatinib treatment (data not shown).

These data suggest that trastuzumab exerts its effects by inducing
apoptosis.'® However, we were not able to demonstrate apoptosis or
regulation of the AKT pathway with lapatinib treatment.

WWW.jco.org

Cell cycle and proliferation markers (Ki67, cytoplasmic and nuclear
p-MAPK). As previously reported,'® contrary to in vitro data, trastu-
zumab did not decrease Ki67 (P = .66, model-based contrast) or
P-MAPK (P = .20, model-based contrast; Figs 3B and 4). With lapa-
tinib, Ki67 was significantly reduced in week 2, and this decrease in
proliferation continued through weeks 4 and 6 (P < .001, model-
based contrast). Consistent with this decrease, p-MAPK showed a
significant decrease in week 2 and continued through week 4 (P = .02,
model-based contrast; Fig 4).

Activation of PI3K Pathway As Pretreatment
Predictive Markers of Response to Trastuzumab
or Lapatinib

Evaluating biomarkers in the pretreatment specimens that may
be predictive indicators of response and resistance, we primarily ex-
amined activation of the PI3K/AKT pathway because this has been
reported in trastuzumab resistance.'® Expression of PTEN by immu-
nohistochemistry and mutation in PI3K (PIK3CA mutations) were
correlated with pathologic responses (Table 2).

With trastuzumab, low PTEN expression was associated with
resistance to treatment, with 15.4% of patients (two of 13 patients;
95% CI, 1.9% to 45.5%) with low PTEN achieving pCR; in contrast
44.4% of patients (eight of 18 patients; 95% CI, 21.5% to 69.2%) with
high PTEN achieved pCR (P = .13, Fisher’s exact test). PIK3CA
mutations also exhibited numerically lower response to trastuzumab,
with 20% of patients (two of 10 patients; 95% CI, 2.5% to 55.6%) with
mutations achieving pCR and 38.1% of patients (eight of 21 patients;
95% ClI, 18.1% to 61.6%) without mutations achieving pCR (P = .43,
Fisher’s exact test). Considering activation of this pathway in tumors
with low PTEN or PIK3CA mutations, 18.2% of patients (four of 22
patients; 95% ClI, 5.2% to 40.3%) with low PTEN or PIK3CA muta-
tions achieved pCR, whereas 66.7% of patients (six of nine patients;
95% CI, 29.9% to 92.5%) without low PTEN or PIK3CA mutations
achieved pCR (P = .015, Fisher’s exact test). Thus, activation of the
PI3K pathway was statistically significantly associated with trastu-
zumab resistance, consistent with our in vitro results and the pub-
lished literature.'**'

© 2010 by American Society of Clinical Oncology 169
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Fig 3. (A-B) Changes in apoptosis as measured by cleaved caspase-3 (CC3). With trastuzumab, there was a significant increase in CC3 found in week 1 (P = .02).
With lapatinib, no significant change in CC3 was observed. (C-D) Changes in proliferation as measured by Ki67. With trastuzumab, there was no significant change in
Ki67. With lapatinib, Ki67 decreased significantly by week 2, and this decrease was continued in weeks 4 and 6 (P < .001).

With the lapatinib regimen, the opposite effect was observed, with
92.3% of patients (12 of 13 patients; 95% CI, 64% to 99.8%) with low
PTEN achieving pCR compared with 41.2% of patients (seven of 17
patients; 95% CI, 18.4% to 67.1%) with normal PTEN (P = .007, Fisher’s
exact test). PIK3CA mutations were not associated with response or resis-
tance. Considering activation of this pathway in tumors with low PTEN or
PIK3CA mutations, 81.3% of patients (13 of 16 patients; 95% CI, 54.4% to
96%) with low PTEN or PIK3CA mutations achieved pCR, compared
with 41.7% of patients (five of 12 patients; 95% CI, 15.2% to 72.3%)

without low PTEN or PIK3CA mutations (P = .05, Fisher’s exact test).
Thus, low PTEN expression was associated with pathologic response to
this lapatinib-containing regimen. Furthermore, in a combined analysis
of response rates, there was a statistically significant interaction between
low PTEN/PIK3CA mutations and treatment (trastuzumab/lapatinib;
P = .001, logistic regression analysis). Thus, the odds of achieving pCR
were significantly greater in patients with low PTEN or PIK3CA muta-
tions treated with lapatinib than in those patients treated with trastu-
zumab (odds ratio, 19.5; 95% CI, 3.7 to 102.4).

>
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Fig 4. Changes in p-MAPK. (A) Trastuzumab showed no significant change in p-MAPK. (B) Lapatinib showed a significant decrease in p-MAPK by week 2, which was

continued through week 4 (P = .02).

170 © 2010 by American Society of Clinical Oncology

JOURNAL OF CLINICAL ONCOLOGY



PTEN-PI3K and Response to Trastuzumab or Lapatinib

Table 2. Activation of PI3K Pathway As Pretreatment Predictive Markers of Response to Trastuzumab or Lapatinib

pCR No pCR
No. of No. of
Marker Patients % Patients % OR 95% ClI P*
Trastuzumab 11 21

Nuclear PTEN A3
Low (= 3) 2 15.4 11 84.6 0.23 0.04t01.34
High (> 3) 8 44.4 10 55.6 1.00 —

PIK3CA 43
WT 8 38.1 13 61.9 2.46 0.41t0 14.63
Mutation 2 20 8 80 1.00 —

Nuclear PTEN low/PIK3CA mutation .02
Yes 4 18.2 18 81.8 0.11 0.02 to 0.65
No 6 66.7 3 33.3 1.00 —

Lapatinib 24 14

Nuclear PTEN .007
Low (= 3) 12 92.3 1 7.7 17.14 1.79t0 163.8
High (> 3) 7 41.2 10 58.8 1.00 —

PIK3CA 1.00
WT 16 61.5 10 38.5 1.07 0.15t0 7.54
Mutation 3 60 2 40 1.00 —

Nuclear PTEN low/PIK3CA mutation .05
Yes 13 81.3 3 18.8 6.07 1.11t0 33.24
No 5 41.7 7 58.3 1.00 —

“Fisher's exact test.

Abbreviations: PI3K, phosphoinositol-3 kinase; pCR, pathologic complete response; OR, odds ratio; PTEN, phosphatase and tensin homolog; WT, wild type.

We describe differential effects of trastuzumab and lapatinib under
low and normal PTEN conditions in HER2-overexpressing breast
cancer cell lines and confirm these observations in two neoadjuvant
trials. These in vitro data with breast cancer cell lines (SKRB3, BT474,
and MDA361) indicate that under low PTEN conditions, the PI3K/
AKT pathway may not be constitutively activated, and thus, trastu-
zumab treatment did not decrease p-MAPK and p-AKT. Conversely,
lapatinib was effective and decreased both p-MAPK and p-AKT under
low PTEN conditions.

The clinical trials were designed to answer several questions,
including the mechanism of action of trastuzumab and lapatinib
on the PI3K/AKT or RAS/MAPK pathways and the role of low
PTEN and PIK3CA mutations in relation to trastuzumab and
lapatinib response. Trastuzumab resulted in tumor regression by
induction of apoptosis. Because reductions in p-AKT induced by
trastuzumab would be expected to precede apoptosis, it is possible
that the peak reduction occurred early, before the first repeat
biopsy, and was therefore not detected in this study. Consistent
with this observation, we confirm the earlier results of Berns et al'*
that activating mutations in PI3K and PTEN loss were associated
with trastuzumab resistance.

In the laboratory, blockade of EGFR and HER2 receptors by
monoclonal antibodies inhibited cell proliferation.**** With tras-
tuzumab, our results did not show a significant change in cell
proliferation as measured by Ki67 or p-MAPK.'” However, with
lapatinib, both Ki67 and p-MAPK showed a significant decrease
during treatment. These data support the assertion that, unlike
trastuzumab, lapatinib affects proliferation through RAS/MAPK,
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as one of several possible pathways. Hence, these data suggest that
in human breast cancers, trastuzumab seems to primarily affect cell
survival and has less effect on cell cycle kinetics, at least after a short
duration of treatment, whereas lapatinib seems to affect cell cycle
kinetics through RAS/MAPK and has less effect on cell survival.'”
Thus, these two therapeutic agents have different cellular mecha-
nisms and may therefore have different baseline predictive markers
of response.

As mentioned previously, it has been established that PTEN
loss and mutations in PI3K have been described in trastuzumab
resistance.'**" PTEN is a dual phosphatase that negatively regu-
lates AKT. Patients with PTEN-deficient tumors were found to
have a poorer response to trastuzumab-containing therapy.21 Con-
sistent with these findings, Berns et al'* used a large-scale unbiased
RNA interference screen and identified PTEN as the only modula-
tor of trastuzumab sensitivity, and patients with activation of PI3K
pathway had worse clinical outcome.'* Conversely, data with lapa-
tinib have been limited primarily to cell lines and are conflicting. In
one study, with selective knockdown of PTEN using RNA interfer-
ence in HER2-overexpressing lines, the activity of lapatinib was not
affected, thus suggesting that these cell lines remained sensitive to
lapatinib despite loss of PTEN.> Conversely, in a recent publica-
tion using an unbiased genetic approach in cell lines, PTEN was
identified as a modulator of lapatinib sensitivity.*® Here, we de-
scribe that low PTEN selects for trastuzumab resistance but lapa-
tinib sensitivity in these small clinical trials. These results suggest
the potential utility of PTEN as a biomarker, especially if these
results are confirmed by several large, ongoing, multicenter, phase
III clinical trials.

© 2010 by American Society of Clinical Oncology 171
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In conclusion, these prospective in vivo studies demonstrate that
activation of PI3K/AKT pathway predicts for resistance to trastuzumab
but not to lapatinib. Our data support the design of ongoing clinical
studies of the combination of both HER2-targeted agents. On the basis of
these and other data, such clinical trials are currently underway.
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Glossary Terms

AKT: A transforming serine-threonine kinase involved in cell survival.

HER2: The number of copies of the HER2 gene divided by the
number of copies of chromosome 17 (strictly the number of copies
of the pericentric region of chromosome 17 to which the CEP17
FISH probe hybridizes).

Lapatinib: A dual tyrosine kinase inhibitor, lapatinib has been
developed as an inhibitor of the tyrosine kinase activities of ErbB1
(EGFR) and ErbB2. Like other tyrosine kinase inhibitors, it com-
petes with ATP binding to the intracellular regions of the receptors
that are activated following tyrosine phosphorylation.

MAPK (mitogen-activated protein kinase): MAPKs are
a family of enzymes that form an integrated network influencing
cellular functions such as differentiation, proliferation, and cell
death. These cytoplasmic proteins modulate the activities of other
intracellular proteins by adding phosphate groups to their serine/
threonine amino acids.

Pathologic complete response (pCR): The absence of any residual
tumor cells in a histologic evaluation of a tumor specimen is defined as a
complete pathologic response.

PI3K: Phosphatidylinositol-3 phosphate kinase (PI3K) adds a phosphate
group to PI3, which is a downstream signaling molecule involved in surviv-
al/proliferative pathways mediated by growth factors such as the EGF and
the PDGFs.

PTEN (phosphatase and tensin homolog): PTEN is a tumor
suppressor gene with a gamut of regulatory activities. The gene product is a
multifunctional molecule. The predominant activity identified for PTEN is
its lipid phosphatase activity that converts inositol trisphosphates into inosi-
tol bisphosphates, thus inhibiting survival and proliferative pathways that
are activated by inositol trisphosphates. PTEN acts to maintain arrest in
the G1 phase of the cell cycle and enable apoptosis through an AKT-
dependent mechanism.
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