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Microarray analysis. The microarray procedure and anal-
ysis were performed according to the Affymetrix protocols
and BRB Array Tools software, Ver. 3.3.0,% developed by
Dr. Richard Simon and Dr. Amy Peng, as reported previously
(21, 26).

Statistical analysis. The statistical analyses were per-
formed using Microsoft Excel (Microsoft) to calculate the
SD and to test for statistically significant differences between
the samples using a Student’s £ test. A P value of <0.05 was
considered statistically significant,

Results
FOXQ1 mRNA was overexpressed in CRCs. A microarray
analysis for 10 paired CRC samples identified 30 genes as be-

ing significantly upregulated by >10-fold in CRC (P < 0.001;
Supplementary Table §1). FOXQI, an uncharacterized tran-

* httpy//linus.nci.nih.gov/BRB-ArrayT eols.hitml

scription factor, was upregulated by 28-fold in the CRC speci-
mens (Fig. 1A), exhibiting the fourth highest level of upregu-
lation [after interleukin-8, matrix metalloproteinase-1 (MMP),
and MMP-3]. Real-time RT-PCR for the 10 paired samples
and an additional 36 CRC samples showed that FOXQ1
mRNA was markedly overexpressed in the CRC samples
but was only expressed at a very low level in noncancerous
colonic mucosa (P < 0,001; Fig. 1B). The average levels of
FOXQI expression were 299 + 326 and 4.0 £ 5.0 (x10*/GAPD),
respectively.

FOXQ1 expression in normal tissues and cancer cell
lines. To investigate the expression of FOXQI, we analyzed
the mRNA expression levels of FOXQI in panels of human
normal tissues and cancer cell lines using real-time RT-
PCR. High levels of FOXQI expression were observed in the
stomach, salivary gland, prostate, trachea, and fetal liver
among the 24 normal tissues that were examined (Fig. 1C,
left). Relatively weak expression levels were detected in
brain-derived tissues, kidney, lung, placenta, and thyroid
gland. These results were consistent with those of a previous
report (27).
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In the cancer cell line panel, the mRNA expression levels of FQ#4, were used to exclude the off-target eftect of siRNA.
FOXQ!I were higher in gastric cancer, CRC, and lung cancer Real-time RT-PCR showed that both sequences of FOXQI-
cell lines than in the other cancer cell lines, indicating that siRNA suppressed FOXQI mRNA expression by ~80% in
the expression of FOXQI varies among specific cancers DLD-1 cells (Fig. 2A); thus, FQ#4 was used as the FOXQl-
(Fig. 1C, right). Interestingly, the overexpression of FOXQI siRNA in the following experiments. A microarray analysis
in CRC arose from normal colonic mucosa with very low showed that 19 genes were downregulated by FOXQ1-siRNA
expression levels during carcinogenesis. (Fig. 2B; Supplementary Table S2); p21 was the fifth most-

p21 is a target gene of FOXQI. To examine the function downregulated gene. Because p21 is a key regulator of cell
of FOXQI as a transcription factor and to explore its target cycle and apoptosis, we focused on p21 as a target molecule
genes, we performed a microarray analysis using a CRC cell of FOXQI.
line, DLD-1, transfected with FOXQI-targeting siRNA or To confirm the microarray data, p21 downregulation by
control siRNA. Two sequences of FOXQ1-siRNA, FQ#1 and FOXQI1-siRNA was examined using real-time RT-PCR and a
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Figure 3, p21 induction by FOXQ1 and p53 status in cancer cells. The seven cell lines were transfected with control-siRNA or FOXQ1-siRNA for 24 h,
and the cells were exposed to doxorubicin at a final concentration of 0.5 or 1 pmol/L for a further 24 h to enhance p21 induction. Western blot
analyses for p21 and p53 were performed in three p53-wild type cell lines (A), three p53-mutant cell lines (B), and one p53-null cell line (C). The experiment
was performed in duplicate. D, immunofluorescence p21 staining and 4',6-diamidino-2-phenylindole (DAPI) staining for H1299 cells transfected

with control-siRNA (top) or FOXQ1-sIRNA (bottom) for 48 h. Scr, scramble-siRNA (control); FQ#4, FOXQ1-targeting siRNA. B-Actin was used as an
internal control.
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Western blot analysis in DLD-1 cells. The results indicated
that both sequences of FOXQ1-siRNA (FQ#1 and FQ#4)
downregulated p21 expression at both the mRNA and pro-
tein levels. In addition, we confirmed the downregulation
of p21 by FOXQ1-siRNA in other cell lines (WiDr and
HEK293), obtaining similar results (Supplementary Fig, S1).
FOXQ! directly increases the transcription activity of
p21, We performed a luciferase reporter assay to determine
whether FOXQ1 regulates p21 expression at the transcrip-
tional level. A 2.4-kb section of the p21 promoter region

was subcloned into a luciferase vector according to a
previously described method (13, 28). The p21 promoter
activity was increased by >8-fold when cotransfected with
a FOXQI expression vector, compared with an empty vector
(Fig. 2C). To determine whether FOXQI directly binds to
p21 promoter, we transfected Myc or Myc-tagged FOXQ1
vectors into HEK293 cells and then conducted ChIP experi-
ments. A segment of the p2I promoter containing putative
FOXQ1 binding site (-2264 to -1971) is precipitated with
specific antibody, only if, FOXQI was induced (Fig. 2D).
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The result indicates that FOXQ1 binds to the p21 promoter p21 expression. These results suggest that p21 induction
and upregulates p21 transcriptional activity. by FOXQI is p53 independent. An immunofluorescence
p53-independent p21 induction by FOXQI in cancer study of p21 in H1299 cells also showed that p2] was
cells. Because p53 is the most important regulatory mole- completely downregulated by FOXQI-siRNA (Fig, 3D).
cule of p21, we examined the downregulation of p21 by Overexpression of FOXQI incr P21 expression and
FOXQ1-siRNA in several cell lines with p53-wild type, exhibits an antiapoptotic effect in cancer cells. Next, we
p53-mutant, or p53-null statuses. These cell lines were established a stable FOXQI-overexpressing cell line to con-
transfected with control-siRNA or FOXQ1-siRNA, and p21 firm the induction of p21 expression by FOXQ1 and to detect
induction was enhanced by doxorubicin (29-31)., The any changes in the cellular phenotype of the cancer cells.
experiments were performed using three p53-wild type cell FOXQ1 overexpression induced p21 expression (both mRNA
lines, three p53-mutation cell lines, and one p53-null cell and protein) in HEK293 and CoL0320 cells (Supplementary
line (Fig. 3A-C). Without doxorubicin exposure, all seven Fig. S1). Notably, p21 protein expression was markedly in-
cell lines showed that p21 expression was downregulated duced by >10-fold in the H1299/FOXQ1 cells (Supplementary
by FOXQ1-siRNA. Notably, with doxorubicin exposure, Fig. S1). These results indicated that FOXQI robustly induces
considerable p21 downregulation by FOXQ1-siRNA was p21 expression, consistent with the findings of the siRNA
observed in the p53-mutation and p53-nuil-cell lines, study.
compared with in the p53-wild type cell lines. In the p53- p21 induces an antiapoptotic effect and exerts a protec-
null H1299 cell line, FOXQI-siRNA completely suppressed tive role against apoptosis induced by DNA damage. To
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Figure 5. Overexpression of FOXQ1 enhances tumotigenicity and tumor growth in vivo. A, cellular growth and immunoblotting analysis of H1289 call lines
stably expressing EGFP or FOXQ1 (H1209/EGFP, H1208/FOXQ1). A total of 2 x 10° cells of each cell ine were seeded in 96-well plates and evaluated
after 0, 24, 48, and 72 h using MTT assay. Error bars, SD. Protein levels of H1299/EGFP and H1299/FOXQ1 cells were examined by Western blotting
using specific antibody to p21, Cdk2, Cdk4, cyclin D, and phosphorylated Rb (pRb) protein. f-Actin was used as an internal control. EGFP, stable
EGFP-overexpressing cells; FOXQ1, stable FOXQ1-overexpressing cells. B, Hi299/EGFP and H1299/FOXQ1 cells were evaluated for their tumorigenicity
in vivo. Mice (n = 15) were s.c. inoculated with a total of 1 x 10° cells, The numerical data indicate the number of mice. A total of 6 x 10° H1299/EGFP
or H1299/FOXQ1 cells were s.c. inoculated into the right flank of each mouse to evaluate the tumor growth in vivo (7 = 12). Representative HE&E
staining of tumor specimens was also shown, C, stable p21 knockdown or control cells obtained from H1289/FOXQ1 cells (H1299/FOXQ1/sh-control
and H1209/FOXQ1/sh-p21) were evaluated for cellular growth and immunoblotting analysis. D, a total of 6 x 10°% H1289/FOXQ1/sh-control or
H1299/FOXQ1/sh-p21 cells were s.c. inoculated into the right flank of each mouse to evaluate the tumor growth {0 = 10). *, P < 0.05.

www.aacrjournals.org Cancer Res; 70{5) March 1, 2010

261

2059



2060

Kaneda et al.

TUNEL CD31 VEGFA

p21

[]
o

EGFP

VEGFA
200
FOXQ1 *
£ < 150
Z
% 100
€ sof .
0
EGFP FOXQ1
(cells) {%)
40
) I
Y
o
S 20
£ *
2 10
a
< [+
EGFP FOXQt EGFP FOXQi
<—== Apoptosis
Tumorigenicity Angi :
giogenesis
Gp— VEGE A— FOXQ1
Tumaor growth /
P—-— p21
p53

Figure 6. FOXQ1 promotes angiogenic and antiapoptatic effects in vivo, A, microarray analysis for H1299/EGFP or H1289/FOXQ1 cells. The upregulated
genes over 4-fold by FOXQ1 were shown in the list. B, the mRNA expression levels of VEGFA were determined using a real-time RT-PCR analysis. Rel
mRNA, normalized mRNA expression levels (VEGFA/GAPD x 10%). VEGF, CD31, TUNEL, and p21 staining of tumor specimens inoculated with H1209/EGFP
or H1299/FOXQ1 cells. Microvessel density (MVD) was determined by GD31-positive endothelial cells in tumor specimens using computer-assisted
image analysis (Image J software package). G, diagram of a proposed mechanism of FOXQ1 for tumorigenicity and tumor growth. *, P < 0.05.

elucidate the role of apoptosis induced by FOXQ1 in
cancer cells, we examined the apoptotic effect in H1299/
EGFP and H1299/FOXQ1 cells using anticancer drugs. The
overexpression of FOXQI inhibited the apoptosis induced
by doxorubicin (H1299/EGFP: 7.9 + 1.9%, H1299/FOXQL:
2.7 + 0.7%: Fig. 4A). Similarly, camptothecin-induced
apoptosis was also inhibited in FOXQl-overexpressing cells
(H1299/EGFP: 74 + 2.1%, H1299/FOXQ1: 2.5 + 1.0%; Fig. 48).
Western blotting revealed that FOXQ1 overexpression
decreased the levels of cleaved caspase-3 and cleaved PARP
induced by doxorubicin (Fig. 4C). These results are consis-
tent with those obtained using flow cytometry.
Overexpression of FOXQI decreases cellular prolifera-
tion but enhances tumorigenicity and tumor growth
in vivo. Stable H1299/FOXQ1 cells showed decreased cellular

proliferation compared with control cells in vitra (Fig. 5A).
Expressions of Cdk4, cyclin D1, and Cdk2 were decreased
by FOXQI expression in H1299/FOXQ1 cells and resulted in
a decrease of phospharylated Rb expression (Fig. 5A). To
examine the biological functions of FOXQI overexpression
in vivo, we evaluated tumorigenicity and tumor growth using
H1299/EGFP or H1299/FOXQ1 cells, H1299/FOXQ1 cells ex-
hibited a significantly elevated level of tumorigenesis in vivo
(GFP 2/15, FOXQ1 7/15, P < 0.05; Fig. 5B). In addition, the
tumor volume was markedly larger in H1299/FOXQ1 cells
than in H1299/EGFP cells (EGFP: 437 + 301, FOXQ1: 1735 +
769 mm®, P < 0.001; Fig. 5B) on day 25.

P21 does not contribute to FOXQI-mediated tumor
growth in vivo. Because emerging evidence has indicated
that p21 may have dual functions with regard to tumor
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progression and the suppression of cancer cells (32, 33), the
shRNA targeting p21 or shRNA control viral vectors were fur-
ther introduced into the H1299/FOXQ1 cells to elucidate the
involvement of p21 in increased FOXQl-mediated tumorige-
nicity and tumor growth in vivo. Stable H1299/FOXQ1/sh-p21
cells were slightly increased in cellular proliferation in vitro
(Fig. 5C). In addition, tumor growth of H1299/FOXQ1/sh-p21
cells was increased compared with control cells in vivo (Fig.
5D). The results clearly indicate that p21 has negative roles
for cellular proliferation and tumor growth in FOXQl-overex-
pressing cells, suggesting that p21 does not contribute to
FOXQIl-mediated tumor growth in FOXQ1-overexpressing
cells in vivo.

Overexpression of FOXQI promotes angiogenesis and
antiapoptosis in vivo. To gain an insight into the mecha-
nism by which FOXQ1 enhances tumor growth in vivo, we
performed the microarray analysis on H1299/EGFP and
H1299/FOXQ1 cells. Fifty-two genes were upregulated over
4-fold by overexpression of FOXQ1 including several genes
that have positive roles for tumor growth, such as VEGFA,
WNT3A, RSP0O2, and BCL11A (Fig. 6A). Overexpression of
FOXQ1 upregulated the VEGFA expression for 4.4-fold, sug-
gesting the possibility of enhanced angiogenesis. Real-time
RT-PCR for these cells and vascular endothelial growth factor
(VEGF) staining of tumor specimens confirmed the result
(Fig. 6B). Furthermore, CD31 staining of the tumor spe-
cimens showed that FOXQ1 overexpression significantly
increased the angiogenesis in vivo.

Terminal deoxynucleotidyl transferase-mediated dUTP
nick end labeling (TUNEL) and p21 immunostaining of the
tumor specimens showed that p21 expression was increased
and apoptosis was inhibited in H1299/FOXQ1 cells (Fig. 6B).
These results strongly suggest that FOXQ1 promotes tumor-
igenicity and tumor growth with its angiogenic and antia-
poptotic properties in vivo (Fig. 6C).

Discussion

FOX transcription factors are an evolutionarily conserved
superfamily that control a wide spectrum of biological pro-
cesses. Several Fox gene family members are involved in the
etiology of cancer. Only the FOXO family has been regarded
as bona fide tumor suppressors that promote apoptosis and
cell cycle arrest at G, (34, 35). The loss of FOXO function ob-
served in alveolar rhabdomyosarcoma through chromosomal
translocation was first identified in relation to cancer. Many
target genes of FOXO have been reported to date, including
p21, cyclin D, Bim, TRAIL, and ER-a (36). On the other hand,
the overexpression of FOXM is observed in head and neck
cancer, breast cancer, and cervical cancer, and it enhances
proliferation and tumor growth in vitro (37), suggesting that
FOXM may be an oncogene. Although the available evidence
is not conclusive, FOXP, FOXC, and FOXA have been linked
to tumorigenesis and progression of certain cancers (36).
Thus, the FOX family is thought to act as either an oncogene
or a tumor suppressor. In the present study, we showed
that the overexpression of FOXQ! played a tumor-promoting
role in CRC. :

The p21 promoter region contains several definitive DNA
regulatory elements, such as the p53-binding domain, E-box,
Smad binding element, and TGF-f response elements. In the
case of the ather FOX family member FOXO, a recent report
showed that the p21 promoter contains a consensus fork-
head binding element (GGATCC) immediately upstream of
the first Smad binding element and that the FOXO and Smad
complexes activate p21 expression, whereas the FOXG1 pro-
tein binds to FOXO and blocks p21 induction (38). On the
other hand, the consensus binding sequence (5'-NA(A/T)
TGTTTA(G/T)(A/T)T-3') has been defined for human FOXQ1
(4). The p21 promoter region contains several putative
FOXQ1 binding sites according to its consensus binding se-
quence. Indeed, we have shown that FOXQI binds to a seg-
ment of the p21 promoter, indicating that FOXQ1 directly
transactivates the p21 gene expression.

The initial descriptions of p21 were thought to indicate a
tumor suppressor-like role, and p21 was almost solely re-
garded as a modulator with the principal function of inhibit-
ing a cyclin-dependent kinase activity and, hence, cell cycle
progression, because it was originally identified as a media-
tor of p53-induced growth arrest. However, emerging evi-
dence has indicated that p21 may have dual functions with
regard to tumor progression and the suppression of cancer
cells, with examples of other genes with dual functions in-
cluding TGF-B, Notch, Runx3, E2F, and p21 (32). Besides its
growth inhibitory role, p21 is known to have a positive effect
on cell proliferation (39-41). A more recent study on leuke-
mic stem cells showed a p21-dependent cellular response
that leads to reversible cell cycle arrest and DNA repair;
such data clearly illustrate the oncogenic potential of p21
(33). We have shown that p21 has negative roles for tumor
growth using FOXQ1-overexpressing cells with knockdown
of p21 (Fig. 5D).

Recently, accumulating evidence has shown that FOX
transcriptional factors are involved in VEGF regulation and
angiogenesis. For example, forkhead has exhibited a positive
role in mediating induction of VEGF (42-44). In the present
study, we identified VEGFA as a candidate target gene of
FOXQ1 by microarray analysis and showed that FOXQ1
increased angiogenesis in vivo. Interestingly, although over-
expression of FOXQI decreases cellular proliferation
in vitro, it enhances tumorigenicity and tumor growth in vivo.
We consider that this discrepancy can be explained by these
angiogenic and antiapoptotic effects of FOXQ1 contribute to
enhanced tumor growth in vive, although p21 negatively
functions.

We showed that the overexpression of FOXQ1 inhibited
doxorubicin-induced and camptothecin-induced apoptosis
in p53-inactivated cancer cells, Therefore, we speculated
that FOXQ! might be a new determinant factor of resistance
to drug-induced apoptosis and might represent a poor
prognostic factor for CRC patients.

In conclusion, FOXQI is markedly overexpressed in CRC
and enhances tumorigenicity and tumor growth in vivo.
We have elucidated a biological function of FOXQ1, which
directly upregulates p21 transcription and promotes angio-
genesis and antiapoptosis. Our findings support FOXQl
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as a new member of the cancer-related FOX family in
cancer cells.
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Successful Treatment With Erlotinib After
Gefitinib-Related Severe Hepatotoxicity

A 66-year-old nonsmoking woman presented with enlarged left
supraclavicular lymph nodes. She had no history of liver disease,
alcohol intake, or hepatitis. Baseline blood tests showed cell counts,
electrolytes, as well as renal and liver function to be normal. She had
not previously received medication for her condition. A chest x-ray
revealed a nodular shadow in the right upper lung field. A computed
tomography scan of the chest confirmed a solitary spiculated lesion in
the right upper lung lobe, disseminated nodules in the interlobar
fissures, and multiple pulmonary nodules. Core biopsy of left supra-
clavicular lymph nodes revealed adenocarcinoma, consistent with
metastasis from the primary non—small-cell lung carcinoma. Muta-
tion analysis of lung cancer specimens obtained before first-line
chemotherapy showed the presence of an exon 19 deletion of the
epidermal growth factor receptor gene, and gefitinib was administered
orally at a dose of 250 mg once daily. Eight weeks after the initiation of
treatment, computed tomography revealed marked tumor shrinkage,
which was categorized as a partial response. After 13 weeks of gefitinib
treatment, laboratory investigations showed a substantial increase in
serum transaminase levels (AST of 84 U/L, compared with a normal
range of lower than 40; ALT of 181 U/L, compared with a normal
range of lower than 35; Fig 1). Initiation of treatment with ursodeoxy-
cholic acid and ammonium glycyrrhizate resulted in a gradual de-
crease in transaminase levels (to values of 31 U/L and 35 U/L for AST
and ALT, respectively; Fig 1). Thirty-six weeks after the initiation of
daily gefitinib administration, the transaminase levels of the proband
had begun to increase again, reaching a pronounced high of 599 U/L
for AST and 1,011 U/L for ALT at 37 weeks {Fig 1). Gefitinib treatment
was discontinued at 36 weeks. The patient had taken no other medi-
cations or supplements, and an abdominal ultrasound revealed a
normal liver with no other substantial abnormatities. A drug lympho-
cyte simulation test yielded a strong positive result for gefitinib, sug-
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gesting that the hepatitis of the proband was attributable to drug
allergy rather than to dose-dependent toxicity. We therefore con-
cluded that gefitinib should not be administered further at any sched-
ule in this patient. In the 7 weeks after gefitinib withdrawal, the
patient’s liver function normalized but her lung cancer progressed
slightly. We initiated treatment with erlotinib accompanied by careful
monitoring of liver function, and the patient has continued daily oral
erlotinib (150 mg) for 15 weeks with no evidence of increased hepatic
toxicity or disease progression.

Gefitinib-induiced hepatitis has received little attention to date,
even though phase I trials revealed hepatotoxicity as a dose-limiting
toxicity of the drug and the Tressa Dose Evaluation in Advanced Lung
Cancer (IDEAL 1) trial showed that 2% of patients receiving gefitinib
alone at a dose of 250 mg per day developed elevations of hepatic
enzymes of grade 3 or 4 that necessitated cessation of (reatment.’
Exploration of new strategies for management of gefitinib-induced
severe hepatotoxicity is thus warranted. Resumption of gefitinib treat-
ment after its discontinuation as a result of the development of drug-
induced hepatitis has been reported in three cases. However, gefitinib
was again discontinued because of repeated elevation of serum
transaminase levels in two of three cases™"; the other case showed that
an intermittent schedule of gefitinib administration (250 mg/d every 5
days) reduced hepatotoxicity, although the response had been main-
tained for only 8 weeks at the time of report submission.* These
findings prompted us not to recommend resumption of gefitinib
treatment after the development of severe hepatotoxicity in this pa-
tient. Erlotinib acts in a manner similar to that of gefitinib and has
been shown to provide clinical benefitin patients with tumors positive
for epidermal growth factor receptor gene mutations, We thus treated
the proband of this study with erlotinib (150 mg once daily) as an
alternative to gefitinib after discontinuation of the latter drug.

With regard to the toxicity profiles of gefitinib and erlotinib, it is
important to clarify the mechanism responsible for drug-induced
hepatotoxicity. Gefitinib and erlotinib share a common chemical
backbone structure and exhibit similar disposition characteristics in
humans after oral administration. They manifest similar oral bioavail-
abilities and both undergo extensive metabolism primarily by cyto-
chrome P450 3A4, with more than 80% of the administered dose
being found in feces.>® Administration of erlotinib at the maximum-
tolerated dose and approved dose of 150 mg once daily resulted in a
steady-state plasma trough concentration that was approximately 3.5
times that for gefitinib administered at the recommended dose (ap-
proximately one third of the maximum tolerated dose) of 250 mg
once daily.”® This patient received no medications that influence
the pharmacokinetics of gefitinib or erlotinib, suggesting that the
plasma concentration of gefitinib per se did not give rise to the drug-
induced hepatotoxicity, although the toxicity of gefitinib has not been
directly compared with that of erlotinib alone. Instead, the positive
result of the drug lymphocyte stimulation test suppotts a diagnosis of
gefitinib-induced allergic hepatitis. Erlotinib and gefitinib share a
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4-anilinoquinazoline base structure, but differ in the substituents at-
tached to the quinazoline and anilino rings. Minor differences in the
chemical structures of these compounds may thus influence hepato-
toxicity. In conclusion, erlotinib is an effective and well-tolerated
treatment option for patients for whom gefitinib has been discontin-
ued because of severe hepatotoxicity. Clinical trials to evaluate the
administration of erlotinib after severe hepatotoxicity induced by
daily administration of gefitinib are warranted.
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Background: It remains unclear whether response rate (RR) is related to survival benefit in phase i trials of advanced
cancer treated with molecular targeted agents (MTA) in combination with standard therapies.

Materials and methods: We carried out a systematic search of PubMed for randomized phase Iil trials of four solid
tumors examining the efficacy of MTA when added to a standard therapy. We examined whether there were any
associations between RR increment obtained by the addition of targeted agents (ARR) and survival benefit in phase il trials.
Results: We identified 26 phase [If trials of MTA with a total of 21 156 patients and 29 experimental arms of MTA.
Studies which showed significant survival benefit had higher ARR compared with those which did not show significant
benefit, In the receiver operating characteristic curve analysis, using a 7% gain as threshold value for ARR allowed
assessment of survival benefit with high sensitivity and specificity. There were also significant relationships between
ARR and hazard ratios for overall survival and progression-free survival in the linear regression analysis.
Conclusion: RR increment obtained by the addition of MTA to a standard therapy may be useful to predict survival
benefit in clinical phase I trials of advanced cancer.

Key words: molecular targeted agents, response rate, survival benefit

introduction We have recently indicated that RR could be a surrogate
marker for survival in the clinical trials of non-small-cell lung
cancer treated with gefitinib or erlotinib (5]. However, as noted
above, to enable registrational trials to use RR instead of

g ! g S . . survival would require a dataset indicating that a surrogate
cc?mblnatlon with standard treatments in clinical trlfils. Gaining  ihreshold effect (STE) was exceeded by the RR found in the
hxgh.er response rate (RR) has usuall)f been dete:rmmed as particular registrational trials. El-Maraghi and Eisenhauer [6]
a primary cend point in phase II studies evaluating the efficacy  1onited that objective RR scemed to be a useful end point for
of new cytotoxic drugs [1]. However, molecular targeted agents oy rargeted agents because, in their review, its observation was
(MTA) appear to be different from cytotoxic agents in their predictive of regulatory approval for US Food and Drug
tumor-killing mechanism, and therefore, RR might not be an Administration. However, their analyses were limited to trials
appropriate end point for phase IT or screening studies of MTA ¢ ipale agents, and the authors did not discuss if their

[2, 3]. Of course, demonstrating an association of RR and conclusions were valid for combinations of MTA with
survival in phase III trials does not imply that RR can be used cytotoxics or others.

instead of survival for registrational trials. The latter use of It is not easy to predict the effectiveness of combination

a surrogate requires a stronger relationsh.ip such as was shown therapies from results of their single-agent studies [7].

by S‘arge{lt et al. [.4} and used in the decision to approve Consequently, not only single-agent phase I studies but also
oxaliplatin for adjuvant colon cancer. combination phase II studies seem to be necessary to investigate
whether there is enough evidence of benefit of the new
*Comespondence to: Dr K. Tsufino, Department of Respiratory Medicine, Allergy and combination to warrant a phase 11T combination trial,

Rheumatic Diseases, Osaka Universily Graduate School of Medicine, 2-2 Yamadaoka, f PP . . . . .
0 1 ial
Sulta-shi, Osaka 565-0871, Japan, Tel: +81-6-6879-0831; Fax: +81-6-6879-3839; Therefore, it is cruc  to identify appropriate end points of
combination phase II studies.

£-mail: ktujino@imed3.med.osaka-u.ac.jp

In recent years, targeted therapies have become an important
modality in cancer treatment. A growing number of new agents
targeting molecular pathways are tested individually or in

© The Author 2010. Published by Oxford University Press on behalf of the European Society for Medical Oncology.
Al rights reserved, For permissions, please email: journals.permissions@oxfordjournals.org
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The purpose of this study is to investigate through
a systematic review of publications whether RR is useful to
predict survival benefit in phase III trials of advanced cancer
treated with MTA in combination with standard therapies. To
our knowledge, this is the first analysis investigating the
relationships between RR and survival benefit in phase III trials
of MTA in combination with standard therapies. As many
targeted agents continue to be used in combination with
established chemotherapies, it is important to discuss this issue
considering novel agents yet to be developed.

materials and methods

literature search and data extraction

We carried out a systematic search of PubMed for randomized phase 1II
trials examining the efficacy of MTA when added to a standard therapy. We
targeled randomized phase 11 trials evaluating survival benefit which
compared a combination therapy of a standard therapy and MTA with the
standard therapy alone or with a placebo. Al trials that had been reported
by 31 May 2009, were targeted. Biotherapy such as immune therapy or
hormonal therapy was not considered as a molecular targeted therapy in
our analyses. We defined four common solid cancer types (lung, colorectal,
breast, and renal cell carcinoma) on which to focus.

Systematic search was carried out using the key words lung cancer,
colorectal cancer, breast cancer, and renal cell carcinoma, All searches were
limited to ‘English language’ and ‘clinical trial, phase III’ or ‘randomized
controlled trial’, Retrospective subgroup analyses of phase 111 trials were not
included. Trials involving radiation therapy or using MTA as adjuvant,
neoadjuvant, or consolidation therapies were excluded from our analysis.

For each trial, data on sample size, primary and secondary end points,
RR, overall survival (OS), progression-free survival (PES), time to
progression (TTP), types of MTA, and therapy regimens were collected.
Also investigated in each study was whether statistically significant benefit
of OS or PES was observed in an experimental arm of MTA compared with
a control arm. When available, hazard ratios {HRs) for OS and PFS were
collected. We also recorded data of study designs on response evaluation to
assess heterogeneity across studies.

All phase III studies were retrieved independently by two investigators
(KT and TT) to assess the veliability of data extraction.

statistical analysis

For each trial, the difference in RR (ARR) was calculated as the estimate in
the experimental arm minus the estimate in the control arm. Using
Student’s t-test, we examined whether there are any differences in the
distribution of ARR between trial arms which showed survival benefit and
those which did not show survival benefit. In addition, we calculated the
area under receiver operating characteristic (ROC) curves (AUGs) to
examine the accuracy of ARR to predict survival benefit in phase I1I studies.
A binonmal ROC curve was fitted to ARR for positive and negative groups
classified by the presence of significant benefit in OS or PFS. By use of
the actual value of ARR, a computer program (ROCKIT program (8],
kindly provided by Metz, The University of Chicago) was employed for
estimating binormal ROC curves as well as the AUC value and its 95%
confidence interval.

Lincar regression analysis was carried out to evaluate the correlation
between ARR and HR of OS or PFS. In this model, the prediction bands
were calculated and the STE was determined by the intersection of the
upper prediction band and the HR = 1 line. This method estimates the
threshold level of a surrogate needed in a new individual clinical trial to
predict gain in the target outcome [9). Concerning the heterogeneity of the
tumor types, linear regression analysis was also carried out limited to only

2| Tsujino et al.
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lung cancer studies and colorectal cancer studies. Given the small number
of studies for the other tumor types, insufficient data were available to carry
out statistical analysis. Linear regression analysis was also employed to
evaluate the correlation between HR of PES and that of OS.

A P value <0.05 was considered statistically significant, and all reported
P values were two sided. All statistical analyses except those of ROC were
carried out using SPSS 17.0 for Windows (SPSS, Inc., Chicago, IL).

results

study characteristics

We identified 26 phase 111 trials of MTA with a total of 21,156
patients and 29 experimental arms of MTA in combination
with standard therapy. The baseline characteristics of the 26
trials are shown in Table 1 {10-35]. There were 10 lung cancer
studies, 7 colon cancer studies, 6 breast cancer studies, and 3
renal cell carcinoma studies,

The sample size of each arm with MTA ranged from 228 to
1401, with a median sample size of 773 patients. Four trials
included death in the definition of TTP, and therefore, they
were calculated as PES in our analysis. Twenty-five study arms
with MTA contained mature data of PFS, and 12 of them
reported statistically significant benefits of experimental arms
(arms with MTA) compared with control arms. In contrast,
25 study arms with MTA contained mature data of OS, and 5 of
them reported statistically significant benefits. RR was reported
in all included studies, and ARR ranged from —7.9% to 20.0%
(median: 5.5%).

A primary end point and data on response evaluation in each
study are summarized in supplemental Table S1 (available at
Annals of Oncology online). In the trials we used, the primary
end point most frequently used was OS, followed by PES. In
addition, there appeared to be some differences among each
study in the methods of response evaluation.

validity of regression model

For all regression analyses, none of the tests for normality of
error and heteroscedasticity were statistically significant.

RR and survival benefit

Studies which showed significant benefit in OS had higher ARR
compared with those which did not show significant benefit in
0OS (P = 0.002, Figure 1A). Similarly, studies with significant
benefit in PFS had higher ARR compared with those without
significant benefit in PES (P < 0.001, Figure 1B). In an ROC
analysis, the AUC value and its 95% confidence interval for
predicting the presence of significant benefit in OS by ARR
were 0.903 (0.670-0.985) and that for predicting the presence
of significant benefit in PFS by ARR were 0.910 (0.730-0.985)
(Figure 1C and D). Both performed significantly better than
random guessing of survival benefit. Using a 7% gain as
threshold value for ARR allowed assessment of survival benefit
with a'sensitivity of 91% and a specificity of 70% in OS and
with a sensitivity of 84% and a specificity of 85% in PFS.
Similar findings were observed in subgroup analyses of
individual cancer types. A 7% gain of ARR significantly
correlated with the presence of survival benefit in phase III
study in each cancer type (supplemental Table $2, available at
Annals of Oncology online). Notably, all lung cancer studies
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Table 1. Trials included in the analysis (N = 26)

Lung cancer

Gefitinib BEGFR SM Giaccone et al., 2004 {10} CDDP + GEM No 1093 [
Herbst et al., 2004 [11] CBDCA + PTX No 1037 (03
Erlotinib EGFR SM Herbst et al., 2005 [12} CBDCA + PTX No 1079 0s
Gatzemeier et al., 2007 {13} CDDP + GEM No 1159 [0}
Bevacizumab VEGF AB Sandler et al., 2006 {14] CBDCA + PTX No 878 [s ]
Reck et al,, 2009 [15] CDDP + GEM Yes 1043 PES
Cetuximab EGFR AB Pirker et al., 2009 [16] CDDP + VNR No 1125 0Ss
Prinomastat Matrix metalloproteinase  SM Bissett et al., 2005 [17] CDDP + GEM Yes 362 0s
BMS-275291 Matrix metalloproteinase  SM Leighl et al,, 2005 [18] CBDCA + PTX Yes 774 0s
Aprinocarsen Protein kinase C alpha AS Paz-Ares et al,, 2006 [19] CDDP + GEM No 670 0Ss
Colorectal cancer
Bevacizumab VEGF AB Hurwitz et al., 2004 {20] FOLFIRL Yes 813 0s
Giantonio et al,, 2007 {21} FOLFOX No 577 0s
Saltz et al,, 2008 [22] FOLFOX or XELOX Yes 1401 PES
Panitumumab  EGFR AB Hecht et al., 2009 {23] OX-CT or ti-CT + By No 1053 PES
Cetuximab EGFR AB Sobrero et al., 2008 [24] Trinatecan No 1298 0Ss
Tol et al., 2009 {25] XELOX + Bev No 755 PFS
Van Cutsem et al., 2009 [26]  FOLFIRI No 1198 PES
Breast cancer
Trastuzurnab ~ HER-2 AB Slamon et al,, 2001 {27] Standard chemotherapy® No 469 TP
Seidman €t al,, 2008 {28} PTX No 228 RR
Lapatinib EGFR/HER-2 SM Geyer et al,, 2006 {29] Capecitabine No 324 TP
Di Lea et al., 2008 [30) PTX Yes 579 TTP
Bevacizumab  VEGF AB Miller et al., 2005 {31] Capecitabine No 462 PFS
Miller et al,, 2007 {32} PTX No 772 PES
Renal cell carcinoma
Bevacizumab VEGF AB Escudier et al., 2007 [33] Interferon alfa Yes 649 0S§
Rini et al., 2008 [34] Interferon alfa No 732 0s
Temsirolimus  mTOR SM Hudes et al., 2007 {35] Interferon alfa No 626 oS

EGFR, epidermal growth factor receptor; SM, small molecule; CDDP, cisplatin; GEM, gemcitabine; OS, overall survival; CBDCA, carboplatin; PTX,

paclitaxel; VEGF, vascular endothelial growth factor; AB, antibody; PFS, progression-free survival; VNR, vinorelbine; AS, antisense oligonucleotide; FOLFIRI,
irinotecan + 5-fluorouracil + leucovorin; XELOX, capecitabine + oxaliplatin; OX-CT, oxaliplatin-based chemotherapy; Iri-CT, irinotecan-based

chemotherapy; Bev, bevacizumab; HER-2, human epidermal growth factor receptor-2; TTP, time to progression; RR, response rate; mTOR, mammalian

target of rapamycin.

“Doxorubicin or epirubicin plus cyclophosphamide for patients wha had never received an anthracycline or PTX for patients who had received adjuvant

anthracycline.

with ARR no less than 7% showed significant benefit in at least
either of OS or of PFS, whereas no lung cancer study with ARR
<7% showed significant benefit in any survival,

RR and survival improvement

Eighteen studies with 18 arms for OS and 17 studies with 18
arms for PFS had data of HRs. There were significant
relationships between ARR and HR for OS or PES on
unweighted linear regression analysis (P = 0.002 and 0.001,
R? = 0.47 and 0.50, respectively, Figure 2A and B). The STE
levels of ARR calculated from prediction bands were 21%

for OS and 15% for PFS. The regression analysis weighted for
trial size showed similar results (data not shown).

Linear regression analyses were also carried out limited to
lung or colorectal cancer studies (Figure 2). Despite the number
of evaluable studies being small, ARR in lung cancer studies
showed strong relationships with both HR for OS and that for
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PFS. Similarly, a significant relationship was observed between
ARR and HR for PES in colorectal cancer studies.

PFS and OS

Only 14 studies reported both HR of PFS and that of OS. In
unweighted regression analysis, HR of PES significantly
correlated with that of OS (P < 0.001, R* = 0.69; supplemental
Figure S1, available at Annals of Oncology online). The
regression analysis weighted for trial size showed similar results
(data not shown).

discussion

Possible interactions in therapeutic effects of MTA and
standard therapies have made it difficult to predict the relation
between clinical response and survival benefit. Our analysis
showed, on average, that the addition of MTA to standard
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Figure 2. (A) Correlation between difference in RR and HR for overall survival. (B) Correlation between difference in RR and HR for progression-free
survival. The linear regression line is shown (the central straight line). Dotted inner lines are the 95% confidence bands and bold outer lines are the 95%

prediction bands. RR, response rate; HR, hazard ratio,

for the development of drug combinations [39], there may have
been a corresponding increase in the use of PFS as a primary
end point of phase II studies. In our analysis, HR of PFS
appeared to be closely velated to that of OS, and we do agree
that PFS may be an appropriate predictor for OS, at least in
phase 11T trials. However, small randomized trials bring with
them unavoidable issues such as high false-positive and
-negative rates and unstable P values [40]. In particular, PFS
has often been used as a primary end point in recent phase III
studies, and therefore, the use of PFS as a single end point for
a randomized phase 11 trial may render this an underpowered
phase HI trial. We believe that the use of RR, which is
standardized and easily applicable to multicenter trials, in
addition to PFS as an end point for randomized phase I studies
could reduce these problems and give us further information
which leads to successful phase 111 trials of MTA in
combination with standard therapies. However, this
interpretation requires a caution. We do not mean that RR can
be used as a surrogate for survival in phase I trials. It requires
a trial to yield ARR above the STE level of 21% or 15%, which
may be a difficult test for a new drug. RR should be used as one
of the screening measures in phase II studies, and thereafter, the
presence of survival benefits should be investigated again in
subsequent phase III studies. Our analysis has several
limitations to be noted.

First, we have not covered a comprehensive review of all
clinical trials including unpublished ones. Because negative
studies would eventually stand a lower chance of being
published, this publication bias can lead to an overestimation
of treatment effect of targeted agents.

Second, the heterogeneity of study design in each trial may
affect our results. The method of evaluating response is not
exactly the same in each study (supplemental Table S1,
available at Annals of Oncology online), and RR and PFS can be
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affected by these differences. Moreover, the method of sample
size calculation is not the same across studies. Significance of
survival benefit could be affected in part by the statistical
property of such designs. In addition, there is a caution if we
use the data of RRs in phase II studies. RRs observed in phase
111 studies may tend to be lower than those in phase II studies
[41, 42].

Finally, there were four different cancer types included in our
analysis. Biology and sensitivity to drugs may be different
among each cancer type. These heterogeneities may influence
the relation between response and survival benefit. However,
there appeared to be no major differences among four cancer
types in cut-off points of ARR predicting survival benefit. In
addition, similar findings were observed in the linear regression
analysis even if limited to lung cancer studies. Therefore, we
believe our conclusion could be validated at least for lung
studies.

In conclusion, our review indicated that RR increment
obtained by the addition of MTA to a standard therapy was
associated to survival benefit in clinical phase III trials of
advanced cancer. The use of RR as an end point in screening
studies of targeted agents in combination with standard
therapies may help lead to successful phase III trials in terms of
survival benefit, at least for lung cancer.
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Background: The mechanism of resistance to human epidermal growth factor receptor 2 (HER2)-targeted agents
has not been fully understood. We investigated the influence of PIK3CA mutations on sensitivity to HER2-targeted
agents in naturally derived breast cancer cells.

Materials and methods: We examined the effects of Calblochem (CL)-387,785, HER2 tyrosine kinase inhibitor,
and trastuzumab on cell growth and HER2 signaling in eight breast cancer cell fines showing HERZ amplification and
trastuzumab-conditioned BT474 (BT474-TR).

Results: Four cell lines with PIK3CA mutations (E545K and H1047R) were more resistant to trastuzumab than the

remaining four without mutations (mean percentage ot control with 10 pg/mi trastuzumab: 58% versus 92%;

P = 0.010). While PIK3CA-mutant cells were more resistant to CL-387,785 than PIK3CA-wild-type cells (mean
percentage of control with 1 WM CL-387,785: 21% versus 77%; £ = 0.001), CL-387.785 retained activity against
BT474-TR. Growth inhibition by trastuzumab and CL-387,785 was more closely correlated with changes in
phosphorylation of SBK {correlation coefficient, 0.811) than those of HER2, Akt, or ERK1/2. Growth of most
HER2-amplified cells was inhibited by LY294002, regardless of PIK3CA genotype.

Conclusions: PIK3CA mutations are assoclated with resistance to HER2-targeted agents. PI3K inhibitors are
potentially effective in overcoming trastuzumab resistance caused by PIKGCA mutations. S6K phosphorylation is

a possibly useful pharmacodynamic marker in HER2-targeted therapy.

Key words: breast cancer, HER2, PIK3CA, trastuzumab

introduction

Breast cancer is the leading cause of cancer death among
women worldwide, with ~1 million new cases reported each
year [1, 2]. Approximately 20% of breast cancer tumors show
overexpression of the HER2 protein, which is mainly caused by
gene amplification. HER2 overexpression has been repeatedly
identified as a poor prognostic factor 3, 4]. Trastuzumab is
a humanized mAb targeting the extracellular domain of the
HER?2 protein. From the late 1990s, clinical studies have
intensively evaluated the therapeutic roles of trastuzumab. For
the treatment of HER2-overexpressing metastatic breast
cancers, studies report that a combination of trastuzumab and
conventional chemotherapy shows significantly higher efficacy
than chemotherapy alone [5]. The use of trastuzumab has
extended (o the treatment of operable HER2-overexpressing
breast cancer as an adjuvant or neoadjuvant [6-8], Despite
promising usefulness in clinics, a modest percentage of patients

Corespongdence 1o Dr T. Mukohara, Departiment of Medical Oncology, Kobe
University Hospial, 7-6-2, Kusunoki-cho, Chuo-ku, Kobe 650-0017, Japan, Tel: +81-
78-382-5325; Fax: +81-78-382-5821; E-mail: mukohara@med.kobe-u.ac.jp

are reported to benefit from trastuzumab therapy, with
response rates to trastuzumab as a single agent of ~20% [9]. In
addition, even when trastuzumab therapy leads to temporary
tumor shrinkage, clinical relapse is observed for the vast
majority of metastatic patients. To develop adequate therapies
capable of overcoming primary and secondary resistance to
trastuzumab, a better understanding of the resistance
mechanism is crucial.

To date, several mechanisms of primary resistance to
trastuzumab have been proposed. A series of studies indicated
that trastuzumab resistance is due to the truncated form of
HER?2, which lacks an extracellular domain to which
trastuzumab is indicated to attach [10, 11]. Nagata et al. [12]
demonstrated that loss of phosphatase and tensin homolog
deleted on chromosome 10 (PTEN), a negative regulator of
PI3K, correlates with poor response to trastuzumab. More
recently, the roles of PIK3CA in trastuzumab resistance have
been under particular investigation. Somatic mutations of
PIK3CA were first identified in 2004 in various malignant
tumors including breast cancer [13]. Subsequent studies have
reported that the E545K and H1047R hotspot mutations, found

© The Autnor 2009. Published by Oxiord University Press on behalt of the European Socwety for Medical Oncology.
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on exons 9 and 20, respectively, are the most frequent types of
mutation, found in 8%-40% of breast cancer tumors [13-16).
Both hotspot mutations are gain-of-function mutations which
transform normal mammary epithelial cells [17, 18]. Berns et al.
[19] investigated the roles of gain-of-function mutations of the
PIK3CA gene in (rastuzumab resistance by transfecting wild-type
and mutant (H1047R) forms of PIK3CA in SKBR-3 HER2-
overexpressing breast cancer cells. Results showed that compared
with green fluorescent protein (GFP) control, both wild-type and
mutant PIK3CA transfections resulted in trastuzumab resistance.
Further, analysis of PIK3CA genotypes in tumor samples
obtained from breast cancer patients having undergone
trastuzumab-based therapy showed an association between the
presence of PIK3CA hotspot mutations and shorter time to
progression after therapy [19].

Tyrasine kinase inhibitors {TKIs) have also been investigated
as potential agents against trastuzumab resistance [20]. A
clinical study in metastatic breast cancer patients having
previously experienced tumor progression under trastuzumab-
based therapies showed that compared with capecitabine alone,
treatment using a combination of capecitabine with lapatinib,
a dual inhibitor of epidermal growth factor receptor (EGFR)
and HER?2 tyrosine kinase, lead to significantly longer time to
progression [21]. Eichhorn et al. [22], however, demonstrated
that transfection of mutant PIK3CA (H1047R) in BT474
HER2-overexpressing breast cancer cells resulted in resistance to
lapatinib compared with parental cells. Further, results showed
that resistance was overcome using NVP-BEZ235, a PI3K and
mammalian target of rapamycin dual inhibitor [22].

These findings based on gene manipulations indicate that gain-
of-function nutations in the PIK3CA gene lead to resistance to
trastuzumab, as well as HER2-TKIL. To our knowledge, however,
these findings have not been confirmed in naturally derived
breast cancer cells. Here, trastuzumab resistance due to PIK3CA
mutations was evaluated in eight naturally derived breast cancer
cell lines harboring HER2 gene amplification. Further, possible
therapeutic means (o overcome primary and secondary resistance
to (rastuzumab were investigated, as well as potential
pharmacodynamic markers correlated with the growth-inhibitory
effect of HER2-targeted drugs.

materials and methods

cell culture

MCEF-7, MDA-MB-361, HCC1954, MDA-MB-453, UACCY93, CAMA-1.
MDA-MB-4355, MDA-MB-415, ZR75-30, HCC70, MDA-MB-468, and
HCC1419 cell lines were purchased from the American Type Culture
Collection {Manassas, VA), BT474, SKBR-3, BT549, T47D, ZR75-1, and
MDA-MB-231 cells were kindly provided by lan Krop of the Dana-Farber
Cancer Institute, Of the 18 breast cancer cell lines, eight (ZR75-30, BT474,
SKBR-3, HCC1419, MDA-MRB-453, MDA-MB-361, HCC1954, and UACC
893) were reported to have HER2 gene amplification {23], with levels of
PTEN protein expression equivalent to thase reported in our previous
study [24]. Among the HER2-amplified cell lines, ZR75-30, SKBR-3, and
HCC1419 were reported to contain the wild-type PIK3CA gene and MDA-
MB-453, MDA-MB-361, HCC1954, and UACC893 hotspot PIK3CA
mulations {Table 1) [14]. BT474 was reported to contain a relatively rare
type of PIK3CA mutation at exon 2, KITIN (Table 1) [14]. MDA-MB-4355,
MDA-MB-468, and MDA-MB-231 cells were maintained in Dulbecco’s
Modified Eagle's Medium (Cellgro; Mediatech, Inc., Herndon, CA) with
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Table 1. Genotype of PIK3CA in HER2-amplified breast cancer cell lines

BT474

ZR75-30 wi
SKBR-3 wt
HCC1419 wt
MDA-MB-361 ES45K
MDA-MB-453 HI047R
HCC1954 HI1047R
UACC893 H1047R

wt, wild-type,

10% fetal bovine serum {FBS) (Gemini Bio-Products, Inc., Woodland, CA),
100 U/ml penicillin, 100 U/ml streptomycin, and 2 mM glutamine. The
remaining cell lines were maintained in RPMI-1640 medium (Cellgro;
Mediatech, Inc.) supplemented with 10% FRBS, 100 U/ml penicillin, 100 U/
ml streptomycin, and 2 mM glutamine. All cells were grown at 37°C in

a humidified atmosphere with 5% €O, and were in logarithmic growth
phase at initiation of the experiments,

drugs

Trastuzumab was obtained from the Kobe University Hospital pharmacy.
(C1.-3R7,785, a dual inhibitor of EGFR and HER2 [25], and LY294002,

a P13K inhibitor, were purchased from Calbiochem (San Diego, CA). Stock
solutions were prepared in dimethyt sulfoxide (DMSO) and stored at
—20°C, Before each experiment, drugs were diluted in fresh media. The
final DMSO concentration was <0.1% for all experiments.

antibodies and western blotting

Cells were washed with ice-cold phosphate-buttered saline and scraped
immediately after adding lysis buffer {20 mM Tris (pH 7.5), 150 mM NaCl,
109 glycerol, 1% Nonidet P-40, and 2 mM EDTA] containing protease and
phosphatase inhibitors (100 mM NaF, | mM phenylmethylsulfonyl
fluoride, 1 mM NasVOy, 2 pg/ml aprotinin, and 5 pg/ml leupeptin). Lysates
were centrifuged at 14 000 relative centrifugal force for 10 min.
Supernatants were collected as protein extract and then separated by
electrophoresis on 7.6% polyacrylamide—sodium dodecy} suifate gels,
followed by transfer to nitrocellulose membranes (Millipore Corporate
Headquarters, Billerica, MA) and detection by immunoblotting using an
enhanced chemiluminescence system (New England Nuclear Life Science
Products, Inc., Boston, MA). The resulting signals were digitally quantified
using the Image] software {www.nih.gov). Phospho-HER2/ErbB2
(Thrl1221/1222), phospho-p70 S6 Kinase (Thr389), phospho-Akt
(Serd73)(DYE), and PathScan(R) Multiplex Western Cocktail I were
purchased from Cell Signaling Technology (Beverly, MA). The phospho-1/2
(pT185/pY187) antibody was purchased from Biosource International Inc,
(Camarillo, CA), the c-erbb-2 antibody from Chemicon (Billerica, MA),
and P-actin antibody from Sigma-Aldrich (St Louis, MO).

cell growth assay

Growth inhibition was assessed using the 3-(4,5-dimethylthiazol-2-yl)-5-
(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay
(Promega, Madison, WI), a colorimetric method for determining the
number of viable cells based on the bioreduction of MTS to a souble
formazan product, which is detectable by spectrophotometry at

a wavelength of 490 nm. Cells were diluted in 160 pl/well of maintenance
cell culture media and plated in 96-well tlat-bottom plates (Corning, Inc.,
Corning, NY). After a 96-h growth period, the number of cells required to
obtain an absorbance of 1.3-2.2, the linear range of the assay, was
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determined for each cell line beforehand. The number of cells per well used
in the subsequent experiments were as follows: MCF-7, 2000; MDA-MB-
361, 8000; HCC1954, 2500; MDA-MB-453, 7000; UACC893, 7500; CAMA-
1, 6000; MDA-MB-435S, 2000; ZR75-30, 7500; HCC70, 4000; HCC1419,
8000; BT474, 3000; SKRR-3, 2500; BT549, 2000; T47D, 2500; ZR75-1, 7500;
MDA-MB-415, 5000; and MDA-MB-231, 2500. At 24 h after plating, cell
culture wedia were replaced with 10% FBS-containing media with and
without trastuzumab or CL-387,785, followed by incubation for an
additional 120 h. Trastuzumab and CL-387,785 concentrations ranged from
33 ng/ml to 100 pg/ml and from 3.3 nM 1o 10 M, respectively. A total of
6-12 plate wells were set for each experimental point, and all experiments
were carried ont al least in triplicate. Data are expressed as percentage of
growth relative to that of untreated control cells.

generation of in vitro BT474-TR

To generate a cell line resistant to trastuzamab, BT474 cells were
continuously expased to 100 pg/ml trastuzumab, To confirm the emergence
of resistant clones, MTS assays were carried out every five passages after
allowing cells to grow in drug-free conditions for at least 4 days. After 11
months of drug exposure, cells showed sufficient resistance (Figure 1) and
were designated as BT474-TR. For controls, BT474 parental cells were
concomitantly maintained withont trastuzumab, and drug sensitivity was
compared with trastuzumab-conditioned cells, No significant change in the
sensitivity to trastuzumab was observed in parental cells during the drug-
exposure period (data not shown).

results

inhibitory effect of trastuzumab on growth in
breast cancer cell lines

We first screened 17 breast cancer cell lines for in vitro growth
inhibition using trastuzumab. We confirmed that all relatively
sensitive cell lines were HER2-amplified (Figure 2A). Among

eight HER2-amplified cell lines, those with hotspot mutations
in PIK3CA appeared resistant compared with the remaining cell

120 -
100 §
— 80
[
b=
8 60+
‘s
t=3
= 404
—— 11 months
—e— 5 months
20 { —« 3 months
—a—~ parental
0

0.00 0.61 0.10 1.00 10.00 100.00
trastuzumab (ug/mL)

Figure 1. Development of BT474-TR, BT474 cells were continuously
exposed to 100 pg/m! trastuzumab. BT-474 and trastuzamab-conditioned
BT474 cells were grown in 10% serum-containing media for 5 days in the
presence of various concentrations of trastuzumab. The percentage of
viable cells is shown relative to that of the untreated controf and plotted on
the y-axis, whereas trastuzumab concentrations are plotted on the x-axis.
Fach data point represents the mean valie and standard deviation of 6-12
replicate wells. Trastuzumab resistance increased in cells in a time-
dependent manner. After 11 months, cells were designated as BT474-TR.
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lines (Figure 2B and C). We categorized BT474 as a PIK3CA-
wild-type cell line in this study, based on reports showing that
the K111N mutation lack ability of transformation and its
influence on downstream signaling is negligible 18, 26]. A
significant difference in sensitivity at 10 pg/ml trastuzumab was
observed between PIK3CA-wild-type and -mutant cells (Figure
2C; P = 0.010). Protein expression levels of p110-o, the product
of PIK3CA, were nat correlated with sensitivity to trastuzunmab
(Figure 2C).

association between PIK3CA mutations
and HER2-TKI resistance

Lapatinib, a HER2-TKI which may polentially overcome
trastuzumab resistance, has been used in clinical settings [21].
We therefore tested a commercially available HER2-TKI, CL-
387,785 [25], on HER2-amplified breast cancer cells. As shown
in Figure 2D, cell lines with hotspot PIK3CA mutations showed
resistance to CL-387,785. A statistically significant difference in
sensitivity to 1 uM CL-387,785 was observed between PIK3CA-
wild-type and -mutant cells (Figure 2C; P = 0.001) [24].

We then established a trastuzumab-resistant BT474 cell line
(BT474-TR), a model of secondary resistant cells, by
continuous exposure to trastuzumab (see ‘Materials and
methods’ section). In contrast 10 PIK3CA-mutant cells, which
showed primary resistance to trastuzumab, BT474-TR cells
remained sensitive to CL-387,785 (Figure 3), which indicates
that secondary resistant cells maintain dependency on HER2
signaling for growth.

association between phosphorylation change in
S6K and growth inhibition by HER2-targeted
agents

To identify potential pharmacodynamic markers of sensitivity to
HER2-targeted therapy, we examined changes in phosphorylation
of HER2 and representative downstream signaling molecules in
10% FBS-containing media with or without 10 pg/ml
trastuzumab or 1 pM CL-387,785 (Figure 4A). The trastuzumab
concentration was selected based on maintained growth inhibition
(Figure 2B) and wide use in previous studies (11, 19]. The 1-uM
C1.-387,785 concentration was selected based on the
approximate maximum plasma concentration of most TKls
available in clinics to date, including lapatinib [27], and use in
previous studies [28, 29].

Trastuzumab treatment resulted in moderate
phosphorylation inhibition of Akt and/or S6K in cell lines with
wild-type PIK3CA. In contrast, no significant changes in Akt
and S6K phosphorylation were observed in cell lines with
hotspot mutant PIK3CA, as well as in BT474-TR cells.
Although in ZR75-30, trastuzumab treatment appeared to
inhibit phospho-ERK1/2, no significant changes were observed
in other sensitive cells, namely BT474 and SKBR-3 (Figure 4A).
In addition, phospho-ERK1/2 levels increased in MDA-MB-361
and UACC893, which indicates the presence of compensational
cell signaling. Further, with the exception of HCC1419,
treatment with CL-387,785 resulted in significant inhibition of
Akt and S6K phosphorylation in BT474-TR and PIK3CA-wild-
type cells, whereas residual phosphorylation signals were
observed in all PIK3CA hotspot mutant cells.
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Figure 2. Effect of trastuzumab and CL-387,785 on growth inhibition in breast cancer cells in vitro [(A) trastuzumab on 17 breast cancer cell lines; (B) and
(D) trastuzumab and CL-387,785 on eight HER2-amplified cell lines, respectively]. Breast cancer cells were grown in 10% serum-containing media for 5 days
in the presence of various concentrations of trastuzumab (A and B) or CL-387,785 (D). The percentage of viable cells is shown relative to that of the

untreated control and plotted on the y-axis, whereas trastuzumab and CL-387,785 concentrations are plotted on the x-axis. Each data point represents the

mean value and standard deviation of 6-12 replicate wells. (C, top) Mean percentage of control and standard deviation of 6~12 replicate wells treated with
10 pg/ml trastazamab and 1 pM CL-387,785, as well as those of PIK3CA-wild-type and -mutant cell lines {bottom), were plotted. (C, bottom) Protein
expression of pl10-a in HER2-amplified breast cancer cells. Blots were stripped and re-probed for f-actin as joading control.

Phosphorylation signals were then quantified and correlated
with growth inhibition caused by trastuzumab and CL-387,785.
As shown in Figure 4B, the closest association was observed
between phospho-S6K changes and growth inhibition caused
by trastuzumab and CL-387,785 [correlation coefficient (1),
0.811]. Further, close associations between phospho-S6K and
cell growth were consistent when analyzed for trastuzumab and
C1.-387,785 separately (r for phospho-S6K versus growth:
0.8487 and 0.6970 for trastuzumab and CL-387,785,
respectively).

dependency of HER2-amplified breast cancer cells

on PI3K pathway

Given that inhibition of the PI3K pathway is critical in
distinguishing cells sensitive from resistant to HER2-targeted
agents (Figure 4B), we evaluated cell lines for the effects of
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LY294002, a PI3K inhibitor. As shown in Figure 5A, with the
exception of ZR75-30, LY294002 induced a >30% growth
inhibition compared with control in all cell lines. No significant
difference in LY294002 sensitivity was observed between
PIK3CA-mutant and -wild-type cell lines (Figure 5; P = 0.655).
These results indicate that most HERZ-amplified cells at least
partly depend on the PI3K pathway regardless of the presence
or absence of PIK3CA hotspot mutations.

To further gain insight into this concept, we evaluated
phosphorylation levels of Akt and ERK1/2 in protein extracts
obtained from cells under serum-starved conditions for 24 h.
As shown in Figure 5B, despite the absence of serum factors, all
HER2-amplified breast cancer cells showed a high level of
phospho-Akt, regardless of PIK3CA genotype. High levels of
phospho- Akt were also observed in MDA-MB-468, which lacks
PTEN {30], and T47D, which harbors a PIK3CA mutation
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Figure 4. (Continued) (B) Correlation between changes in phosphorylation of HER?2 signaling molecules and cell growth. Immunoblot quantification was

carried out by densitometry using Image] software, Correlations were analyzed by calculating Pearson’s correlation coefficient.
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Figure 5. (A) Effect of LY294002 on growth inhibition in HER2-amplified breast cancer cell lines. Mean percentage of control and standard deviation of 6~
12 replicate wells treated with 10 pM LY 294002 were plotted. (B) Protein expression of phospho-Akt and phospho-ERK1/2 in HER2-amplified breast cancer

cells under serum-starved condition, Blots were stripped and re-probed for B-actin as loading control.

(Figure 2C). A study by Haverty et al. [32], which analyzed
copy number alterations in 51 breast tumors using a high-
resolution single nucleotide polymorphism array, showed no-
gain in copy number on chromosome 3p, the location of the
PIK3CA gene. These results indicate that qualitative changes in
the PIK3CA gene itsell may cause trastuzumab resistance in
naturally derived breast cancer cells.

The CL-387,785 HER2-TKI was first evaluated to identify
groups of compounds which may overcome trastuzumab
resistance. Of note, results show an association between
PIK3CA botspot mutations and CL-387,785 resistance. Further,
the difference in sensitivity between PIK3CA-wild-type and
-mutant cell lines was more significant for CL-387,785 than for
trastuzumab (Figure 2C). These results are consistent with
a recent study by Eichhorn et al. {22], which showed that
transfection of mutant PIK3CA (H1047R) in BT474 cells, which
are sensitive (0 lapatinib, results in drug resistance. In contrast,
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the results of the present study show that BT474-TR cells
remain highly sensitive to CL-387,785, which is consistent with
a previous study by Konecny et al. [20] which reported that
lapatinib remains active against cell lines selected by long-term
exposure to trastuzumab. Although the study did not show the
effect of lapatinib on cell signaling in secondary resistant cells,
our present findings indicate that BT474-TR remains
dependent on HER2/PI3K signaling and sensitive to HER2-TKI
(Figure 4A).

We then evaluated LY294002 as a model PI3K inhibitor.
Results show that HERZ-amplified cells are generally sensitive
to LY294002 regardless of PIK3CA genotype (Figure 5A), which
indicates that HER2 amplification is associated with
dependency on PI3K pathway. Supporting this notion, all
HER2-amplified breast cancer cells have high level of
phosphorylation of Akt even in serum-starved condition. The
Akt phosphorylation levels observed in HER2-amplified cells
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