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with several types of human cancers. Numerous studies
have demonstrated HER2/erbB2 to be amplified and/or
overexpressed in 20%-30% of all primary breast can-
cers and it is also generally associated with a poor
prognosis [3-5]. One of the major signaling pathways
utilized by the erbB families is the PI3K/Akt pathway.
The ligand of HER2 has nof vet been identified, how-
ever, HERZ-containing heterodimers are potent acti-
vators of the multiple signaling pathways involved in
proliferation, invasion, and survival [6]. Studies in breast
cancer cells, primary breast tumors, and transgenic mice
all indicate that when HER2 is overexpressed, it is
constitutively associated with HER3 [7] and HER2-
HER3dimers strongly activate the PI3K/Akt pathway.
This is supported by the findings of a previous report
which showed tumor cells overexpressing HER2 to ex-
hibit a constitutive Akt activity [8]. In addition, Akt
activation has been shown to be positively associated
with HER2 overexpression in breast carcinoma ob-
tained from human materials [9-11].

Phosphatase and tensin homolog deleted on chro-
mosome 10 (PTEN) is a novel tumor suppressor gene
that was initially identified through its mutation in a
variety of tumor types [12, 13]. Loss of PTEN func-
tion, due to PTEN mutation, PTEN haploinsufficiency
from the loss of heterozygosity (LOH)-at the PTEN
locus, and epigenetic downregulation of PTEN, has
been reported in nearly 50% of all breast cancers
and also in many other cancer types [12, 14, 15]. The
gene product of PTEN reverses the activities of
PI3K by dephosphorylating the D3 position of its
lipid products, phosphatidylinositol-3, 4 bis-phosphate
(PtdIns(3,4)P2), phosphatidylinositol-3,5 bis-phos-
phate  (PtdIns(3,5)P2), and  3,4,5-tri-phosphate
(PtdIns(3,4,5)P3) [16], thereby inhibiting the activity
of PI3K. The fundamental in vivo role of PTEN
appears to inhibit the PI3K-dependent activation of
Akt. In fact, the loss of the PTEN function has been
revealed to lead to the activation of the PIZK/Akt
function [2].

Mutation of the PTEN gene is rare in breast carci-
nomas, however, LOH at 10q23 (PTEN locus) is
observed in approximately 30%-40% of sporadic breast
cancers [17-19]. Regarding the PTEN expression, a re-
duced or absent PTEN protein expression has been
recognized in 8%—50% of breast cancer cases [20-24]. A
reduced expression of the PTEN protein has been shown
to be associated with Akt activation [21, 23].

Recently, the activation of Akt has been shown to
be associated with a worse outcome among endocrine
treated breast cancer patients [9, 10, 25]. We also
reported that Akt activation is associated with resis-
tance to endocrine therapy for metastatic breast cancer
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[26]. Another study revealed that progesterone recep-
tor (PR) expression is inhibited in breast cancer cells
via the PI3K/Akt pathway, and it is not mediated via a
reduction of estrogen receptor (ER) levels or activity,
based on an in vitro study [27]. In addition, cancer cell
lines with activated Akt have been shown to be espe-
cially sensitive to the antagonism of mammalian target
of rapamycin (mTOR), which is understream of
Akt [28]. Therefore, the PI3K/Akt signaling pathway
currently attracts considerable attention as a new
target for effective therapeutic strategies, especially for
endocrine therapy.

In the present study, we investigated the relation-
ship between Akt activation and HER2 overexpres-
sion or PTEN gene alteration, as well as the PR
expression. We analyzed the incidence of LOH at the
PTEN locus in 138 breast cancer patients, using our
new system for microsatellite analysis, called high-
resolution  fluorescent  microsatellite  analysis
(HRFMA). We showed Akt activation to be signifi-
cantly correlated with the HER2 overexpression or
LOH at the PTEN gene locus and inversely corre-
lated with the PR expression. In addition, when LOH
at the PTEN gene locus and HER2 overexpression
occurred simultaneously, both the incidence of Akt
activation and a reduced PR expression were signifi-
cant. The association between Akt activation and PR
negative expression was observed even in the ER-
positive cases.

Materials and methods

Patient population and breast cancer and normal
tissue specimens

Primary human breast carcinoma specimens and
corresponding normal tissues or peripheral blood
were obtained from 138 patients who underwent
surgery at the Department of Surgery and Science,
Kyushu University Hospital, from 1994 to 2003. In-
formed consent was obtained from all the patients
prior to tissue acquisition. Clinical data were ob-
tained from the medical records. The specimens, ta-
ken immediately after resection, were placed in
liquid nitrogen and then were used for an analysis of
genomic DNA. The remaining tissues were routinely
subjected to histopathological analyses by histopa-
thological specialists at our hospital. The histopa-
thological diagnosis was determined according to the
criteria of the Japanese Breast Cancer Society [29].
Genomic DNA was extracted as previously described
[30].
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LOH analysis

LOH at the PTEN locus was analyzed in this study
using our new system for microsatellite analysis, called
HRFMA [30-32]. We used two microsatellite markers,
D10S1765 and D10S1173 {32]. The oligonucleotide
primers were synthesized and then purified by HPLC.
The sequences of the primers for PCR analysis of
D1081765 were as follows: forward, 5-CAATGGAA
CCAAATGTGGTC, and reverse, 5-AGTCCGAT
AATGCCAGGATG. The sequences of the primers
for PCR analysis of D1081173 were as follows: for-
ward, 5-CATGCCAAGACTGAAACTCC, and re-
verse, 5-AAACCCCAATGCCATAATGG. PCR
reactions using genomic DNA were performed using a
TAKARA GeneAmp PCR Reagent Kit and then were
run in the Perkin-Elmer GeneAmp PCR system 9700
(Norwalk, CT, USA). The PCR reactions were per-
formed as previously described [32]. The data were
processed by the ABI software GeneScan. The cases
showing heterozygosity were informative. These re-
sults were analyzed by a comparison of the peak value
of the tumor DNA with that of normal control DNA.
A reduction of more than 30% in the peak value in
tumor DNA in comparison to normal control DNA
was judged to indicate LOH [32].

Antibodies and immunochistochemistry

Monoclonal antibodies 6F11 and 1A6 (Ventana
Medical Instruments, Tucson, AR, USA) were used
for ER and PR staining. For HER2 evaluation, the
monoclonal antibody CB11 (Ventana Medical
Instruments) was used. Phosphorylated-Akt (pAkt),
which is considered as the activated Akt, was detected
using polyclonal antibodies against phosphorylated
Ser 473 (Cell Signaling Technology, Beverly, MA,
UsSA).

Tissue samples were fixed by immersion in buffered
formalin and then were embedded in paraffin. The
immunostaining of these paraffin sections was per-
formed using the Ventana Discovery™ automated
staining instrument (Ventana Medical Instruments) as
previously described [10]. A negative control reaction
with no primary antibody was always performed
alongside the reaction-containing sample.

Immunostaining was evaluated without knowledge
of the clinical and pathological parameters. ER and
PR were recorded as positive if 10% or more of the
nuclei in the invasive component of the tumor were
stained [33]. HER2 was scored into four groups,
score 0, 1+, 2+ and 3+, by the widely accepted cri-
teria that assessed the intensity and completeness of

membrane staining [34, 35]. The cases with HER2 2+
and 34 were regarded as positive for HER2 over-
expression. A specimen was considered positive for
pAkt if 10% or more of the cytoplasm in the inva-

sive component of the tumor was positively stained
{10].

Statistical analysis

The t-test and the Fisher exact test were used to ana-
lyze correlations between variables such as pAkt,
PTEN, HER2 and PR.

Moultivariate logistic regression analysis was per-
formed in order to elucidate association between
pAkt, having the binary response +/—, and the coex-
istence of PTEN LOH and HERZ overexpression.
The method enables us to quantify associations and
interactions between pAkt and each combination of
PTEN LOH and HER2 overexpression via estima-
tions of odds ratios. Here odds ratios bigger than 1
(less than 1) correspond to probabilities of going into
the pAkt+ (-) group, and thus large odds ratio values
indicate that positive expression of pAkt, which
means Akt activation, occurs in many cases. To cope
with relatively small frequencies, the exact method
was utilized for estimating parameters of the logistic
regression model. In contrast to the standard one
assuming sufficiently large sample size, the exact lo-
gistic regression method is a conservative approach
valid for small samples [36]. Associations among PR,
PTEN and HER?2 were also studied by the exact lo-
gistic regression.

All statistical tests were carried out with use of the
SAS statistical software (version 9.1) at the two-sided
0.05 significance level.

Results
LOH at the PTEN gene locus in breast carcinoma

The 138 breast tumors were analyzed for LOH at the
PTEN gene locus, and the results from 131 cases
{94.9%) were considered informative. We investigated
these 131 informative cases in this study. An allelic loss
at at least one marker was observed in 31 (23.7%) of
these 131 informative cases and these cases were
diagnosed to have LOH. The representative results of
LOH analyses, not-informative case, retention of het-
erozygosity (ROH) and LOH, were shown in Fig. 1.
The clinico-pathological features of these cases are
shown in Table 1.
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A Not informative case
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Fig. 1 Microsatellite analysis for the detection of PTEN LOH.
Using genomic DNA. samples derived from cancer and corre-
sponding normal control cells, the microsatellite sequences were
independently amplified by PCR, using two fluorescently labeled
primers. The PCR preducts were then mixed and elecirophore-
sed in the same lane in an antomated DNA sequencer. The cases
showing heterozygosity were informative. These results were
analyzed by comparison of the peak value of the tumor DNA
with that of normal control DNA. A reduction of more than 30%
in the peak value in tumor DNA in comparison to normal
control DNA was judged to indicate T.OH. The representative
results for each category are shown. (A) Not-informative case.
(B) (1) ROH (retention of heterozygosity) (2) LOH (loss of
heterozygosity). Red lines: cancer; green lines: normal

Assaciation between pAkt expression and HERZ
expression, PTEN LOH and PR expression

We analyzed the pAkt expression to evaluate the Akt
activation. Of these 131 cases, 48 cases {36.6%) were
diagnosed to be positive for pAkt expression. In
HERZ2-positive cases, pAkt was significantly more
expressed, namely Akt was more activated (P = 0.001).
PTEN LOH was also significantly associated with the
pAkt expression, namely Akt was more activated in
cases with PTEN LOH (P = 0.002). On the other hand,
the PR expression was inversely correlated with the
pAkt expression significantly (P = 0.011) {Table 2).
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Table 1 Clinico-pathological features

Variables Number (%)
Age (year) 55.6 = 12.4
Agxillary lymph node metastases

Negative 72 (55.0)

Positive 50 (38.2)

N.D. 9 (6.8)
Clinical stage

I 25 (19.1)

I 70 (53.4)

I 29 (22.1)

v 7{5.3)
ER

Negative 48 (36.6)

Positive 83 (63.4)
PR

Negative 73 (55.7)

Positive 58 (44.3)
HER2

0, 1+ 94 (71.8)

24, 3+ 37 (28.2)
pAkt

Negatijve 83 (63.4)

Positive 48 (36.6)
PTEN

ROH 100 (76.3)

LOH 31 (23.7)

Table 2 Association between pAkt expression and HER?2
expression, PTEN LOH and PR expression

Factors n pAkt P-value
Negative Positive
(n=283) {n = 48)
HER?2 overexpression
Negative 94 68 (72.3) 26 (21.7) =0.001
Positive 37 15 (40.5) 22 (59.5)
PTEN
ROH 100 71 (71.0} 29 (29.0) =0.002
LOH 31 12 (38.7) 19 (61.3)
PR
Negative 73 30 (53.4) 34 (46.6)  =0.011
Positive 58 44 (75.9) 14 (24.1)

Association of PTEN LOH and HER2
overexpression

We next examined the correlation between LOH at
PTEN locus and HER?2 expression. Of these 131 cases,
HER2 overexpression was recognized in 37 (28.2%)
cases. Interestingly, PTEN LOH also significantly
correlated with HER2 overexpression (P < 0.001)
(Table 3).
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Table 3 Association beiween PTEN LOH and HER2
QVerexpression
Variables n PTEN P-value
ROH LOH
(n = 100) (n=131)
HER2 overexpression
Negative 94 80 (85.1) 14 (14.9) <0.001
Positive 37 20 (54.1}) 17 (45.9)

Table 4 Expression of pAkt and PR by status of PTEN LOH
and HER?2 overexpression

PTEN LGH/ n pAkt PR
HER?Z overexpression

Negative Positive Negative Positive
(n=83) (n=48) (n=73) (n=>58)

ROH/Negative 80 62 (77.5) 18 (22.5) 33 (41.3) 47 (58.7)
ROH/Positive 20 9 (45.0) 11 (55.0) 14 (70.0) 6 (30.0)
LOH/Negative 14 6(42.9) 8(57.1) 10 (714) 4 (286)
LOH/Positive 17 6 (353) 11 (64.7) 16 (94.1) 1 (5.9)

Association between the coexistence of PTEN
LOH and HER2 overexpression and either Akt
activation or PR expression

Since PTEN LOH and HER2 overexpression were
unexpectedly found to be positively associated, we
investigated the influence of coexistence of PTEN
L.LOH and HERZ overexpression on Akt activation.
Expression levels of pAkt and PR by status of PTEN
LOH and HER? overexpression are shown in Table 4.
In order to elucidate the association between Akt
activation and the coexistence of PTEN LOH and
HER?2 overexpression, the multivariate exact logistic
regression analysis was performed in consideration
with the small sample size. As shown in Table 5(a),
odds ratios of PTEN LOH and HER2 overexpression

for Akt activation indicate that both were significantly
positively associated with pAkt expression level (odds
ratio are 2.87 and 2.79 with P = 0.0222 and P = 0.0384,
respectively). Akt was much more activated when both
PTEN LOH and HER2 overexpression coexisted
(odds ratio; 7.990) (Table 5(b)). In addition, the asso-
ciation between PR expression and the coexistence of
PTEN LOH and HERZ overexpression was analyzed
with the same method. Odds ratios of PTEN LOH and
HERZ overexpression for PR expression were 0.271
and 0.241 respectively, and these factors were also
significantly associated with the loss of the PR
expression (P = 0.0090, 0.0104, Table 6(a)). Intrigu-
ingly, PR expression was quite low in cases with both
PTEN LOH and HER2 averexpression (odds ratio;
0.065, Table 6(b)). These results suggest that the
coexistence of PTEN LOH and HER?2 overexpression
is considered to enhance Akt activation and thereafter
lead to a loss of PR expression.

Association between Akt activation and PR
negative expression in the ER-positive cases

From a previous study, activation of PI3K/Akt path-
way is considered one of the factors that inhibit PR
expression [27]. The mechanisms of negative regula-
tion of PR expression in ER-positive cases are con-
sidered very important, thus we analyzed the
relationship between Akt activation and PR expression
in the ER-positive cases. As shown in Table 7, posi-
tivity of PR expression was lower in the pAkt-positive
cases, although it was not statistically significant. In
addition, we also investigated the influence of the
coexistence of PTEN LOH and HER2 overexpression
for PR expression in the ER-positive cases by the
multivariate exact logistic regression analysis. PR

Table 5 Association between pAkt expression and coexistence of PTEN LOH and HER?2 overexpression

(a) Multivariate analysis by the exact Jogistic regression for pAkt expression

Odds Ratio 95% CI of P-value

(Odds Ratio
HER2 overexpression 2.868 (1.140, 7.242) =0.0222
PTEN LCH 2.786 (1.051, 7.511) =0.0384

(b) Odds ratios for pAkt expression influenced by coexistence of PTEN LOH and HER2 overexpression

PTEN LOH/ 0dds ratio

HER2 overexpression for pAkt expression
ROH/Negative 1.000
ROH/Positive 2.868
LOH/Negative 2.786

LOH/Positive 7.990
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Table 6 Association between PR expression and coexistence of PTEN LOH and HER?2 overexpression

(a) Multivariate analysis by the exact logistic regression for PR expression

0Odds Ratio 05% CI of P-value

Odds Ratio
HER?2 overexpression 0.271 (0.088, 0.749) =0.0090
PTEN LOH 0.241 (0.064, 0.750) =0.0104

(b} Odds ratios for PR expression influenced by coexistence of PTEN LOH and HER? overexpression

PTEN LOH/ Odds Ratio
HERZ2 overexpression for PR expression
ROH/MNegative 1.000
ROH/Positive 0271
LOH/Negative 0.241
LOBR/Positive 0.065

expression by status of PTEN LOH and HER2 over-
expression in ER-positive cases was shown in Table 8.
The odds ratios of HER2 overexpression and PTEN
1.OH are both estimated less than 1, giving suggestions
of those factors influencing the negative PR expression
{Table 9). The statistical tests for their associations did
not exhibit significant P-values because of, presumably,
inflations of the false negative rates due to the small
sample sizes (Table 9). Although we could not reveal
the association between the coexistence of PTEN LOH
and HER2 overexpression and PR expression in
the ER-positive cases in the sense of the statistical
significance in this study, further analyses with larger
sample size are expected to present the significant
association.

Discussion

As far as we know, this is the first report to show a
positive correlation between Akt activation with both
LOH at the PTEN locus and HER2 overexpression. In
addition, we also demonstrated that a coexistence of
LOH at the PTEN locus and HER2 overexpression
enhances the Akt activation and thus also induces a
loss of PR expression, even in ER-positive breast car-
cinomas.

AKYPKB is a serine/threcnine protein kinase, which
is a crucial regulator of widely divergent cellular pro-
cesses, including apoptosis, proliferation, differentia-
tion, and metabolism [1]. A disruption of normal Akt/
PKB signaling frequently occurs in several human
cancers, and this enzyme appears to play an important
role in cancer progression and cell survival {1]. Akt is
activated by a variety of stimuli, through growth factor
receptors such as HERZ, in PI3K-dependent manner.
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Table 7 Association between pAkt and PR expression in
ER-positive cases

Variables n pAkt P-value
Negative Positive
(n=57) (n = 26)
PR
Negative 31 18 (58.1) 13 (41.9) =0.1431
Positive 52 39 (75.0) 13 (25.0)

Table 8 PR expression by status of PTEN LOH and HER2
overexpression in ER-~positive cases

PTEN LOH/ n PR
HERZ2 overexpression

Negative Positive

{n=31) (n=52)
ROH/MNegative 65 21 (32.3) 44 (61.7)
ROH/Positive 6 1(16.7) 5 (83.3)
LOH/MNegative [ 3 (50.0) 3 (50.0)
LOH/Positive 6 6 (100.0) 0 (0)

Table 9 Association between PR expression and coexistence of
PTEN LOH and HER2 overexpression in ER-positive
cases—Multivariate analysis by the exact logistic regression for
PR expression

Odds 95% CI of P-value
Ratio Odds Ratio
HER?2 overexpression 0.708 (0.135, 4.076) =0.8944
PTEN LOH 0.186 (0.027, 0.92%) =0.0385

Another major mechanism of Akt activation is a loss of
the PTEN function [1, 2].

In this study, we showed that Akt activation was
significantly associated with HER2 overexpression
(Table 2). This result was expected from previous
studies [9-11].



Breast Cancer Res Treat (2007) 101:249-257

255

A loss of the PTEN function due to PTEN mutation,
1.OH at the PTEN gene locus, and epigenetic down-
regulation of PTEN expression have been reported in
nearly 50% of breast cancers and in many other cancer
types [12, 15]. In terms of structural alteration, muta-
tion of the PTEN gene is rare in breast carcinomas. On
the other hand, LOH at 10923 (PTEN gene locus) is
observed in approximately 30%—40% of all sporadic
breast cancers [17-19, 37]. In many previous studies,
however, an analysis of LOH was performed with
conventional assays for microsatellite alterations using
radiolabeled polymerase chain reaction {PCR) and X-
ray films or similar methods [17-19, 37]. The sensitivity
and accuracy of LOH detection is limited by these
assays, and consequently, LOH may often not be

Fig. 2 The proposed A
mechanism for the
coexistence of PTEN LOH
and HER2 on PR expression.
Both the HER2
overexpression and PTEN
L.OH can activate Akt.
Activated Akt represses the
ER-dependent PR
transcription, thus ieading to
a loss of PR expression (A)
Normal condition (B)
Coexistence of PTEN L.OH
and HERZ downregulates PR
expression via Akt activation

B

HER2

Growth faciors \'

sy P13
aver exXpression

interpreted accuratély. New techniques to label nucleic

acids with fluorescent dye compounds have evolved,
and a combination of fluorescent labeling and laser
scanning as in automated DNA sequencers, is now
used in a wide variety of nucleic acid analyses. In such
systems, the sensitivity and accuracy of quantitative
detection have improved. Indeed, the use of an auto-
mated sequencer for microsatellite analyses is now
increasing. We have developed a new fluorescence
system to analyze microsatellite alterations, and thus
assayed various kinds of malignancies {30, 31, 38-41].
To analyze LOH more precisely, we employed this
method for the LOH assay [32]. LOH at the PTEN locus
was observed in 31 of the 131 informative cases (23.7%).
The rate is lower than that described in previous

i

LOH at the PTEN locus

Activate
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reports. However, we think that our data are more
precise, because we employed a more accurate assay
and analyzed more cases than in previous studies.

A reduction of PTEN protein expression is associ-
ated with Akt activation [21, 23], however, there have
been no reports to indicate the relationship between
LOH of the PTEN locus and the activation of Akt. We
chose our system for LOH analysis to investigate the
aberration of PTEN function since it is more difficult to

assess a diminished expression of PTEN protein using -

immunohistochemistry. We evaluated Akt activation
by immunohistochemical staining of phosphorylated
Akt as previously reported [10]. LOH of the PTEN
locus was thus found to be significantly associated with
Akt activation (Table 2). PTEN LOH is therefore
considered to diminish the PTEN function, thereby
inducing Akt activation.

We unexpectedly found a positive correlation be-
tween PTEN LOH and HERZ overexpression (Ta-
ble 3), although the mechanism for this observation is
still unclear. We speculated that Akt might be more
activated in the cases with both PTEN LOH and HER2
overexpression. As shown in Table 5, the expression of
pAktwassignificantly associated with the coexistence of
PTEN LOH and HER?2 overexpression.

We found that Akt activation is inversely correlated
with PR expression (Table 2). In addition, the coexis-
tence of PTEN LOM and HER2 overexpression also
was found to enmhance a loss of PR expression
(Table 6). This association was even observed in ER-
positive patients, although the statistical tests for their
associations did not exhibit significant P-values
because of, presumably, inflations of the false negative
rates due to the small sample sizes (Tables 7-9). It has
recently been reported that the PR expression is
inhibited in breast cancer cells via the PIIK/Akt
pathway, not mediated via a reduction of ER levels or
activity, in an in vitro study [27]. This finding may
support our tesults, although additional studies are
required to fuily elucidate its mechanism. The possible
mechanism for these effects is illustrated in Fig, 2.

In conclusion, we herein showed that the Akt acti-
vation to be significantly associated with HER2 over-
expression or LOH at the PTEN gene locus, and a
reduced expression of PR. The incidence of Akt acti-
vation and a reduced PR expression was significant
when both LOH at the PTEN locus and HER2 over-
expression coexisted. Our results suggest that dysreg-
ulated HER2/AKt/PTEN in breast carcinoma may
therefore lead to loss of PR expression, and thus
resulting in a poor response to endocrine therapy,
however, further studies are required in order to elu-
cidate this mechanism more in detail.
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Abstract Differently from the conventional antineoplastic
agents, target-based drugs arc designed a prior, based on
our knowledge of various physiological molecules that has
been obtained by the development of molecular biology.
This “Copernican revolution” in drug development may
imply a paradigm shift in this field. However, contrary to
the initial expectations, many drugs developed by this ap-
proach are now faced with difficulties, mainly because of the
fundamental and theoretical limits of this approach. All of
the physiological functions are not always known in all tar-
get molecules. In low-molecular-weight drugs, i.e., “inhibi-
tors,” targets disperse, due to the structural similarities
in physiclogical molecules. This double-faced “out-of-
focusing” causes many problems in various steps of drug
development, drug design, clinical trials, and administration
to paticnts. Many drugs arc now being abandoned because
of unexpectedly lower response rates or unforeseeable ad-
verse effects, and the variety of the drugs exhibits a kaleido-
scopic appearance. The double-faced “out-of-focusing”
derives from the methodological limits in molecular biol-
ogy, i.e., elementalism, and limits in our techniques for drug
development. To overcome these currently inevitable
limits, it appears essential to elucidate the specific changes
in target molecules that chiefly promote tumor growth and,
consequently, strongly predict response to the administered
drugs. Precise and efficient detection of responder popula-
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tions is the key to the development and establishment of
target-based anticancer therapies.
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Introduction - from discovery to design: a
“Copemican revolution” in drug development?

In the past decade, a new approach for cancer treatment has
emerged. In contrast to conventional drug development,
this new approach, now widely referred to as “target-based”
therapies, employs drugs that have been designed to work
on a single molecule functioning in the body. Thus far,
drugs have been discovered by the screening and chemical
modification of naturally occurring compounds, according
lo biological, i.e., phenomenological, activities. Targel-
based drugg, on the other hand, are designed a priori, based
on the knowledge of each physiological molecule that has
been obtained by the development of molecular biology.
This dramatic change in methodology may imply a “Copes-
nican revolution” in drug development and a paradigm shift
in this field. However, contrary to the initial expectations,
many drugs that have been developed by this approach are
now confronted with difficulties. Although target-based
drugs are defined as those designed to target a single mol-
ccule in cells, they are, in fact, developed by the screening
and chemical modification of known inhibitors or newly
synthesized compounds, as are classical drugs. The excep-
lions are recombinant protein drugs and antibody drugs.
The latter, in particular, have become possible and available
because of the target-based approach. Low-molecular-
weight drugs, i.e., “inhibitors”, predominate in this field,
and a limited number of antibody drugs are now available
or being developed. Although some recombinant protein
drugs have been developed, none are now regarded as
promising. This discrepancy between the ideal and the real
in the technigues used for drug development underlies the
currently inevitable limits of the target-based approach.
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Furthermore, our knowledge obtained by molecular biol-
ogy and biochemistry is not always complete. Using only
these theoretically “elementalistic” methodologies, it ap-
pears difficult to fully understand cells or organisms, which
may form “complex” systems. This clementalistic tendency
in the methodologies underlying target-based drug develop-
ment also leads to its fundamental and theoretical limits, In
this article, we discuss the methodological aspects of current
problems in target-based anticancer therapies.

Current status of target-based anticancer
drug development

In Table 1, we have summarized studies of target-
based anticancer drugs reported at the American Society
for Clinical Oncology (ASCO) annual meetings from 2002
to 2005, and several intriguing tendencies can be seen in this
field. First, growth factors and their receptors predominate
as the target molecules. Particularly, higher priorities ap-
pear to be given to inhibitors of tyrosine kinase receptors,
except for the first tyrosine kinase inhibitor, imatinib, which
counteracts the disease-specific fusion gene product in-
cluding the nuclear tyrosine kinase, c-ABL. Second, low-
molecular-weight compounds referred to as inhibitors are
predominant. There are no recombinant protein drugs in
the Table, with the exception of angiostatin and endostatin,
which were developed, but have now been abandened.
Only two antibody drugs, bevacizumab and cetuximab, are
consistently being studied, although there are some anti-
body drugs that are now regarded as established target-
based anticancer agents. However, more importantly, the
most remarkable tendency in this field is that drugs have a
rapid turnover, with the life span of many drugs being short.
In Table 1, there are only four drugs that have been consis-
tently developed during this 4-year period. Although the
cost of development of each target-based drug is vast, many
drugs are being abandoned for various reasons, mainly the
unexpectedly lower response rates and unforeseeable ad-
verse effects. For the more efficient and effective develop-
ment of target-based anticancer agents, it appears to be
important to discuss carefully these negative aspects and
their causes in the development of this category of drugs.
We discuss these problems below.

Problem E mechanisms of action and drug design

Target-based anticancer agents can be classified into
two categories: {a) rccombinant proteins/antibodics and (b)
low-molecular-weight compounds. In drugs in the former
category, mechanisms of action appear simple and un-
equivocal (Fig. 1Ba). However, these agents test our
real and net knowledge of the physiclogical functions of
the molecuies in question. Angiostatin and endostatin are
examples of proteins that were regarded as candidates in
this category. Development of these recombinant protein

molecules phenotypes
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Fig. 1A~C. Schematic representations of the relationships among
drugs, target molecules, phenotypes, and effects, A Our viewpoint;
B recombinant proteinfantibody drugs; C low-molecular-weight drugs

drugs uncxpectedly faced a deadlock, since the initial
experimental results could not be reproduced in several
independent experimental systems. Apart from the lack
of reproducibility associated with technical problems,
this symbolic example indicates the fundamental and
theorctical limits of target-based drug development. In
[act, all of the physiological [unctions are not always known
in all the molecules regarded as a targets (Fig. 1A).
As another example, some matrix metalloprotease (MMP)
inhibitors were regarded as promising candidates as neo-



vascularization inhibitors, although they had been devel-
oped as inhibitors of invasive tumor growth. This example
also reflects the fundamental and theoretical limits of
target-based approaches.

It is evident that melecular biology and biochemistry
largely underlie target-based drug development, because
this approach address a single molecule that functions in the
body of an orgamism. However, as is widely recognized,
molecular biology and biochemistry are theoretically
clementalistic methodologies. Cells are “complex™ systems
in which the relationship between a parl and the whole is
not simple, as it is in a clock or a car, From these molecular
biclogy and biochemistry approaches only, it is sometimes
difficult to understand the real relationship between a part
and the whole, i.c., the functions of physiological molecules
and cellular phenotypes or phenomena in the whole body
of an organism. Nevertheless, molecular biology and bic-
chemistry are essential for molecule-based drug design.
Attention must be paid to the “understood” functions of
physiological molecules. Before designing target-based
drugs, it appears to be important to verify objectively all of
our knowledge of the physiological functions of the mol-
ecule in question. Thus, target-based approaches involve
fundamental and theoretical limits.

In drugs classified as low-molecular-weight compounds,
this problem becomes more critical (Fig. 1C}. As mentioned
above, many anti-receptor tyrosine kinase inhibitors are
now being developed. However, this category, tyrosine
kinase is comprised of vast numbers of diverse molecules.
In fact, receptor tyrosine kinases can be classified into four
subtypes, according to structural similarity, and the struc-
tures of the functional domains exhibiting tyrosine kinase
activily are very similar in each subtype.' It is now known
that an agent which was initially designed to target a single
tyrosine kinase molecule can exhibit its inhibitory effect on
other tyrosine kinase molecules, due to structural similarity
in the kinase domains. A typical example is imatinib
(8TI571; Gleevec). Imatinib was originally designed to
inhibit tyrosine kinase activity in the products of the
BCR-ABL fusion gene that is a hallmark of chronic myelo-
blastic leukemia (CML).” The tyrosine kinase activity in
BCR-ABL fusion proteins is derived from the umique
tyrosine kinase protein which functions in nuclei, c-ABL.
Because there is a similarity between the kinase domain
structure of c-ABL and those of other tyrosine kinases, such
as platelet-derived growth factor receptors (PDGFR) and
c-KIT, it has been demonstrated that imatinib also inhibits
the kinase activity in these other receptor tyrosine kinases.?
Indeed, imatinib has been tested to see whether it exhibits
growth inhibitory effects on gastrointestinal stromal tumors
(GIST) that overexpress c-KIT tyrosine Kinase," and it is
now the first-chojce drug for the treatment of this neoplastic
discase.

Similarly, SUS416° and SU6668° were initially developed
as imhibitors of vascular endothelial growth factor receptor
(VEGFR). Flt-1 (VEGFR-1), and Flk-1 (VEGFR-2).
These drugs have also been proven to inhibit other tyrosing
kinase activities, including PDGFR, fibroblast growth fac-
tor receplor (FGFR), and ¢-KIT.” Thus, in the category of
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low-molecular-weight compounds referred to as “inhibi-
tors,” molecular targets inevitably disperse, due to the
structural similarities in the functional domains between the
initially targeted molecules and related proteins. In CML, in
which tumor growth depends exclusively on the activity of a
single, unique, i.e., disease-specific, molecule, BCR-ABL
fusion protein, this problem does not emerge. However, this
case is exceptional, The BCR-ABL fusion gene is found in
leukemia cells in almost 100% of CML patients. On the
other hand, in almost all other malignancics, the contribu-
lion of a targeted molecule to lumor growth is not always
exclusive, and is sometimes marginal, and the extent of
contribution varies widely between individuals. This
problem leads directly to other problems concerning, for
eaxmple, clinical trials, criteria for administration, and ad-
verse effects, which are discussed below.

Problem 1I: clinical trials

In clinical trials in general, inflation of the false-negative
rate, in other words, decrease in the statistical power,
influences the results greatly, particularly when the fraction
of the drug-sensitive population in a trial is small compared
to the whole patient population.*’ The samiple size, i.e., the
number of patients, in clinical trials is generally determined
based on the cxpected difference of treatment effects be-
tween the experimental and control arms, with given & and
B levels. According to calculation by the logrank test, when
one requires 80% statistical power to detect an improve-
ment in 1-year survival from 10% to 20% with a two-sided
0.05 level of significance in a placebo-controlled parallel
group trial, 127 patients need to be randomized to each
treatment arm. This estimation is implicitly based on the
assumption that the drg should be uniformly effective in
all patients. However, if the drug has an effect only in a
limited fraction of the whole patient population (“re-
sponder fraction™) and the rest of the population has no
benefit from the treatment, the statistical power decreases
dramatically. Figure 2 shows the relationship between the
responder fraction and the statistical power. In the case that
the responder fraction is 30%, the false-negative rate
reaches 50%, which implies that studies are judged as nega-
tive with a one-in-two probability, despite the fact that the
treatment ftself has a clinical benefit. Needless to say, in
order to judge this case (o be positive with a higher prob-
ability, larger sample sizes are required. For positive results,
the sample size is inversely proportional to the responder
fraction.

When the dependence of tumor growth on a target maol-
ecule is not exclusive and, consequently, the sensitivity to a
drug targeting the molecule varies depending on the indi-
vidual, the responder fraction in the patient population is
limited, and studies trying Lo demonstrale a clinical benefit
of the treatment face difficulties. This problem may partly
cxplain the rapid turnover and the short life spans of target-
based anlicancer drugs.
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Fig. 2. Relationship between the vesponder fraction and statistical
power: a hypothetical calculation. The 1-year survival rates for the
experimental and control arms are assumed to be 20% and 10%,
respectively. Exponential distributions are assumed for both treatment
arms. Two-year accrual and 1-year follow-up periods are assumed

Problem IlI: criteria for administration

The problems concerning criteria for drug administration
are essentially the same as those discussed above. In the
section above, “Problem I mechanisms of action and drug
design,” it has been made clear that the significance of
target molecules in the pathological state in question, i.e.,
tumor growth, should be fully understood and established.
It is now widely accepted that genornic instability underlies
tumorigenesis in various neoplasms. Genomic instability
comprises the “mutator phenotype,” in which mutation
rates in the genome are markedly elevated and mutation
occurs in various genes, and the “chromosomal instability,”
which causes diverse abnormalities in chromosomal num-
ber and structure. These structural alterations of the ge-
nome frequently lead to the deregulated expression of
various genes. Therefore, particularly in cancer, found ge-
netic changes, either in the structure or in the expressicn
status, do not necessarily imply that tumor growth depends
on these changes. As discussed above, the fusion gene de-
rived from an abnormal chromosome translocation, BCR-
ABL, is found in almost 100% of CML patients, and the
growth of CML cells is entirely dependent on this chimera
gene. Indeed, the regulated expression of BCR-ABL causes
leukemia in a model sysiem using transgenic animals,”
Thus, the rationale for the administration of a tyrosine ki-
nase inhibitor, jmatinib, to patients with CML is unques-
tionable. Indeed, it is known that imatinib treatment of
CMI. shows high response rates. On the other hand, when
imatinib 1s administered to patients with gastrointestinal
stromal tumors (GISTs) that express a growth [zclor ty-
rosine kinase receptor, ¢-KIT, are the circumstances the
same?

Almost all GISTs express c-KIT. The problem is that c-
* kit mutations in regions including exon 11, which code the
transmembrane domain, are reported in GIST.M Inherit-
ance of these mutations is known to cause a familial predis-

position to GIST."? These c-kit mutations may alter the
tyrosine kinase activity in c-KIT proteins. In sporadic cases
of GIST, the [requency of these c-kit mutations is reported
to be lower than 70%.” It may be important to discriminate
GISTs depending on abnormally clevated tyrosine kinase
activity due to c-kit mutations from GISTs that simply ex-
press wild-type c¢-KIT molecules. In fact, it has been re-
ported that clinical outcomes in GIST patients differ widely
depending on the mutation status of the c-kif gene,” which
strongly supgests that tumor growth in GISTs with c-kit
mutalions, particularly mutations in exon 11, is highly de-
pendent on elevated tyrosine kinase activity in mutated c-
KIT molecules. However, at present, the rationale for the
administration of imatinib to patients with GIST is based on
the immunohistochemical confirmation of simple ¢-KIT ex-
pression in tumor cells. Interestingly, it was reported at the
ASCO 2003 meeting that other neoplasms expressing ¢-KIT
did not respond to imatinib treatment.

There is a similar problem in target-based therapies
for non-small-cell lung cancer (NSCLC). Gefitinib
(ZD1839; Iressa;) and erlotinib (OSI-774; Tarceva) inhibit
the tyrosine kinase activity in epidermal growth factor re-
ceptor 1 (EGFR1), which is frequently expressed in various
cancers, including NSCLC. These target-based drugs were
initially intended to be used for all patients with tumors
expressing EGFR. However, it was reported that tumors
with EGFRI mutations, particularly a 15-bp inframe dele-
tion in exon 19, were more sensitive to gefitinib than those
without the mutations.'*'"* However, Hirsch and colleagues™
reported that EGFRI amplification (to be precise, multi-
plicity in the copy number due to chromosome 7 polysomy
or aneuploidy) was more closely related to gefitinib/
erlotinib sensitivity. Although several comparative studies
have been done,’®™ there is still a controversy (Table 2). At
present, there seems to be a consensus that tumors harbor-
ing EGFRI mutations are relatively more sensitive to
gefitinib/erlotinib, and that tumors with these mutations
frequently carry EGFRI amplification. The problem is that
the tyrosine kinase activity in mutant EGFR1 has not been
biochemically determined. Mutant EGFR1 may be less ac-
tive, and cancer cells may try to compensate for insufficient
tyrosine kinase activity to promote cell growth with an in-
crease in the gene copy number, particularly when cells
have chromosomal instability. Gefitinib/erlotinib may be
more effective in such tumor cells. This may be one possible
explanation for the linkage. Needless to say, some fumors
may have only one copy of the mutated EGFRJ gene, and
other tumors may carty several copies of wild-type EGFRI
as a simple reflection of aneuploidy, because they are not
dependent on its tyrosine kinase activity. The most impor-
tant information is whether or not the tumor growth de-
pends on EGFR1 tyrosine kinase activities. The rationales
for the administration of these target-based drugs should be
based on this information. In anti-EGFR therapies in
NSCLC, clinical testing to determine the EGFRJ gene
structures may be regarded as routine in the near future.

There is a similar, but more serious problem with
trastuzumab (Herceptin). Trastuzumab is the first human-
ized monoclenal antibody drug that has been developed as
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a target-based anticancer agent. It reacts with an EGFR
family member, ErbB-2/HER2/NEU receptor tyrosine ki-
nase. As with imatinib therapy for GIST, the rationales for
the administration of trastuzumab are currently based on
the immunokistochemical grading of the HER2Z/NEU ex-
pression level in tumor cells. Efforts have been made to
achieve accuracy and reproducibility in the immunohis-
tochemical assays for HER2/NEU expression. However, it
is known that response rates are not different between pa-
tients with tumors that have different grades of HER2/NEU
- expression.”™ As in the case of EGFRI in NSCLC, the exist-
ence of c-erbB-2/c-neu gene amplification makes this prob-
lem more complicated. It has been reported that response
rates for trastuzumab treatment are relatively higher in
tumors with c-erbB-2/c-neu gene amplification than in
those without this gene amplification. On the other hand,
Baselga et al.™ reported that response rates and time to
progression were not different between HERZ/NEU-
overexpressing tumors and tunors with c-erbB-2/c-neu gene
amplification. Fluorescent in site hybridization (FISH)
performed on tissue specimens is currently used to detect
¢-erbB-Zlc-neu gene amplification. Interestingly, it is known
that tumors with c-erbB-Zic-new gene amplification,
confirmed by FISH, do not necessarily overexpress HER2/
NEU. Apart from technical problems in performing tissue
FISH, these observations suggest that the relationship be-
tween the expression level of a given gene and changes in its
structure, either mutation or amplification, is not simple as
has been expected.

What does tumor growth depend on? The answer to
this question is the only touchstone with which we can
rationalize the administration of target-based anti-cancer
drugs. Some tumors may be dependent on target molecules,
but others may not. Some genetic changes may reflect the
dependence of tumor growth on the elevated activity of
target molecules, but others may not. Comprehensive
and thorough studies to elucidate the complex relationships
among the structures, expression levels, and functions of
the gene in question are required. Once these relationships
are elucidated, it will be possible Lo establish a system
for accurate and, consequently, efficient clinical testing
to support target-based anticancer therapies. However,
there seems to be easiness in our approaches to clinical
testing for target-based therapies. Needless to say, cost-
effectiveness must be also considered. DNA sequencing,
which has recently become markedly easier than it used to
be. is still expensive and not available at all medical facili-
ties, while immunochistochemistry is relatively inexpensive
and widely available. However, once the specific genelic
changes on which tumor growth highly depends are found,
it may be possible to develop a new technique that is
specialized for detecting those changes and, is, conse-
quently, efficient and inexpensive. The devclopment of
commercialized custoin testing may also improve cost-
effectiveness in clinical testing for target-based anticancer
therapies.
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Problem IV: adverse effects

As stated earlier, all of the physiclogical functions are not
alwayvs known in all the molecules regarded as targets. In
the category of low-molecular-weight compounds, “inhibi-
tors,” molecular targets are disperse, due to the structural
similarities in the functional domains between the initially
targeted molecules and related proteins. This double-faced
out-of-focusing sometimes causes unexpected adverse ef-
fects of target-based anticancer agents, markedly delaying
clinical trial steps and sometimes leading to the abandon-
ment of development of the agent. This problem may partly
explain the kaleidoscopic changes in the variety of antican-
cer drugs in development, as discussed above (sec Table 1).
A symbolic example 15 an MMP inhibitor, marimastat,
which was initially developed as an inhibitor of invasive
tumor growth. The MMP family regulates physiological cell
traffic in fibrous tissue matrix, particularly in inflammation,
immune response, bone/cartilage repencration, and vascu-
larization, as well as regulating pathological processes
such as tumor invasion and metastasis. As a result, severe
arthralgia and bone pain were frequently observed in pa-
tients who received marimastat.™” This unforeseeable (buy,
in a sense, foreseeable) adverse effect finally led to suspen-
sion of the development of this drug. In the case of gefitinib,
its crucial side effect, pulmonary fibrosis, raised a social
prablem, and finally led to the suspension of governmental
approval of this drug in the United States.

Problem V: verification processes

‘When a new therapeutic approach has been introduced, it
appears to be important to examine the currently available
chinical results retrospectively, in order to establish its
significance. The first-generation target-based anticancer
drugs, i.e., imatinib, gefitimb, and trastuzumab, are now
regarded as established. As shown by the data in Table 1, it
is clear that combined therapies using these drugs and con-
ventional antineoplastic agents are now frequently being
tested. However, with these first-generation drugs, the over-
all response rates are not necessarily as high as initially
expected. Comprehensive and thorough studies of the gene
structure and the expression status, using clinically obtained
materials, e.g., tumor tissue specimens, may elucidate
specific changes in target molecules which chiefly promote
tumor growth and, consequently, strongly predict response
to the adrinistered drugs. In fact, such studies have already
been carried out in NSCLC patients treated with gefitinib/
erlotinib.'™ However, the conclusions of the studies differ
widely (Table 2). Necdless to say, carcful processing of the
statistical data is essential. In addition, it is also essential to
elucidate the qualitative (not biological but biochemical,
i.e., enzymological) differences among mutated EGFRI1
proteins and wild-type ones, which have not, thus far, been
addressed. The confusion in this field may be partly due to
a lack of this informaltion. Such basic studies are also re-

quired to be carried out in parallel with the re-examination
of the clinical data. Similar problems have also been raised
for imatinib, particularly for GIST, and trastuzumab.

All of the methodological problems discussed above
converge on the following two problems: (1) information
about the target molecules is never complete (Fig. 1A), and
(2) drugs never target only the target molecules (Fig, 1B,C).
The former problem derives from the methodological lirnits
of molecular biology and biochemistry, i.e., elementalism,
and the latter from the methodological limits in our tech-
niques for drug development. These limits are currently
inevitable. However, elaborative and careful verification of
the clinically obtained data, if supported by precise and
sensitive analyses, may provide us with important informa-
tion concerning criteria for drug administration and, conse-
quently, improve the efficacy of (reatment. Precise and
efficient detection of responder populations is the key to the
development and establishment of target-based anticancer
therapies.
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Summary

Taxanes are among the most active agents and they are now known to be an indispensable component in che-
motherapy for breast cancer. However, some patients are resistant to taxanes and the identification of the molecular
characteristics that can predict the sensitivity to taxanes would be useful in selecting the most appropriate patients
to receive taxane therapy. Taxanes are antimicrotubular agents that promote microtubular assembly and stabilize
microtubules by preventing depolymerization. They interfere with normal mitotic transition and causes cell cycle
arrest in the G2-M metaphase. CHFR (checkpoint with forkhead-associated and ring finger) is a recently identified
gene, which functions as an important checkpoint protein early in G2-M transition. Its activation delays the cell
cycle in prophase and promotes cell survival in response to the mitotic stress induced by either nocodazole or
taxane. CHFR is frequently downregulated in human cancers, mostly owing to the hypermethylation of its pro-
moter region. CHFR downregulation has been found in primary cancers or in the established tumor cells of various
origins, such as the lung, colon, esophagus, and stomach. The aberrant hypermethylation of CHFR promoter
appears to be a good molecular marker to predict sensitivity to taxanes in gastric, lung, and colon cancer, A
downregulation of CHFR was observed in breast cancer cells, however, no apparent promoter hypermethylation
has yet been reported. In addition, an alteration of the CHFR expression or aberrant promoter hypermethylation in
primary breast cancer has not been fully investigated. In this study, we examined the methylation status of the
promoter region of CHFR gene in 110 primary breast cancers. We observed the hypermethylation of the CHFR
promoter region in only one case (0.9%). We herein show that the aberrant hypermethylation of this region is quite
a rare event in primary breast carcinoma.

Introduction taxane. Several mechanisms have been attributed to

resistance to taxane; namely, the up-regulation of anti-
apoptotic Bel-2 family members, such as Bel-2 and Bcl-
xL [3], the up-regulation of membrane transporters [4],

Taxanes, such as paclitaxel and docetaxel, are among
the most active agents and they are known to be an

indispensable componeni in chemotherapy for breast
cancer. In addition to the regimens for metastatic breast
cancer, their incorporation into regimens for early
breast cancer is increasing in both necadjuvant and
adjuvant settings in the clinical treatment of breast
cancer [1,2]. However, some patients are resistant to
taxanes and the predictive factors regarding the sensi-
tivity to taxane have not yet been well defined. The
identification of the molecular characteristics to predict
the sensitivity or resistance to taxane would be useful for
selecting the most appropriate patients to receive taxane
therapy.

8o far, several studies have tried to identify the pre-
dictive factors that can help to determine sensitivity to

mutations in f-tubulin [5] and the up-regulation of
HER?2 [6]. However, these factors have not yet been
established as predictive factors for taxane sensitivity in
clinical use.

Taxanes are antimicrotubular agents that promote a
microtubular assembly from tubulin dimers and stabi-
lize microtubules by preventing depolymerization,
thereby interfering with normal mitotic transition. Be-
cause the microtubule dynamics are particularky critical
during mitosis, the disruption of the microtubule
dynamics by taxanes causes the cell cycle progression of
cells to be arrested in the G2-M metaphase [7]. Due to
this mechanism, the [actors related to the spindle
assembly checkpoint, such as Mad2, BubR 1 or p34edc2,
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have been reported to play an important role in taxane
sensitivity [8,9]. However, mutations of these mitotic
spindie checkpoint genes, including hsMAD2, hBUB]
and hBUB3, are rare [10-13].

CHFR (checkpoint with forkhead-associated and
ring finger) is a recently identified gene, which is
localized to chromosome 12q24.33 [14]). CHFR. func-
tions as an important checkpoint protein early in ihe
G2/M transition and its activation delays the cell eycle
in prophase, thus preventing chromosome condensa-
tion in response to the mitotic stress induced by no-
codazole or paclitaxel [14]. In addition, CHFR
promotes cell survival in response to mitotic stress.
CHFR is ubiquitously expressed in normal tissues,
however, it is frequently downregulated in human
cancers, mostly due to the hypermethylation of its
CpG island in the promoter region [15-22]. CHFR
downregulation has been found in primary lung, co-
lon, esophagus, nasopharyngeal and gastric carcino-
mas and tumor cells of lung, colon, esophageal, brain,
bone, gastric, nasopharyngeal and hematopoietic ori-
gin [14-22]. The aberrant hypermethylation of the
CHFR promoter has been reported to be a good
molecular marker for predicting sensitivity to micro-
tubule inhibitors such as docetaxel and paclitaxel in
colon, lung and gastric cancer [16,18,19]. In terms of
breast cancer, the downregulation of CHFR was ob-
served in breast cancer cells, however, no apparent
promoter hypermethylation has not been reported
[15,16). In addition, the alteration of the CHFR
expression or aberrant promoter hypermethylation in
primary breast cancer has not yet been fully investi-
gated. These facts prompted us to further investigate
whether alterations of CHFR occur in primary breast
cancer. In this study, we examined the methylation
status of the promoter region of the CHFR gene in
110 primary breast cancers. We observed the hyper-
methylation of CHFR promoter region in only one
case (0.9%). We herein show that the aberrant hy-
permethylation of this region is quite a rare incidence
in primary breast carcinoma.

Materials and methods
Specimens and extraction of genomic DNA

One hundred and ten primary breast carcinomas and
paired normal tissue specimens were obtained from
Japanese patients who underwent surgery at Depart-
ment of Surgery and Science, Kyushu University Hos-
pital, from 1994 to 2002. Informed consent was obtained
from all patients prior to tissue acquisition. Immediately
after resection, the specimens were placed in liquid
nitrogen and then were used for analyses of genomic
DNA. The remaining tissue specimens were routinely
processed for histopathological analyses by histopatho-
logical specialists in our hospital. The histopathological

diagnosis was determined according to the criteria of the
Japanese Breast Cancer Society 23].

Frozen tissue specimens were broken up in liquid
nitrogen and lysed in digestion buffer (10 mM Tris-Cl;
pH 8.0, 0.1 M EDTA; pH 8.0, 0.5% SDS, 20 pg/ml
pancreatic RNase). After treatment with proteinase K
and extraction with phenol, DNA was precipitated with
ethanol, and then was dissolved in 1 x TE (10 mM Tris—
CL pH 7.5, | mM EDTA).

Methylation analysis

Sodium bisulfite conversion of genomic DNA was per-
formed using the EZ DNA Methylation Kit™ (ZYMO
RESEARCH, Orange CA, USA), which integrates
DNA denaturation and bisulfite conversion processes
into a single step followed by rapid in-column desul-
phonation and DNA clean-up, according to the manu-
facturer’s instructions. Methylation-specific PCR (MSP)
was carried out with the following oligonucleotide
primers, which were designed to be specific to either
methylated or unmethylated DNA after sodium bisulfite
conversion as described above. Methylated DNA-spe-
cific primers were MF1 (forward; 5-ATATAATATGG
CGTCGATC) and MR1 (reverse; 5-“TCAACTAATCC
GCGAAACG). Unmethylated DNA-specific primers
were UF1 (forward; 5-ATATAATATGGTGTTG-
ATT) and UR] (reverse; 5" TCAACTAATCCACAAA
ACA} [18]. PCR amplification consisted of 35 cycles of
94 °C for 1 min, 58 °C for 1 min and 72 °C for 1 min
(MF1 and MR1); and 94 °C for I min, 48 °C for 1 min
and 72 °C for ! min (UF] and URI). The resultant
PCR products were separated on 2% agarose gel.
CpGenome™ Universal Methylated DNA (CHEM-
ICON INTERNATIONAL, Temecula, CA, USA),
which is enzymatically methylated human male genomic
DNA, was used as a positive control for methylation
specific PCR. Purified genomic DNA isolated from the
human placenta (BioChain Institute Inc. Hayward CA,
USA) was used as a negative control for non-mehylated
DNA. All analyses included positive and negative con-
trols were performed at least twice.

Results

Identification of aberrant hypermethylation of the
promoter region of the CHFR gene

We investigated whether the aberrant promoter hyper-
methylation of the CHFR gene was present in primary
breast cancer specimens based on methylation-specific
PCR (MSP). We investigated the specimens of 110 pri-
mary breast cancer cases in this study. We analyzed the
methylation status of the promoter region of the CHFR
gene, not only in genomic DNA from cancer tissue
specimens, but in the genomic DNA from paired normal
tissue specimens for all cases. Almost all cases were
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Figure 1. Methylation of the promoter region of the CHFR gene analyzed by MSP in primary breast cancers. No CHFR methylation was present
in these cases. The U lane represents the amplification of unmethylated alleles, while the M lanes represents that of methylated alleles. CpGe-
nome™ Universal Methylated DNA, which is enzymatically methylated human male genomic DNA, was used as a positive contrel (PC) and
purified genomic DNA isolated form human placenta was used as 2 negative control (NC) as non-mehylated DNA. T: tumor, N: normal.

negative for aberrant promoter hypermethylation of the
CHFR promoter (Figure 1). The aberrant promoter
hypermethylation was found in only one case of breast
cancer that we analyzed (0.9%) (Figure 2). This patient
had underpone surgery for colonic carcinoma 1 year
before the breast cancer, and she died due to cholan-
giocarcicona | year after the breast surgery. In addition,
her siblings alse had colorectal carcinoma and many
episodes of other cancers, including laryngeal or uterine
carcinomas, had occurred in this pedigree. She seems to
belong the hereditary non-polyposis colorectal carci-
noma {(HNPCC) family. We had already analyzed
macrosatellite alterations in this case. Intriguingly, this
case showed drastic macrosatellite instability as previ-
ously reported [24].

As a result, the aberrant hypermethylation of the
CHFR promoter was found to be quite a rare event in
primary breast carcinomas.

No, §728

Figure 2. A positive case showing the methylation of the promoter
region in the CHFR gene in primary breast cancer. CHFR methylation
was observed in only this one case oul of the 1]0 cases ol primary
breast cancer that we investigated. PC: positive control, NC: negative
control, T: tumor, N: normal.

Discussion

CHFR encodes a protein with FHA and RING finger
domains that plays a role in the mitotic checkpoint
pathway which regulates the transition from prophase
to prometaphase [14]. While normal human cells that
express CHFR show a delayed start of mitosis in the
presence of mitotic stress induced by microtubule-dis-
rupting agents such as nocodazole and paclitaxel, cancer
cell lines lacking CHFR enter metaphase prematurely
[14,19,22]. The epigenetic inactivation of CHFR is fre-
quently observed in human tumors [22], and the meth-
ylation of CpG islands in promoter region seems to be
correlated with CHFR silencing in several human cancer
cell lines and primary tumors, although the incidence
varies among those malignancies {(Table 1). The inci-
dence of the aberrant hypermethylation of the promoter
region of CHFR gene was (—100% in established cancer
cell lines and 10-60% in primary cancers
[15,16,18-20,25] (Table 1). However, the aberrant hy-
permethylation of the promoter region of CHFR gene
has not yet been reported in primary breast cancer.
Previous reports have suggested that the aberrant hy-
permethylation of CHFR promoter could be utilized as
a predictive factor of the sensitivity to taxanes in the
colon, lung and gastric cancer [16,18,19]). Erson and
Petty reported that a low CHFR expression was asso-
ciated with high mitotic indices in response to noco-
dazole treatment in the breast cancer cell lines, and that
the transfection of CHFR in one of these cancer cell
lines lowered the mitotic indices after nocodazole
treatment [26]. These findings encouraged us to investi-
gate the methylation status of the CHFR gene in pri-
mary breasi cancer, in which therapy taxanes are among
the most important agents. As far as we know, this is the
first report 1o investigate the aberrant hypermethylation





