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Table 2 Number of patients

(%) by type of joint symptoms Xigts
Joint symptoms
Morning stiffness 44 (45.8%)
Arthralgia 44 (45.8%)
Myagia 6 (6.2%)
Others 2 (2%)
Total 96 (100%)

Table 3 Risk factors of anastrozole-related joint symptoms

No. of patients Total Withjoint % P
symptoms
Age, years
<65 227 77 33.9 0.0004
>65 121 19 157
BMI
<23 199 61 306  0.137
>23 149 35 234
Adjuvant chemotherapy
None 226 48 21.2
Taxane or 70 31 442 0.0004
Epirubicin — Taxane
Epirubicin 110 47 42,7  <0.0001
CMF 5 0 0 0.166

(P = 0.0004) for those treated with taxane or sequential epi-
rubicin and taxane therapy, and 42.7% (P =0.0004) for
those treated with epirubicin.

Bone fractures

Eight fractures occurred in the 348 patients with the frac-
ture sites-as shown in Table 4. Annual fracture rates were
0.86% (3/348) and 0.85% (2/234) during the first and sec-
ond ‘year, ‘respectively, after the: start of treatment with
anastrozole (Fig. 1). Since the median follow-up period was
22 months and the number of patients treated with anastrozole

Table 4 Bone fracture sites

No.of
patients
Bone fracture sites
Shoulder 1
Clavicle 2
Wrist 2
Exfoliation 1
Spine 1
Jaw 1
Total 8

%////% Our study

ATAC trial *

o
|

1

Annual rates of bone fractures (%)

0

0 1 year 2 years
Years after start of anastrozole

Fig. 1 Annual rates of bone fracture after start of anastrozole treat-
ment (* Buzdar et al, 2006)

for more than 2 years was so small, annual fracture rates are
shown only for the first two years. These rates are lower
than those reported for the Caucasian breast cancer patients
in the ATAC" trial (2.0 and 2.7%, respectively) (Buzdar
etal. 2006).

Infuluence of anastrozole on BMD

The 39 patients who showed normal BMD' of the lumbar
spine at baseline had their BMD measured serially 1 and
2 years after the start of anastrozole treatment (patients who
were osteopenic or osteoporosis-at baseline were excluded
from' this analysis). As shown “in"Fig. 2, lumbar' BMD
decreased by 1.3 and 2.8%; respectively. These reductions
in lumbar BMD are smaller than those reported for the
Caucasian breast cancer patients'in the ATAC trial (2.2
and 4.0%, respectively) (Buzdar et al. 2006).

Discussion

According to the results of ‘the ATAC “trial,” which
compared the effects of adjuvant anastrozole and tamoxifen
for Caucasian postmenopausal breast cancer patients,
35.6% of patients experienced joint symptoms, and the
majority of the symptoms developed within 24 months after
the start of treatment with a peak occurrence at' 6 months.
The median time to resolution of joint symptoms was
reported as ‘5.5 months. Our study obtained essentially
similar results for the inciderice and clinical course of joint
symptoms. Other studies have reported a similar incidence of
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Fig. 2 Influence of anastrozole on BMD (* Buzdar et al. 2006)

anastrozole-related joint symptoms for Japanese women
(Ohsako et al. 2006). It can therefore be concluded that
the incidence of anastrozole-related joint symptoms and
their clinical course are similar for Japanese and Cauca-
sian postmenopausal breast cancer patients.

Although the exact mechanism of anastrozole-related
joint symptoms is still unclear, Donnellan et al. suggest that
a precipitous fall in estrogen levels is one cause of the
observed joint symptoms (Donnellan et al. 2001). Andersen
et al. also reported estrogen deficiency accelerates cartilage
turnover and increases cartilage surface erosion (Andersen
et al. 2004), suggesting that anastrozole-induced decrease
in estrogen levels might play an important role in the patho-
genesis of joint symptoms. Crew etal. reported that
patients who have received prior taxane chemotherapy are
more than four times more likely to develop anastrozole-
related joint symptoms than those who have not (Crew
et al. 2007). In the study presented here, we obtained
similar results in that patients who received prior taxane or
taxane-containing chemotherapy are at a higher risk for
developing joint symptoms, and we also found that epirubi-
cin-containing regimens can also be a significant risk factor
for joint symptoms (Table 4).

Since BMD and bone fracture incidence are reported to
be different for Japanese and Caucasian postmenopausal
women in a general population (Ross et al. 1995) and since
the hormonal milieu is also different, it was considered pos-
sible that the adverse effect of anastrozole on bone might
also be different for these two ethnicities. The ATAC trial
reports that annual rates of bone fractures are 2.0 and 2.7%
for the first and second year, respectively, after the start of
anastrozle treatment for Caucasian patients. In our study,
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however, we found that the corresponding rates for
Japanese patients are 0.86 and 0.85% and thus appear
to be lower than those reported for Caucasian women. Since
the median follow-up period of our study is still short
(22 months), the long-term adverse effect of anastrozole on
bone fractures need to be investigated. Nevertheless, our
results seem to indicate the possibility that there is an ethnic
difference in bone fracture rates between Japanese and
Caucasian patients.

We studied changes in BMD over time after the start of
anastrozole treatment for patients with normal BMD and
found that they lose 1.3 and 2.8% of BMD 1 and 2 years,
respectively, after the start of the treatment. The subproto-
col of the ATAC trial, on the other hand, shows that Cauca-
sian women lose an average of 2.2 and 4.0% of BMD 1 and
2 years, respectively, after the start of anastrozole therapy.
These results seem to suggest that Japanese women are
likely to show a smaller reduction in BMD than Caucasian
women do, which is compatible with our observation that
Japanese patients have a lower incidence of bone fractures
than Caucasian patients, although the difference in the
patient population and in the method for BMD measure-
ment used in these two studies makes a direct comparison
inaccurate. It has been reported, however, that postmeno-
pausal Caucasian women have higher serum estrogen levels
and higher BMD than postmenopausal Japanese women
(Shimizu et al. 1990; Ito et al. 1997). It is therefore reason-
able to speculate that anastrozole treatment is likely to
induce a more precipitous fall in estrogen levels in Cauca-
sian patients than in Japanese patients, resulting in a greater
reduction in BMD and a subsequent higher incidence of
bone fractures in the former.

In conclusion, we have been able to show that the inci-
dence of joint symptoms and their clinical course and risk
factors is very similar for Japanese and Caucasian breast
cancer patients treated with adjuvant anastrozole but that
Japanese patients have a smaller reduction in BMD and a
lower incidence of bone fractures: than Caucasian patients
after anastrozole treatment, probably due to ethnic differ-
ences in hormonal milieu. The possible ethnic difference in
the adverse effect of anastrozole on bone considered in our
study may be of considerable clinical importance and thus
needs to be investigated in more detail and with a larger
number of patients.
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Abstract

Objective: Predictors of pathologic complete response
(pCR) to neoadjuvant chemotherapy for breast cancers have
been studied extensively. Here, we focused on reduction
rate after paclitaxel administration for prediction of pCR to
paclitaxel followed by 5-fluorouracil, epirubicin; and cyclo-
phosphamide (FEC). Methods: This study included 115 pa-
tients with tumors =3.0 cm or with node-positive disease
who were treated preoperatively with paclitaxel (80 mg/m?,
once a week, 12 cycles) followed by FEC (500/75/500 mg/m?,
every three weeks, 4 cycles). Reduction rate was measured
with magnetic resonanceimaging. Results: Tumorsize (<5.0
cm) (p = 0.014), estrogen receptor (ER) negativity (p = 0.013),
and human epidermal growth factor receptor 2 positivity
{p = 0.020), but not histologic type, histologic grade, or pro-
gesterone receptor, were significantly associated with pCR,
while association-of reduction rate' =80% was highly sig-
nificant (p = 0.0003). Multivariate analysis identified nega-
tive ER (p = 0.022) and reduction rate {p = 0.003) as indepen-
dent predictors of pCR. Finally, patients with reduction rate

=80% showed a significantly higher favorable outcome
{p = 0.014) than others. Conclusions: Good response (reduc-
tion rate =80%) to paclitaxel seems to be a clinically useful
predictor of pCR as well as a favorable prognosticator for pa-
tients treated preoperatively. with paclitaxel followed by
FEC. Copyright © 2009 S. Karger AG, Base!

Introduction

Neoadjuvant chemotherapy (NAC) has become the
standard of care not only for inoperable but also for oper-
able locally advanced breast cancer patients [1-3]. NAC
offers the advantage that tumors can be downstaged,
making previously inoperable tumors operable and en-
hancing the feasibility of breast-conserving surgery [4, 5].
In addition, several lines of evidence have demonstrated
that patients who attain pathologic complete response
(pCR) to NAC show a better prognosis than those with-
out pCR, so that pCR is now considered to be the best
prognosticator for patients treated with NAC [1-3, 6, 7].
Thus, many attempts have recently been made to develop
clinically useful predictors of post-NAC pCR, including
a variety of clinicopathologic parameters such as histo-
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logic grade, estrogen receptor (ER), progesterone recep-
tor (PR) status, human epidermal growth factor recep-
tor 2 (HER2) as well as gene-expression profiling [8-11].
These parameters have been evaluated for their ability to
predict pCR and some associations of these parameters
with pCR have been reported, but their clinical value re-
mains unconvincing so that a more precise predictor of
pCR needs to be developed.

Sequential chemotherapy consisting of paclitaxel and
an anthracycline-based regimen (5-fluorouracil, epirubi-
cin or doxorubicin, and cyclophosphamide), known as
FEC or FAC, is now widely accepted as a highly effica-
cious NAC [2, 3, 7, 8, 12, 13]. Our study focused on re-
sponse to initial paclitaxel therapy as a predictor of pCR
after administration of sequential paclitaxel and FEC.
Since tumors which respond well to initial chemotherapy
are generally more likely to show a more favorable re-
sponse to subsequent chemotherapy than initial nonre-
sponders, we hypothesized that responsiveness to initial
chemotherapy would be a good predictor of response to
second-line chemotherapy.

The aim of this study was therefore to examine the as-
sociation between response to initial paclitaxel therapy
and pCR after completion of paclitaxel followed by FEC
and to compare its value as a pCR predictor with that of
other conventional predictors. Since we considered a
highly accurate evaluation of the response to initial pa-
clitaxel therapy as essential, we monitored tumor size be-
fore and after paclitaxel with magnetic resonance imag-
ing (MRI), which is considered to be the most accurate
modality for assessment of tumor size after NAC [14-
16].

Patients and Methods

Patients

Primary breast cancer patients with tumors =3.0 cmin diam-
eter or with cytologically confirmed lymph node involvement,
but excluding those with stage IV diseases, were recruited for this
study. Al patients underwent a vacuum-assisted core needle bi-
opsy to. confirm the presence: of invasive breast cancer before
NAC: After informed consent was obtained, patients were treated
with paclitaxel (80 mg/m?, weekly for 12 cycles) followed by FEC
(500/75/500 mg/m?, every three weeks, 4 cycles) [13]. After NAC,
patients were treated with breast:conserving surgery followed by
radiation therapy or mastectomy (radiation therapy for the chest
wall was added for more than 3 positive lymph nodes).

All patients with hormone-receptor-positive (ER and/or. PR
positive) tumors were given adjuvant hormone therapy (tamoxi-
fen plus goserelin for premernopavsal, and tamoxifen or anastro-
zole for postmenopausal patients) essentially according to the
guidelines of the St: Gallen consensus meeting [17]. No patients

Response to Paclitaxel and pCR in
Neoadjuvant Paclitaxel Followed by FEC

Table 1. Patient characteristics (n = 115)

Category
Age, years

Range 23-72

Mean 49.5
Menopausal status

Premenopausal 58 (50%)

Postmenopausal 57 (50%)
Clinical stage

IIA 26 (23%)

11B 45 (39%)

IIIA 28 (24%)

1B 14 (12%)

IIC 2 (2%)
Tumor size

<5.0cm 78 (68%)

>5.0cm 37 (32%)
Histology

Invasive ductal cancer 105 (91%)

Invasive lobular cancer 8 (7%)

Others 2 (2%)
Histologic grade!

1 13 (11%)

11 77 (68%)

III 24 (21%)
ER

Positive 70 (61%)

Negative 45 (39%)
PR

Positive 40 (35%)

Negative 75 (65%)
HER2?

Negative 82 (72%)

Positive 32 (28%)
Surgery

Mastectomy 86 (75%)

Breast-conserving surgery 29 (25%)
Adjuvant endocrine therapy

No 37 (32%)

Tamoxifen 14 (12%)

Tamoxifen + LHRH analog 20 (17%)

Aromatase inhibitors 44 (38%)
Adjuvant trastuzumab

Yes 11 (10%)

No 104 (90%)

! One'sample was not available.
2 One sample was not evaluated.

received chemotherapy after surgery. Of the 115 patients, 110 pa-
tients. completed NAC as scheduled, but 2 patients received-11
cycles of paclitaxel and 3 patients received 3 cycles of FEC. Dose
was not reduced in any patients. No patient developed cardiac
adverse events. Of 32 patients with HER2-positive tumors, no pa-
tients were treated with trastuzumab preoperatively, but 11 pa-
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Table 2. Association between clinicopathologic parameters and
pCR

Parameters  Category pCR p value!
yes (n=29) no (n=86)
Menopausal  pre- 11(19%) 47(81%) 0.119
status post- 18 (32%) 39 (68%)
Tumor <5.0 25(32%) 53 (68%) 0.014
size, cm >5.0 4(11%) 33 (89%)
Histologic IDC 28 (27%) 77 (73%) 0.177
type ILC 0(0%)  8(100%)
mucinous 1(50%) 1(50%)
Histologic 1 4(31%) 9(69%)  0.847
grade? 2 18 (23%) 59 (77%)
3 6(25%) 18(75%)
ER positive 12(17%) 58 (83%) 0.013
negative 17 (38%) 28 (62%)
PR positive 7 (18%) 33 (83%) 0.164
negative 22 (29%) 53 (71%)
HER2? negative 16 (20%) 66 (80%)  0.020
positive 13 (41%) 19 (59%)
ER/HER2 H)1E) 8 (15%) 46 (85%) 0.010
(#)/(+) 4(25%) 12 (75%)
(=)(-) 8(29%) 20 (71%)
()/(+) 9(56%) 7 (44%)
WHO non-responders 2(9%)  21(91%)  0.041
criteria responders 27 (29%) 65 (71%)
RECIST non-responders 4 (13%) . 26 (87%) 0.081
responders 25 (29%) 60 (71%)
Reduction rate <80% 7(11%) 54(89%)  0.0003
after paclitaxel. 280% 22.(41%). .32 (59%)

1IDC = invasive ductal carcinoma; ILC = invasive lobular car-
cinoma.

! p value was evaluated with the x? test, and considered sig-
nificant when p < 0.05.

2 One sample was not evaluated.

tients received trastuzumab postoperatively. Median follow-up
after surgery was 20 months; ranging from 6 to 53 months. Patient
characteristics are summarized in table 1.

Hormone Receptor and HER2 Assay

ER and PR were determined by immunohistochemistry (IHC)
with a cut-off value of 10%. HER2 expression was examined with
IHC (Herceptest®; Dako Corporation, Carpenteria, Calif., USA)
or fluorescence in situ hybridization (FISH) (Pathvysion®; Vysis
Inc;; Downers Grove, IlL;, USA). Tumors with IHC (3+) or FISH
(+) were considered HER2 positive.
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Evaluation of Clinical and Pathologic Response to

Chemotherapy

Clinical response of primary breast tumors to paclitaxel was
evaluated with dynamic MRI before and after paclitaxel adminis-
tration. Response to paclitaxel was evaluated with ultrasonogra-
phy in 17 patients who did not undergo dynamic MRI. Reduction
rate was calculated with the following formula: reduction rate (%)
= (tumor area before paclitaxel - tumor area after paclitaxel)/tu-
mor area before paclitaxel X 100. Pathologic response was evalu-
ated in specimens obtained at surgery. pCR was defined as absence
of residual invasive foci and no lymph node involvement.

Statistical Methods

Associations of clinicopathologic parameters with pCR were
evaluated with the x? test. Multivariate analysis of the relation-
ship of negative ER and reduction rate (= 80%) with pCR was de-
termined using a logistic regression method to obtain the odds
ratio and 95% confidence interval. Relapse-free survival (RES)
rates were estimated with the Kaplan-Meier method, and differ-
ences were evaluated with the log-rank test. All test results with a
p value of less than 0.05 were considered significant. All statistical
analyses were performed with StatView™ software (SAS Institute
Inc., Cary, N.C., USA).

Results

Association of Clinicopathologic Parameters with pCR

The association of clinicopathologic parameters with
pCRwas analyzed in 115 patients, and pCR was observed
in 29 (25%) of them., Table 2 shows associations between
pCR and various clinicopathologic parameters. Meno-
pausal status, histologic type, histologic grade, and PR
status were not significantly associated with pCR, al-
though it was noteworthy that none of the 8 invasive lob-
ular carcinomas attained pCR. Tumors =<5.0 cm (pCR
rate: 32%), ER-negative tumors (38%), and HER2-positive
tumors (41%) were significantly more likely to attain pCR
than tumors >5.0 cm (11%, p = 0.014), ER-positive tumors
(17%, p = 0.013), and HER2-negative tumors (20%, p =
0.020). Analysis of ER and HER2 combined showed that
ER-negative and HER2-positive tumors were most likely
(56%), and ER-positive and HER2-negative tumors most
unlikely to attain pCR (15%). ER-positive and HER2-pos-
itive tumors (25%) and ER-negative and HER2-negative
tumors (29%) showed intermediate pCR rates.

Association of Reduction Rate after Paclitaxel with

pCR

There was a significant association between MRI-
evaluated reduction rates after paclitaxel and pCR rates
(fig. 1). Tumors with a reduction rate =50%, equivalent
to complete response and partial response by WHO cri-
teria, were likely to attain pCR compared with those with

Kim/Taguchi/Shimazu/Tanji/Tamaki/
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a reduction rate <50% (pCR rate, 29 vs. 9%, p = 0.041),
and those with a reduction rate =80% were significantly
more likely to attain pCR than those with a reduction rate
<80% (pCR rate, 41 vs. 11%, p = 0.0003) (fig. 2, 3, table 2).
Responders (complete response + partial response) clas-
sified by Response Evaluation Criteria In Solid Tumors

100 ~
90
80
70
60
50
40
30

Tﬁmmﬂﬁﬂﬂ

Patients {(n) 23 12 12 14 14
(%) <50 50-60 60-70 70-80 80-90 90-100 100

Reduction rate after paclitaxel

pCR rate (%)

1

Fig. 1. pCR rates for paclitaxel followed by FEC in relation to re-
duction rate after paclitaxel. pCR rates were 64% for a reduction
rate of 100%, 38% for a 100% > reduction rate = 90%, 25% for a
90% > reduction rate = 80%, 14% for an 80% > reduction rate
> 70%, 17% for a 70% > reduction rate = 60%, 8% for a 60% >
reduction rate = 50%; and 9% for a 50% > reduction rate.

(RECIST) had a tendency to attain pCR compared with
nonresponders, but the difference was not statistically
significant (pCR rate, 29 vs. 13%, p = 0.081) (table 2).

Univariate and Multivariate Analysis of Predictors for

pCR

Univariate analysis demonstrated that small tumor
size (p = 0.020), ER negativity (p = 0.015), HER2 positiv-
ity (p = 0.023), and a reduction rate =80% after pacli-
taxel (p = 0.001) are significantly associated with pCR.
Multivariate analysis showed that ER (p = 0.022) and re-
duction rate (p = 0.003) are significant and independent
predictors of pCR (table 3).

Association of pCR or Reduction Rate after Paclitaxel

with Prognosis

None of the 29 patients who attained pCR developed
recurrences, whereas 14 of the 86 patients who could not
attain pCR did (p = 0.026). Patients with a reduction rate
>80% after paclitaxel showed significantly better RFS
rates than those with a reduction rate <80% (events, %/s4
vs. /g1, p = 0.014).

Discussion

Many studies have focused on the development of pre-
dictors of pCR for NAC. Several investigators have dem-
onstrated that ER-negative or HER2-positive tumors are

Fig. 2. Contrast-enhanced MRI images in a 72-year-old woman with <80% of tumor shrinkage after paclitaxel.
a Before paclitaxel. b Reduction rate was 66% after paclitaxel. ¢ The final reduction rate was 93% after the com-

pletion of paclitaxel followed by FEC. Her tumor did not attain pCR.

Response to Paclitaxel and pCR in
Neoadjuvant Paclitaxel Followed by FEC
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. significantly associated with pCR [7-10]. In addition, re-

cent review works have shown that not only anthracy-
cline-based regimens but also taxane-containing regi-
mens provide more benefit in patients with HER2-posi-
tive tumors than in those with HER2-negative tumors
(18, 19]. Our results also showed that ER-negative and
HER2-positive tumors are significantly more likely than
ER-positive and HER2-negative tumors to attain pCR to
paclitaxel followed by FEC (pCR rate, 56 vs. 15%), indi-
cating that ER and HER2 can serve as significant predic-
tors of pCR to paclitaxel followed by FEC. However, the
percentage of patients with ER-negative and HER2-posi-
tive disease is small (14%) in all patients.

Besides ER and HER2, we focused on response to
paclitaxel as a novel predictor of pCR to paclitaxel fol-
lowed by FEC because tumors with pCR after the comple-
tion of this neoadjuvant regimen often show a good
response to initial paclitaxel. Using common criteria, i.e.,
WHO or RECIST, as many as approximately 80% of pa-
tients were classified as responders (complete response +
partial response) to paclitaxel and such clinical responses
did not show a strong correlation with pCR (table 2).
Therefore, we employed a stricter cut-off value (reduction
rate =80%). pCR was observed in 22 (41%) of the 54 tu-
mors with a reduction rate =80% in response to pacli-
taxel and in 7 (11%) of the 61 with a reduction rate <80%.
These results indicate that a good response to paclitaxel
can serve as a significant predictor of pCR. Multivariate

analysis demonstrated that response to paclitaxel is a sig-
nificant predictor of pCR, which is independent of ER
and HER2. In addition, we were able to show that re-
sponse to paclitaxel also serves as a prognostic indicator,
i.e., patients with a good response show a significantly
better prognosis than those with a poor response. How-
ever, our present data should be interpreted with great
caution due to the following reasons. Firstly, 41% of pa-
tients with tumors with pCR had ER-positive disease and

Table 3. Uni- and multivariate analyses of pCR

‘Multivariate
OR 95% CI p

Univariate

OR 95%CI p

Tumor size

<5.0cmvs.>5.0cm 39 1.2-12.2 0.020 3.0 0.9-10.2 0.076
ER

(=) vs. (+) 29 12-7.0 0.015 32 1.2-87 0.022
HER2

(+) vs. (=) 28 1.2-69 0.023 19 0.7-54 0.226

Reduction rate after paclitaxel
280% vs. <80% 53 2.0-13.8 0001 49 1.7-141 0.003

p value was considered significant when p < 0.05. OR = Odds
ratio; CI = confidence interval.

Fig. 3. Contrast-enhanced MRI images ina 60-year-old woman with =80% of tumor shrinkage after pacli-

138 Oncology 2009;77:134-139

taxel. a Before paclitaxel. b Reduction rate was 80% after paclitaxel. ¢ The final reduction rate was 100% after
the completion of paclitaxel followed by FEC. Her tumor attained pCR.
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were treated with adjuvant endocrine therapy. Secondly,
the present study is a retrospective study at a single insti-
tute, and lastly, this study has a very short follow-up pe-
riod. '

Our observations seem to be consistent with the re-
sults of the Aberdeen neoadjuvant trial [20], where pa-
tients who showed a good response to the initial anthra-
cycline-based chemotherapy and switched to subsequent
docetaxel attained a high pCR rate (34%) while those who
showed a poor initial response and switched to docetaxel
attained a low pCR rate (2%). Our results together with
those of the Aberdeen neoadjuvant trial suggest that
breast tumors responsive to taxane- and those responsive
to anthracycline-based chemotherapy show considerable
overlap, and such overlapping tumors can be expected to
show a rather good response to sequential taxane- and
anthracycline-based chemotherapy, with pCR as the re-
sult. Thus, patients who show a good response to pacli-
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taxel are definite candidates for subsequent FEC since
they have a very good chance to attain pCR, but those
who show a poor response to paclitaxel can be expected
to attain a very low pCR rate as well as a poor prognosis.
For the latter group, administration of other chemo-
therapies proven to be effective for tumors resistant to
paclitaxel- and anthracycline-based chemotherapy, i.e.,
capecitabine, vinorelbine, or gemicitabine, should be
considered [21-23].

In conclusion, we were able to show that, in addition
to ER and HER?2, response to paclitaxel can serve as a
significant predictor of pCR for patients preoperatively
treated with paclitaxel followed by FEC. Prediction of
pCR based on response to initial paclitaxel might be use-
ful for choosing the second-line chemotherapy and might
serve as a surrogate marker of prognosis, although our
findings need to be validated by a future study including
a larger number of patients.
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Abstract

The underlying mechanism regulating the expression of the
cancer stem cell/tumor-initiating cell marker CD133/prom-
inin-1 in cancer cells remains largely unclear, although
knowledge of this mechanism would likely provide important
biological information regarding cancer stem cells. Here, we
found that the inhibition of mTOR signaling up-regulated
CD133 expression at both the mRNA and protein levels in a
CD133-overexpressing cancer cell line, This effect was can-
celed by a rapamycin-competitor, tacrolimus, and was not
modified by conventional cytotoxic drugs. We hypothesized
that hypoxia-inducible factor-1a. (HIF-1a), a downstream
molecule 'in the mTOR signaling pathway, might regulate
CD133 expression; we therefore investigated the relation
between CD133 and HIF-1a.. Hypoxic conditions up-regulated
HIF-1ou expression and inversely down-regulated CD133
expression at both the mRNA and protein levels. Similarly,
the HIF-1o activator deferoxamine mesylate dose-dependently
down-regulated CD133 expression, consistent with the effects
of hypoxic conditions, Finally, the correlations between CD133
and the expressions of HIF-1o. and HIF-13 were examined
using clinical gastric cancer samples. A strong inverse
correlation (r = —0.68) was observed between CD133 and
HIF-1c, but not between CD133 and HIF-18. In conclusion,
these results indicate that HIF-1o. down-regulates” CD133
expression and suggest that mTOR signaling is involved in the
expression of CD133 in cancer cells. Our findings provide a
novel insight into the regulatory mechanisms of CD133
expression via mTOR signaling and HIF-1o in cancer: cells
and might lead to insights into the involvement of the mTOR
signal and oxygen-sensitive intracellular pathways in the
maintenance of stemness in cancer stem cells. [Cancer Res
2009;69(18):7160~4]

Introduction

The CD133/prominin-1 protein is a five-transmembrane mole-
cule expressed on the cell surface that is widely regarded as a stem
cell marker. Growing evidence indicates that CD133 can be used as
a cell marker for cancer stem cells or tumor-initiating cells in colon

Note: Supplementary data for this atticle are available at Cancer Research Online
(http://cancerres.aacrjournals.org/).
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cancer, prostate cancer, pancreatic cancer, hepatocellular carcino-
ma, neural tumors, and renal cancer (1). Strict regulatory
mechanisms governing CD133 expression are thought to be deeply
related to inherent cancer stemness; however, such mechanisms
remain largely unclear, especially in cancer cells. In brain tumors,
the Hedgehog (2), bone morphogenetic protein (3), and Notch (4)
signaling pathways have been implicated in the control of CD133+
cancer stem cell function.

Some investigators have shown a relation between hypoxia and
CD133 expression in brain tissue. The percentage of CD133-
expressing cells was found to increase in a glioma cell line cultured
under hypoxic conditions (5), and mouse fetal cortical precursors
cultured - under normoxic conditions exhibited a reduction in
CD133(hi)CD24(lo) multipotent precursors and the failure of
the remaining CD133(hi)CD24(lo) cells to generate glia (6). With
the exception of these studies in brain tissue, however, data on the
expression of CD133 and the involvement of hypoxia and other
signaling pathways in cancer cells remains limited.

Several reports have indicated that mTOR is a positive regulator
of hypoxia-inducible factor (HIF) expression and activity (7), and
the inhibition of HIF-mediated gene expression is considered to be
related to the antitumor activity of mTOR: inhibitors in renal cell
carcinoma (8). We found that mTOR signaling was involved in
CD133 expression in gastric and colorectal cancer cells. Thus, we
investigated the regulatory mechanism of CD133 in cancer cells.

Materials and Methods

Reagents. 5-Fluorouracil, irinotecan (CPT-11), and rapamycin were
purchased from Sigma-Aldrich.” Gemcitabine: was provided by Eli Lilly.
Tacrolimus (LKT Laboratories), LY294002 and wortmannin (Cell Signaling
Techriology),  and deferoxamine’ mesylate (DFO; Sigma-Aldrich) were
purchased from the indicated companies.

Cell' cultures and hypoxic conditions. All of the 28 cell lines used in
this study were maintained in RPMI 1640 (Sigma) supplemented with 10%
heat-inactivated fetal bovine serum (Life Technologies), except for LoVo
(F12; Nissni Pharmacentical), WiDr, IM95, and HEK293 (DMEM; Nissui
Pharmaceutical), and Huvec (Humedia; Kurabo). Hypoxic conditions (0.1%
0,) were achieved using the ~AnaeroPouch-Anaero (Mitsubishi Gas
Chemical) with monitoring using an oxygen indicator.

Real-time reverse transcription-PCR. The methods were previously
described (9). The primers used for the real-time reverse transcription-PCR
(RT-PCR) were as follows: CD133; forward 5-AGT GGC ATC GTG CAA ACC
TG-3' and réversé 5-CTC CGA ATC CAT TCG ACG ATA GTA-3;
glyceraldehyde-3-phosphate dehydrogenase (GAPD), forward 5-GCA CCG
TCA AGG CTG AGA AC-3' and reverse 5-ATG GTG GTG AAG ACG CCA
GT-3". GAPD was used to normalize the expression levels in the subsequent
quantitative analyses.

Clinical samples. The mRNA expression levels of CD133, HIF-1a, and
HIF-18 in- gastric - cancer.- specimens . were: obtained . from  previously
published microarray data (9).
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Figure 1. Rapamycin up-regulates CD133
expression. A, the mRNA expression levels
of CD133 were examined using real-lime
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using Western blotting in 16 gastric and
colorectal cancer cell lines. C, Western blot
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Immuncblotting.’ A Western blot analysis was performed as’ described
previously (10). The experiment was performed in triplicate. The following
antibodies were used: monoclonal CD133 antibody (W6B3C1; Miltenyi Biotec),
rabbit polyclonal HIF-1a antibody (Novus Biologicals, Inc.), B-actin antibody,
and HRP-conjugated secondary antibody (Cell Signaling Technology).

Results

Inhibition of the mTOR signal up-regulates CD133 expres-
sion in CD133-overexpressing gastrointestinal cancer cells. We
examined the mRNA expression levels of CD133 in 26 cancer cell
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Figure 2.- Rapamycin down-regulates HIF:1a expression and up-regulates CD133 expression at the transcriptional level. 4, WiD¥ cells were exposed to rapamycin, the
rapamycin-competitor tacrolimus, and the phosphoinositide-3-kinase inhibitors LY294002 and wortmannin for 48 h-at concentrations of 10-pumol/L:-The inhibition of
mTOR signaling up-regulated CD133 expression. B, rapamycin up-regulated the expression of CD133 mRNA in WiDr cells in a time-dependent and dose-dependent
manner. Colimns, mean determined Using real-time RT-PCR; bars, SD. C and D, rapamycln exposture and HiF-1a expression. WIDr cells were exposed to rapamycin
with/without tacrolimis® at the indicated concentiation for 48 h: Rapamycin down-regulated HIF-1a expression and inversely up-regulated CD133 expression;
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lines using real-time RT-PCR. Several gastric, colorectal, and lung
cancer cell lines such as SNU16, IM95, HSC43, WiDr, and H69,
overexpressed CD133 (Fig, 14). The increased expression of CD133
protein was also confirmed in these cell lines (Fig, 1B). The mTOR
inhibitor rapamycin, but not cytotoxic drugs (5-fluorouracil, CPT-
11, and gemcitabine), increased the expression of CD133 in a dose-
dependent manner in CD133-overexpressing WiDr cells (Fig. 1C
and D). These results indicate that mTOR signaling is involved in
the expression of CD133 in cancer cells,

Rapamycin down-regulated HIF-la expression and up-
regulated CD133 expression at the transcriptional level. To
examine the signal transduction of rapamycin-induced CD133
expression, we used the rapamycin-competitor tacrolimus and the
phosphoinositide-3-kinase inhibitors 1Y294002 and wortmannin.
Tacrolimus (10 pmol/L) completely canceled the up-regulation of
CD133 induced by rapamycin, The inhibition of phosphoinositide-
3-kinase by LY294002 (10 pmol/L) and wortmannin (10 pmol/L)
also up-regulated CD133 expression (Fig, 24). Rapamycin up-
regulated CD133 expression at the transcriptional level in a dose-
dependent and time-dependent manner (Fig. 2B).

The inhibition of mTOR signaling is likely to lead to the down-
regulation of the expression of certain molecules because the
mTOR complex positively regulates the general translational
machinery. Under the inhibition of mTOR signaling, HIF-1a,
among several downstream molecules of mTOR, can activate
transcription by acting as a repressor of specific transcription
factors such as the MYC-associated protein X homodimer (11).
Therefore, we focused on the possible role of HIF-la in the
regulation of CD133 expression. Rapamycin down-regulated HIF-
1o expression but up-regulated CDI133 expression (Fig. 2C).
Meanwhile, tacrolimus canceled the effect of rapamycin on the

cexpressions of HIF-Lac and CD133 (Fig, 2D). These resulls suggest
that the down-regulation of HIF-1a may mediate the up-regulation
of CD133 expression in cancer cells. Up-regulation of CDI133
cxpression by rapamycin was reproducibly observed in the CD133
high-expressing cell lines, but not in CDI33 low-expressing cell
lines (Supplemental Fig. S2).

Induction of HIF-1ow down-regulates CD133 expression in
cancer cells. Hypoxia mediates the stabilization of HIF-1a protein
and enables its escape from rapid degradation, facilitating the up-
regulation of HIF-la expression (12). Hypoxia strongly induced
HIF-1a expression, whereas CD133 expression was down-regulated
in all three CD133-overexpressing cell lines (Fig, 34). Rapamycin
dose-dependently up-regulated CD133 expression under normoxic
conditions, but no effect was scen under hypoxic conditions. We
speculated that the effect of hypoxia on the induction of HIF-1a is
much higher than the effect of rapamycin on the down-regulation
of HIF-1ct. The expression of CD133 mRNA was also strongly down-
regulated under hypoxic conditions in all three cell lines (Fig. 3B)
and in three additional cell lines (Supplemental Fig, SI),

In addition, DFO, a known HIF-lo activator, induced HIF-lo
expression in a dose-dependent manner but down-regulated the
expression of CD133 at both the mRNA and protein levels in
WiDr cells (Fig. 3C and D), and in three additional cell lines
(Supplemental Fig, S2). These results were consistent with those
obtained under hypoxic conditions. Both hypoxia and DFO
exposure markedly down-regulated CD133 expression, strongly
suggesting that induction of HIF-1a results in the down-regulation
of CD133 expression,

Inverse correlation between €CD133 and HIF-1o in clinical
samples, Finally, to address whether CD133 and HIF-1a expression
are inversely correlated in clinical samples of gastric cancer
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Figure 3. Induction of HIF-1a down-regulates CD133 expression in cancer cells: A, three gastrointestinal cancer cell lines were exposed to rapamycin under normoxic
or hypoxic conditions for 24 h. Hypoxia induced HIF-1a expression. and inversely down-regulated CD133 expression. B, hypoxia strongly down-regulated CD133
expression at the mRANA level. Columns, mean determined using real-time RT-PCR; bars, SD. C, DFO, a kriown HIF-1« activator, induced HIF-1x expression and
down-tegulated CD133 expression in WiDr cells. D, DFO induced these effects at both the mRNA and protein levels. Note that both hypoxia and DFO exposure had
similar effects on HIF-1a induction and CD133 down-regulation. Rel. CD133 mRANA, normalized mRNA expression levels (CD133/GAPD x 10%; Rapa., rapamycin.
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specimens, we examined the expression of these molecules using
previously published microarray data (9). The expressions of CD133
and BIF-1a were inversely correlated in gastric cancer {r = —0.68;
Fig, 4A4), whereas the expressions of CD133 and HIF-1B were not
(r = —0.05; Fig. 44). These results are consistent with the in vitro
findings in the present study.

Taken together, the present results suggest that an oxygen-
sensitive intracellular pathway involving both HIF-1a and mTOR
signaling may, at least in part, regulate CD133 expression in cancer
cells (shown in the schema in Fig, 4B),

Discussion

Hypoxic conditions promote the proliferation of mammalian ES
cells more efficiently than normoxia and are thought to be required
for the maintenance of full pluripotency. Hematopoietic stem cells
are located in the bone marrow, which is a physiologically hypoxic
environment, and the survival and/or self-renewal of hematopoi-
etic stem cells is enhanced #n vitro if the cells are cultured under
hypoxic conditions (13). Thus, accumulating data indicates that
oxygen levels influence specific cell fates in several developmental
processes; however, the effect of oxygen levels on cell differenti-
ation is thought to be context-dependent (14). Our data on CD133
expression in response to hypoxia were different from the previous
study shown in glioma (5). The discrepancy might be explained by
{a) a different cellular context in glioma from the others, because
CDI133 expressions of all cell lines including the WiDr, IM95,
SNU16, OCUMLI, 44As3, and DLD-1 cells were reproducibly down-
regulated by hypoxic condition (Supplemental Fig, S1; Fig. 3B),
whereas the U251 cells failed to exhibit the down-regulation, and by
(b) the different detection methods in our study (Western blot and
quantitative real-time RT-PCR) from the previous report (flow
cytometry for CD133-positive cells).

The detailed mechanism responsible for the repressive role of
HIF-la on CD133 expression is not fully understood; one
possible explanation is raised by MYC, which is also known as
¢-Myc. HIF-1a binds to MAX and renders MYC inactive, and
HIF-1 (homodimers of HIF-1a and HIF-1B) activates the expression
of MXI1 (MAX interactor 1), which binds to MAX and thereby
antagonizes MYC function (11). Recent repotts have shown that
HIF-1« inhibits MYC activity, which is thought to have implications
for ‘stem’ cell function (15, 16). Whether MYC- directly activates
CD133 transcription remains unclear; our preliminary data indicate
that a MYC-inhibitor suppressed CD133 expression in WiDr cells.*
Because the gene amplification of MYC and MYCN is frequently
observed in many cancers, the relations among MYC, HIF-1a, HIF-
1B, HIF-2, and CD133 should be investigated in future studies,

In conclusion, we showed that the inhibition of mTOR signaling
up-regulated CD133 expression, whereas HIF-1a induction under

4 Unpublished data.
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EGFR Mutation Up-regulates EGR1 Expression
through the ERK Pathway

MARI MAEGAWA!2, TOKUZO ARAO!, HIDEYUKI YOKOTE!, KAZUKO MATSUMOTO!, KANAE KUDO',
KAORU TANAKA!, HIROYASU KANEDA!, YOSIITHIKO FUJITA!, FUMIAKI ITO? and KAZUTO NISHIO!

IDepartment of Genome Biology, Kinki University School of Medicine, Osaka;
i N . v . a
“Department of Biochemistry, Setsunan University, Osaka, Japan

Abstract. Background: DelE746_A750-type EGFR is «
constitutively active type of mutation that enhances EGFR
signaling. However, the changes in gene expression that occur
in mutant EGFR-harboring cells has not been fully studied.
Materials and Methods: A gene expression analysis of
HEK293 cells transfected with wild-type or mutant EGFR was
performed focusing on the significant gene. Results: Early
growth response 1 (EGR1), a transcription factor, was the
most strongly up-regulated gene in mutant EGFR-transfected
cells . among the genes examined. An increase in EGRI
expression in the mutant EGFR cells ways confirmed using RT-
PCR or immunoblotting. The expression was up-regulated by
EGF stimulation and down-regulated by EGFR-tyrosine
kinase inhibitor. In addition, the MEK inhibitor U0I26
inhibited EGR1 expression, while the phosphatidylinositol 3-
kinase inhibitor LY294002 did not. Conclusion: Mutant EGFR
constitutively up-regulates EGRI through the ERK pathway,
and its expression is correlated with EGFR signal activation.
Findings provide an insight into a target gene of mutant EGFR
and_ further. improve the understanding of the oncogenic
properties of EGFR.

Epidermal growth. factor receptor (EGFR). is frequently
overexpressed. in various solid tumors (1; 2) and is regarded
as a definitive oncogene:. Accumulating data on EGFR and its
signal pathway in cancer cells suggests that EGFR. is a
promising therapeutic target molecule; indeed, benefits from
treatment with- EGFR  tyrosine kinase inhibitors (EGFR-
TKIs). and. anti-EGFR . antibody have been contirmed in
clinical settings.. (3, 4). Common EGFR mutations of
DelE746_AT750 and 1.858R, characterized by 15-base in-
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frame deletions or substitutions clustered arcund the ATP-
binding site in exons 19 and 21 ol EGFR, have been
identified in patients with non-small cell lung cancer
(NSCLC); these mutations are major delerminants of
sensitivity to EGFR-TKIs (5-8). Such mutations confer a
conslitutively active EGFR signal pathway to cancer cells (9).
The activated EGFR signal pathway has been intensively
investigated, including studies on alterations in downstream
signaling, the . underlying mechanism respousible for
sensitivity to EGFR-TKTs, the involvement in carcinogenesis,
oncogene addiction; and clinico-pathological analyses. It has
been previously reported that a lung cancer cell line, PC-9,
with a deletional mutant of EGFR (delE746_A750) was
hyperseusitive to. EGFR-TKIs and that this mutant EGFR was
constitutively active and activated the ERK and AKT pathways
(10-13). However, the changes in gene expression that occur
in mutant EGFR-harboring cells have not been fully studied.
To identify ‘changes in the gene expressions of
downstream “molecules that arise as a result’ of EGFR
mutation’ and “activated  EGFR sigualing, a microarray
analysis of cells, in which the DelE746_A750-type of EGFR
mutation had been stably introduced; was performed.

Materials and Methods

Reagents. The purified recombinant human EGF was’ purchased
from R&D systems (Minneapolis; MN; USAY. LY294002 2-(4-
Morpholinyl)-8-phenyl-4H-benzopyran- 4-one was purchased from
Calbiochem (San Diego, CA, USA), U026 {4-diamino-2,3-
dicyano-1 4-bis[2-aminophenylthio] butadine was purchased from
Cell Signaling Technology (Beverly, MA, USA).

Expression constructs-and viral production. Full-length cDNA of wild-
type. EGFR was amplified by RT-PCR from: a human embryonal
kidney cell line (HEK293), and mutant EGFR (delE746_A750) was
amplified from an NSCLC cell line (PC-9) (10. 14). Wild-type and
mutant EGFR ¢DNA in a pcDNA3.1 vector (Clontech. Palo Alt, CA,
USA) was cut out and introduced into a pQCLIN retroviral vector (BD
Biosciences Clontech. San Diego. CA. USA) together with EGFP.
followed by the internal ribosome entry sequence (IRES) to monitor
the expression of the inserts indirectly. A pVSV-G vector (Clontech,

[RED!
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Palo Alt, CA, USA) for the constitution of the viral envelope and
pQCXIX constructs were co-transfected into the GP2-293 cells using
FuGENES transfection reagent. Briefly, 80% confluent cells cultured
on a 10-cm dish were transfected with 2 pg of pVSV-G plus 6 pg of
pQCXIX vectors. Forty-eight hours after transfection, the culture
medium was collected and the viral particles were concentrated by
centrifugation at 15,000 g for 3 h at 4°C. The viral pellet was then
resuspended in fresh RPMI1640 medium. The titer of the viral vector
was calculated by counting the EGFP-positive cells that were infected
by serial dilutions of virus-containing medium, and the multiplicity of
infection (MOI) was then determined.

Cell culture and transfection. The HEK293 cell line was cultured in
DMEM (Sigma, St. Louis, MO, USA) supplemented with 10%
fetal bovine serum (FBS), penicillin and streptomycin (Sigma) in a
bumidified atmosphere of 5% CO, at 37°C. The HEK293 cclls were
retrovirally transfected with the mock, wild-type and mutant EGI'R,
and the stable established cell lines were designated as HEK293-
Mock, HEK293-Wild and HEK293-Del.

Real-time RT-PCR. One microgram of total RNA from a cultured cell
line was converted to ¢cDNA using a GeneAmp® RNA-PCR kit
(Applied Biosystems, Foster City, CA, USA). Real-time PCR was
carried out using the Applied Biosystems 7900HT Fast Real-time PCR
System (Applied Biosystems) under the following conditions: 95°C
for 6 min, and 40 cycles of 95°C for 15 sec and 60°C for 1 min. GAPD
was used to normalize the expression levels in the subsequent
quantitative analyses. To amplify the target genes, the following
primers were purchased from TaKaRa (Yotsukaichi, Japan): BGR1-
FW, GTA CAG TGT CTG TGC CAT GGA TTT C; EGR1-RW, GAG
GAT CAC CAT TGG TIT GCT TG; GAPD-FW, GCA CCG TCA
AGG CTG AGA AC; and GAPD-RW, ATG GTG GTG AAG ACG
CCA GT. The results of three independent experiments were analyzed.

In vitro growth-inhibition assay. The growth-inhibitory effects of
AG1478 (Biomol International, Plymouth Meeting, PA, USA) on
the HEK293-Mock, -Wild and -Del cells were examined using an
MTT assay. A 180-puL volume of an exponentially growing cell
suspension (2x103 cells/well) was seeded into 96-well microtiter
plates and 20 uL of various drug concentrations were added: After
incubation for 72-h at 37°C; 20 pl of MTT solution (5 mg/mL in
PBS) were added to each well and the plates were incubated for an
additional 3 h at 37°C. After centrifuging the plates at-400-g for 5
min, the medium was aspirated from each well and 200 pL of
DMSO was added to each well to dissolve the formazan. The

optical density was' measured: at 570 am. The results of three ,

independent experiments were analyzed.

Imminoblotting. The antibodies used for immunoblotting were as
follows: anti-EGFR (Upstate Biotechnology). anti-phospho-EGFR
(Tyr1068), anti-p44/42 MAP kinase, anti-phospho-p44/42 MAP
kinase, anti-Akt (Cell Signaling), anti-EGR L. anti-Bactin (Santa
Cruz), and anti-phospho-Akt (Ser473) (BD Bioscience; SanJose,
CA. USA). Sub-confluent cells were washed with cold PBS: and
harvested with Lysis A buffer containing 1% Triton X-100, 20 mM
Tris-HCl (pH 7.0), 5:mM EDTA, 50 mM sodium chloride, 10 mM
sodium- pyrophosphate, 50 mM sodium fluoride, I mM sodium
orthovanadate, and a protease inhibitor mix, complete™ (Roche
Diagnostics). Whole-cell lysates and the culture: medium were
separated using a 2-15%. gradient SDS-PAGH and blotted onto a
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polyvinylidene [Tuoride membrane. After Mocking with 3% bovine
serum athumin in a TBS buller (pHE8.0) with 0.1% Tween- 20, the
membrane was probed with primary awtibody. Aflter rinsing twice
with TBS buffer. the membrane was incubated with horseradish
peroxidase (HRP)-conjugated secondary antibody (Cell Signaling)
and washed, followed by visualization using an ECL detection
system (Amersham) and LAS-3000 (Fujilitm, Tokyo, Japan) . The
inununoblotting was performed in two independent experiments

Microarray analysis. The microarray procedure was performed
according to the Affymetrix protocols (Santa Clara, CA, USA). In
brief, the total RNA extracted from the ceft lines was analyzed using
an Agilent 2100 Bioanalyzer (Agilent Technologics, Waldbronn,
Germany) as a quality check, and cRNA was synthesized using the
GeneChip® 3'- Amplification Reagents One-Cycle ¢cDNA Synthiesis
Kit (Affymetrig). The labeled cRNAs were then purified and used
to construct the probes. lybridization was performed using thie
Affymetrix GeneChip HG-U 33 Plus2.0 array for 16 h at 45°C. The
signal intensities were measured using a GeneChip®Scanner3000
(Affymetrix) and converted to numerical data using the GeneChip
Operating Software, Ver.l (Alfymetrix).

Statistical analysis. The microarray analysis was performed using the
BRB Array Tools software ver. 3.3.0 (http:/linus.nci.nih.gov/BRB-
ArrayTools.html), developed by Dr. Richard Simon and Dr. Amy
Peng. The microarray analysis was performed as described previously
(15). Additional statistical analyses were performed using Microsolt
Excel (Microsoft. Redmond, WA, USA) to calculate the standard
deviation (SD) and statistically significant differences between each
sample using the Student r-test. P-values of <0.05 were considered
statistically significant.

Results

Early growth response 1 (EGRI1) expression in mutant
EGFR. The DelE746_A750-type EGFR mutation mediates a
constitutively active EGFR - signal ‘and induces cellular
hypersensitivity to' EGFR-TKIs (11, 13). Mock; wild and
mutant EGFR was introduced and stable: cell lines: was
established as HEK293-Mock, -Wild and -Del cells.
HEK293-Del cells showed increased phosphorylation levels
of EGFR and ERK1/2 and were significantly hypersensitive
to' the EGFR-tyrosine kinase inhibitor AG1478, compared
with the other cell'lines (Figure 1A and 1B). To identify
which' gene -expressions “were changed” by the EGFR
mutation; a microarray analysis: was performed: for these
stable cell lines. Twenty-three genes were identified as
differentially ‘expressed genes, the expressions of which
differed by miore than three-fold between HEK293-Wild and
HEK293-Del cells (Table I). These genes included several
cancer-related genes such as EGRI, GALNT3, TACSTD!
(EpCAM)., MAFF, NLK, FOXN4, RUNX3 and CD70. Among
them, EGR1 was the most up-regulated gene in the HEK293-
Del cells (>10-fold higher than in HEK293-Mock and -Wild
cells, Figure 1C, ID). The ratios of the signal intensity
relative to that in the HEK293-Mock cells were 3.0-fold in
the HEK293-Wild cells and 34.5-fold in the HEK293-Del
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Figure 1. Microarray analysis showing that mutant EGFR up-regulates EGRI expression. (A} Immunoblotting for HEK293-Mack, -Wild and -Del
cells cultured under normal conditions: The phosphorylation of EGFR and ERK1/2 was increased in HEK293-Del cells. (B) Growth inhibitory effect
of an EGFR wyrosine kinase inhibitor. HEK293-Del cells were highly sensitive to AG1478. (C) Results of microarray analysis for genes with
differential expressions between HEK293-Wild and -Del cells. The arrow indicates the EGRI gene. (D) Signal intensity of microarray data for
EGRI. EGRI expression was up-regulated by more than 10-fold, compared with in HEK293-Wild cells. The error bars represent the SDs of three

independent experiments. *: p<0.05.

cells. Thus, the role of the EGRI transcription factor in
EGFR signal activation was the focus of subsequent studies.

EGF stimulates EGRI expression. The mRNA and protein
levels of EGR1 up-regulation were confirmed using real-time
RT-PCR and western blotting for these stable cell lines. Real-
lime RT-PCR revealed that EGR/ mRNA expression in the

HEK293-Wild cells was slightly (~3-fold) higher than that in
the HEK293-Mock cells: On the other hand, EGRI mRNA
expression was remarkably increased in the HEK293-Del cells
(133-fold. compared with the HEK293-Mock cells). Similar
results were obtained for the protein levels (Figure 2A, 2B).
These results indicate that EGRI expression was constitutively
up-regulated in the EGFR mutation-harboring cells.
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Figure 2. Mutant EGFR up-regulates EGRI, and EGRI expression is regulated by EGF stinndation. (A) Real-time RT-PCR shows that mutant EGFR
up-regulates EGRI by more than 40-fold, compared with in HEK293-Mock and -Wild cells cultured under normal conditions. { B) Immunoblotting
shows the up-regulation of EGR! in HEK293-Del cells. (C, D) EGF stimulation and EGRI expression detected by real-time RT-PCR and
immunoblowting. EGRI expression was up-regulated by EGF, and the expression was correlated with the phospho-ERK1/2 levels. The error bars
represent the SDs of three independent experiments. Immunoblotting was performed in two independent experiments. Rel. mRNA indicates the ratio

of mRNA expression of EGRI/GAPD x 1079,

To examine whether the up-regulation of EGRI expression
is regulated by EGFR signaling, the change in expression
induced by EGF stimulation was evaluated. EGF increased
EGRI mRNA expression in HEK293-Mock, -Wild-and -Del
cells (Figure. 2C). EGR1 up-regulation by EGF was also
confirmed by immunoblotting (Figure 2D). HEK293-Wild
cells stimulated with. EGF expressed EGR1 to the same
extent as in HEK293-Del cells,. possibly reflecting the
constitutively active function of EGFR in the HEK293-Del

Hiid

cells. In addition, EGR1 expression was closely correlated
with the phospho-ERK 1/2 expression levels. These findings
suggest that EGR1 expression is involved in the ERK1/2
pathway.

EGFR-TKI down-regulates EGRI expression. To elucidate
the further relationship between EGRI up-regulation and
EGFR signaling activity, the three cell lines were treated
with EGFR-TKI An EGFR-TKI, AG1478, inhibited the
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Table 1. The results of microarray analysis for differeniially expressed genes bevwveen HEK293 Wild and HEK293 Del cells. Twenty-three geney
were Identified as differentially expressed genes. the expressions of which differed by wore than three fold.

Del

Gene Description Probe set Wild Fold change
EGR1 Early growth response 1 227404 s _at 172 1979 {15
APOBEC3B Apolipoprotein B mRNA editing enzymne 206632_5 27 147 54
GALNT3 UDP-N-acetyl-alpha-D-galactosamine 203397_s_at L8 477 4.1
TACSTD1 Tumor-associated calcium signal transducer 1 201839 _s_at 23 91 39
MAFF Transcription factor MAFF 36711 _ut 29 114 39
LOC646903 Hypothetical 1.OC646903 237016 at 19 s 67 36
UCHL! Ubiquitin carboxyl-terminal esterase 1.1 201387 _s_at 483 1733 36
RABL3 RAB, member of RAS oncogene fumily-like 3 226090_x._at 12 39 32
ZNF330 Zinc finger protein 330 213760 5. ot 47 149 32
ERGIC2 ERGIC and golgi 2 226422_at 66 208 32
PHLDA2 Pleckstrin homology-like domain, family A, member 2 209803 _s_at 59 183 3.1
TRIMS Tripartite motif-containing 5 210705 _s_mw 13 40 3.1
KI.HL23 Kelch-like 23 (Drosophila) 213610 s_at 62 192 3.1
Cl8orf37 Chromosome 18 open reading frame 37 1559716_at 56 13 0.23
NLK Nemo-like kinase 2380624 _at 59 ] 0.25

CDNA FLJ34034 fis 2385(5_at 41 tl 027
FOXN4 Forkhead box N4 241009 _at 57 i5 027
RUNX3 Runt-related transcription factor 3 204198_s_at 44 13 , 0.28

transcribed locus 2301746_s_at 70 21 031
CD70 CD70 molecule 206508 _at 80 25 0.31
VDACI Voltage-dependent anion channel 1 217139_at 52 16 031
NBEA Neurobeachin 226439_s_at 33 10 032
NID2 Nidogen 2 (osteonidogen) 204114_at 55 18 0.32
expression of both EGRI mRNA (Figure 3A) and protein  Discussion

(Figure 3B). EGR1 expression was also correlated with the
phospho-ERK1/2 - expression  levels detected by
immunoblotting. These results support-the. concept that
EGR1 up-regulation by mutant EGFR is regulated by EGFR
signaling.

EGRI expression is regulated throngh the'ERK1/2 pathway.
EGR1 is thought to be-a downstream molecule in the
ERK1/2 pathway (16). To elucidate whether EGR1 up-
regulation in mutant EGFR cells is regulated via the ERK 1/2
pathway, ERK1/2 and AKT, two major downstream
pathways of EGFR was evaluated. 1Y294002, a
phosphatidylinositol 3-kinase inhibitor, inhibited the
phosphorylation levels of AKT but did not modify the
expression of EGR! (Figure 4A). However, the MEK
inhibitor U0126 clearly down-regulated EGR1 expression in
HEK293-Del cells (Figure 4B). EGR1 expression was
consistent with the phospho-ERK1/2 expression levels.
These results strongly suggest that EGR! up-regulation by
mutant EGFR is regulated through the ERK pathway. Based
on these findings, a mode] was propossed to explain the up-
regulation of EGRI by mutant EGFR (Figure 4C). In this
model. mutant EGFR activates the ERK pathway and
induces EGRI (ranscription.

EGRI transcription factor is induced by various stimuli,
including growth factors, hypoxia; UV and cytokines. and
mediates multiple cellular responses such as mitogenesis,
differentiation, cellular survival, anti-apoptosis, angiogenesis
and apoptosis (17). In cancer biology, EGR! is basically
regarded as a tumor suppressor gene because it directly
regulates p53, PTEN and TGFB1. Deletion of the EGRI-
containing 5¢31 region has been associated with a certain
type of lymphoma and small cell lung carcinoma. Low
EGR1 expression in tumor tissve is frequently observed in
breast cancer, glioblastoma and other solid tumors (18). In
contrast, the oncogenic. property of EGRI is observed in
prostate cancer (19).

An increased expression of EGRI.was observed in mutant
EGFR cells. Previous reports have demonstrated that mutant
EGFR _is oncogenic: in non-small cell lung cancer (20).
However, Ferraro et al. have demonstrated that EGR/
expression is strongly correlated with PTEN expression and
that patients with high levels of EGR1 had betler overall and
disease-free survival periods than patients with low levels of
EGRI1 in patients with NSCLC (21). It was speculated that the
overexpression of EGR1 in mutant EGFR cells may play some
role in the biological behaviors of mutant EGFR in cancer.

LS
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Figure 3. EGFR 1yrosine kinase inhibitor down-regulates EGRI expression (A} Real-tine RT-PCR and (B) immunoblotting were performed for
cells cultured under normal conditions and treated with four concentrations of AG 478 for 5 h. EGFR wyrosine kinase inhibitor clearly down-
regulated EGRI expression. The phosphorylation levels of EGFR decreased at a lower conventration (20 nM) in HEK293-Del cells than in HEK293-
Wild cells. Note that the Y-axis is a log-scale. Evror bars represent the SDs of thiee independent experiments. Immunoblotting was performed in
two independent experiments. Rel. mRNA indicates the ratio of mRNA expression of EGRI/GAPD x 100,
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Figure 4. EGRI expression is regulated by EGFR through the ERK1/2

TN TS pathway. HEK293-Muock, -Wild and —Del cells cultured under normal
LAKT ) ( ERK ) canditions were treated with (A) 10 uM of LY294002 or (B) 5 uM of
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| JES— regulated by UU126., but nat by LY294002. (C) Schema of the putative

> mechanism of EGRI expression. Mutant EGFR activates the ERK

[ EGR1 . pathway  and induces EGR1 transcription. Immunoblotiing was

performed in two independent experiments.
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