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Fig. 2. Representative features of tissue-infiltrating FOXP3*, CD4*, or CD8* T lymphocytes. CH (A-D), AH (£-H), early HCC (/-L ), and MD HCC (M-P) by HE staining
(A, E 1, and M) and immunostaining for FOXP3 (B, £ J, and NV), CD4 (C G K, and 0), and CD8 (D, H, L, and P).
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was significantly hlgher in pnmary HCC than in IM (P = 0.003;
Fig. 4A). Also, the prevalence of Tregs in primary hepatic
adenocarcinoma was higher than that in metastatic hepatic
adenocarcinoma (P = 0.020; Fig. 4A). The prevalence of CD8' T
cells was compatable between primary and metastatic tumors.

Hepatitis viral infection and antitumor host immune re-
sponse. HBV or HCV infection is a risk factor for the
development of HCC (2), and it is also reported that these
chronic viral infections suppress the host immune response (2).
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prevalence of Tregs in nontum’

Some investigators have suggested that HCV infection increases
1CC development, although this remains to be proven (34).
The prevalence of Tregs in nontumorous liver of patients
infected with HBV or HCV was significantly higher than in
healthy liver (Fig. 4B), even in patients who were in the so-
called ‘carrier” stage, with infection but no detectable
manifestations or histologic changes. To investigate whether
Tregs affected the develop of primary liver tumors, we
compared the prevalence of T gs ] n 1ontumorous areas of liver

primary liver tumors. An interest

Prevalence of T cells (%)

patients beating HCC, ICC. or metas cancer, w
HBC infection. Number of cases tested in parentheses. C, prevalence of Tregs in

‘nontumorous liver of patients bearing HCC. Prevalence ofTregs in nontumorous liver

with or without (~) hepatitis B and/or C viral infection were significantly hlgher
than thatin healthy controls. umber of cases tested in parentheses,
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that in both HBV:- and HCV-infected: liver  was® intermediate
between that in HBV- and HCV-infected liver. These observa-
tions were also recognized ‘in patients with ICC (data not
shown).

Discussion -

Tumot-infiltrating lymphocytes represent the host immurie
response to a tumor, and include CD8* ¢ytotoxic T cells and
natural- killer ‘cells ‘as' positive responders and Tregs ‘as
immunosuppressors. There has been no large-scale or clinico-
pathologic study of Tregs in HCC and tumor-infiltrating
lymphocytes in hepatocarcinogenesis. In the present study, we
investigated the relationship between host immune response
and hepatocarcinogenesis, focusing especially on Treg infiltra-
tion. First, we showed the clinicopathologic significance of
Tregs among CD4" T cells infiltrating advanced HCC based
on the following findings: (a) the prevalence of Tregs in HCC
(n = 235) was significantly higher (P < 0.001) than that in
nontumorous liver (n = 248), which included healthy liver,
NCH, CH, PC, and LC. (b) Patients with HCC in the high-Treg
group showed a significantly lower survival ratio. Both overall
survival (log-rank test, P = 0.007) and disease-free survival
(log-rank test; P = 0.015) were lower than for patients with
HCC belonging to the low-Treg group. (c) Multivariate analysis
revealed that the prevalence of tumor-infiltrating Tregs was an
independent prognostic factor, along with Child-Pugh classifi-
cation and: presence of VP, for overall survival and that the
prevalence: of tumot-infiltrating Tregs and that of IM were
independent prognostic factors for disease-free survival. (d) The
prevalence of tumor-infiltrating Tregs was increased in poorly
differentiated HCC (Kruskal-Wallis test; P < 0.001). In
addition; we found that the prevalerice of tumor-infiltrating
Tregs increased in a stepwise manner ' (Kruskal-Wallis test,
P < 0.001), whereas the prevalence of CD8* T cells decreased
(Kruskal-Wallis test, P < 0.001) during the progression of
hepatocarcinogenesis. These findings suggest that Treg infiltra-
tion was closely correlated with the progression of neoplastic
cells in hepatocarcinogenesis. Furthermore; we showed that the
prevalence of Tregs was increased in nontumorous. liver tissue
from patients with primary hepatic tumors, regardless of the
presence of hepatitis virus infection or histopathologically
evident hepatitis or liver cirrhosis: This indicates that primary
hepatic tumors develop in liver, in which Tregs show marked
infiltration and immune reactivity is suppressed. This is the first
report to show that infiltration of Tregs is closely correlated
with the -development and progression of hepatocarcino-
genesis, and that the prevalence of Tregs is a useful prognostic
factor in patients with HCC. ' ,

It was reported previously that CD8* T cells infiltrating
tumors are associated with good prognosis (8; 9), and that
tumor-infiltrating Treg is increased in a variety of tumors
(21-28). A few studies have also investigated the clinicopath-
ologic significance of Treg infiltration (23-25), but conclu-
sions about its correlation with. prognosis were contradictory.
Marked infiltration of Tregs in cancer stroma was reported to be
an unfavorable prognostic factor in ovarian (23) and pancreatic
(25) cancers, and was associated with control of tumor
progression in head and neck cancers (24). No prognostic
influence of Tregs was found in anal squamous cell carcinomas
(35). In the present study, using multivariate analyses, we
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showed that the prevalence of Tregs in HCC was significantly
correlated with both overall survival and disease-free survival. A
high prevalence of Tregs was closely correlated only with
histologic grade among a number of clinicopathologic varia-
bles. These findings indicate that the prevalence of tumor-
infiltrating FOXP3* Tregs can be an independent prognaostic
factor for patients with HCC. In addition to the prevalence
of Tregs, our multivariate analysis revealed that among: 15
prognostic factors, Child-Pugh classification and the presence
of VP and IM were independent indicators of unfavorable
overall and disease-free survival, respectively, consistent with
previous: studies (36,:37). In contrast, infiltration' of CD8*' T
cells as well as perforin-positive cells (data not shown) in HCC
was found to have no prognostic significanice. A positive
prognostic effect of infiltrating CD8" T cells has been reported
in various solid cancers such as colorectal (8) and ovarian (9)
cancer. Only patients bearing HCC with exceptionally marked
infiltration of CD8" T cells were reported to have a good
prognosis (10). It is interesting that a negative prognostic effect
of CD8* T cell infiltration has been observed in virus-related
tumors, including EB virus-associated nasopharyngeal carci-
nomas: (38) and - human: papilloma virus=associated anal
carcinomas. (35). This effect observed in other tumors was
not observed in HCC, even though HCC is closely associated
with hepatitis virus infection, and might be attributable to an
organ-specific immune response.

In established HCC, Treg infiltration might play an impor-
tant ‘role in  tumor progression and clinical behavior by
modifying the host immune response. Furthermore, our data
showed that the prevalence of Tregs increased in a stepwise
manner from viral hepatitis containing CH; PC; and LC, to
precursor lesions of AH and AAH, early HCC, and advanced
HCG, indicating that Treg infiltration was closely involved in
the progression of hepatocarcinogenesis (P < 0.001; Fig.:3A).
It has been suggested that Tregs suppress the immtine response
through cell contact-dependent (12-14) or cell contact-
independent mechanisms (15, 16), and that immune suppres-
sion occurs in several steps (12, 14, 16). Various immune cells
could be the targets of Treg suppression, such as CD8* T cells,
CD4'CD25" T cells, B cells, natural killer ‘cells; natural killer
T-cells, and dendritic cells (12, 14, 16, 39, 40). In this study,
the prevalence of CD8' tumor-infiltrating lymphocytes was
found to decrease significantly during hepatocarcinogenesis
(P < 0.001; Fig. 3B), and this was inversely correlated with Treg
infiltration. The group of patients with advanced HCC showing
marked Treg infiltration showed a tendency to have a lower
prevalence of CD8" tumor-infiltrating lymphocytes (Table 2A).
Thus, it is possible that Tregs contribute to reducing ‘the
infiltration of CD8" T cells during hepatocarcinogenesis. Unitt
et al. reported that Tregs isolated from advanced HCC
suppressed the proliferation and perforin expression of
autologous circulating CD8* T cells (27).

Persistent viral infection requires host immune suppression.
CD4'CD25" Tregs have been reported to be linked to the
chronicity and progression of viral hepatitis in patients with
HBV or HCV infection by down-regulating the hepatitis virus-
specific T cell response (41-43). Our present observations
confirm marked infiltration of Tregs in the liver of patients
infected with HBV or HCV. Regardless of the presence of
hepatitis virus infection and histopathologic changes indicative
of hepatitis, the prevalence of Tregs in nontumorous liver tissue
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of patients bearing HCC was significantly higher than that in
healthy liver, but was slightly lower than that in liver with viral
hepatitis. It has been suggested that even in patients with HCC
of unknown etiology, immunosuppression might have started
ini the liver before tumor developmient. In patients with primary
hepatic adenocarcinoma, ICC, the prevalence of FOXP3" Tregs
in nontumorous liver without viral infection was also higher
than that in healthy liver. These findings suggest that primary
hepatic tumors can develop in the liver with a certain degree of
Treg infiltration. A subsequent increase of Treg infiltration
seemed to-accelerate the development of hepatic: tumors in
" patients infected with hepatitis virus, but not to a significant
degree: Further studies will be necessary to clarify the threshold
of Treg prevalence at which the risk of hepatic: tumor
development becomes high. The prevalence of Tregs in primary
hepatic tumors, both HCC and adenocarcinoma, was signifi-

cantly higher than that in metastatic hepatic tumors with the
corresponding histology. These findings support the hypothesis
that the development and progression of primary  hepatic
tumors involves high accumulation of Tregs.

In conclusion, our data suggest that Tregs play a role in
controlling the immune response to HCC from the precursor
stage to established cancer, and also that primary hepatic
cancers might develop in liver that is immunosuppressed by
marked infiltration of Tregs, regardless of the presence. of
hepatitis viral infection. A high prevalence of Tregs seems to be
an indicator of poor prognosis.

The authors thank Rie ltoh, Yuko Yamatichi, and Kaoru Onozato for technical
assistance.
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Prognostic Value of Tumor Architecture, Tumor-Associated Vascular
Characteristics, and Expression of Angiogenic Molecules in

Pancreatic Endocrine Tumors

YuTakahashi,"* Yuri Akishima-Fukasawa,' Noritoshi Kobayashi,' Tsuyoshi Sano,? Tomoo Kosuge,?

Yuji Nimura, Yae Kanai,' and Nobuyoshi Hiraoka'
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Pancreatic endocrine tumors (PETs) are uncommon neo-
plasms, ‘and their prognostication is: difficult when based
purely on the histologic architecture and cytologic featuires of
the tumor. Only the presence of distant metastases: and local
invasion to- surrounding organs is the definitive criterion of
malignancy: (1=3). -During the last few decades, various
prognostic variables representing the proliferative or invasive
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ability of tumor cells have been reported, such as tumor size,
mitotic rate, Ki-67 proliferative index, and presence of vascular
and perineural invasion (1-5). Other molecules have also been
reported to be prognostic variables, such as cytokeratin 19 and
CD99 (6,-7). The last WHO classification of PETs used some of
these variables, in addition to conventional histopathologic
tumor ‘typing (1). However, this is still not enough for
predicting the biological behavior of PETs because retrospective
studies have shown that patients with PETs classified as "“well-
differentiated endocrine tumors,” “benign tumors,” or “tumors
of uncertain behavior” sometimes suffer tumor recurrence or
die of the disease (4, 6). To identify more reliable prognostic
variables representing the biological characteristics of PETs, we
analyzed their histologic structure, focusing especially on the
solidness of the tumor growth pattern and attempted to classify
them. on: this basis. At the same time, we' examined the
characteristics of intratumoral (i.t.) blood vessels, a5 these are
closely associated with tumor architecture. In our experience,
microvessel density (MVD) is lower in areas where tumor cells
of PETs grow in a more solid pattern.

Normal ' endocrine tissues, including pancreatic islets *of
Langerhans and endocrine tumors, are characterized by high
vascular. density. In a murine pancreatic endocrine carcinoma
model, RIP1-Tag2 transgenic mice expressing the SV40 T antigen
in insulin-producing B cells, the tumor vasculature increases; and

4CIin Cancer Res 2007;13(1) January 1, 2007
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vascular morphology become abnormal during multistep
carcinogenesis (8, 9). Tumor-associated blood vessels in various
human cancers .are. structurally - and. functionally . abnormal,
showing increased permeability, delayed maturation, and
potential for rapid proliferation (10, 11). The vessel defects
may also facilitate hematogenous spread of tumor cells (12).
Angiogenesis is essential for tumor growth and also plays an
important role in hematogenous spread (13, 14). Measurement
of MVD using immunohistochemistry is a widely used method
for measuring angiogenic activity. Numerous studies have shown
that elevated MVD is a significant predictive indicator of poor
survival (13, 15). In human PETs, however, some recent studies
have shown that low MVD. is an unfavorable prognostic factor
(16, 17), whereas others have suggested that MVD is not a
predictive indicator of survival (18, 19). Thus, the relationship
between MVD and biological behavior in human PETs is still
controversial, although high MVD does not seem to be an
unfavorable prognostic factor. It has been shown that angiogenic
factors in many kinds of human cancers are related to metastatic
dissemination, tumor aggressiveness, and short patient survival
(20-22). Only vascular endothelial growth factor-A (VEGF-A)
has. been ‘studied in: human PETs, although there is still no
evidence that it ‘contributes to malignancy. or patient survival
(16-18). No attempt has been made to assess the prognostic
value of angiogenic factors other than VEGF-A in PEIs.

The aim of the present study was to investigate histologic
tumor architecture; tumor-associated angiogenesis, and expres-
sion of angiogenic molecules in a series of resected PETs and to
evaluate the potential prognostic significance of these variables.

Materials and Methods

Patients and samples.  This study was approved by the Ethics
Commitiee: of the National Cancer Center, Tokyo, Japan. Clinical and
pathologic data and the specimens’ used. for immunohistochemical
analysis were obtained through a detailed retrospective review  of the
tnedical records of all 37 Japanese patients with PETs who had undergone
initial surgical resectioni between 1981 and 2004 at the National Cancer
Center Central Hospital, Japan. The median age of the patients at surgery
was 55 years (range, 18-81 years; mean, 52.9 years). None of the patients

had received prior therapy and underwent potentially curative resection:
pancreatoduodenectomy in 19 cases, distal pancreatectomy in 12 cases,
tumor enucleation in 4 cases, and total pancreatectomy in 2 cases.
Tumors were dlassified according to the WHO dassification (1) into the
following groups: benign well-differentiated endocrine tumors (referred
to as WHO-1 in this report), well-differentiated endocrine tumors of
uncertain behavior (WHO-2); well-differentiated endocrine: carcinoma
(WHO-3), and poorly differentiated endocrine carcinoma (WHO-4).
Follow-up was available in all cases and ranged from 2 to.275 months
(median, 46.8 months; mean,’ 65.2 months). During the follow-up
period; nine patients presented with evidence of disease progression as
liver metastasis, and two of them presented with evidence of local
recurrence. The latest survival data were collected on December 31, 2004.
The total survival rate was 78% at' 5 years and 65% at 10 years. The
dinicopathologic features of the patients are summarized in Table 1.
Eight ‘variables. (large tumor size, presence of invasion to surrounding
organs, presence of lymph node metastasis, presence of hematogenous
metastasis, presence of vascular invasion, presence of perineural invasion,
absence of functional horimone syndrome; and high Ki-67 index) had
been reported to be unfavorable prognostic factors (1, 2). In our series; all
these variables except.“absence of functional hormone syndrome” were
dosely correlated with short survival (Table S1).

For histopathologic examinations, all. tissue specimen was cut to
make  sections. Four-micrometer formalin-fixed, paraffin-embedded
sections were. prepared and stained with H&E. Vascular invasion was
assessed by histopathologic’ examination, using H&E-stained " tissue
sections and sections stainied for elastic fibers with Maeda's resorcin/
fuchsin solution (Muto Pure Chemicals, Tokyo, Japan). With regard to
the structural pattern of tumor histology, tumors were divided into four
groups by the following criteria based on: predominant architecture
(Fig. TA-D): grade 1; tumors consisting of small nests (with 1-5 tumor

cells in the minor axis); grade 2; tumors consisting of moderate nests

(with 6-10 tumor cells ini the minor axis); grade 3, tumors consisting of
large solid nests (with >11 tumor cells in the minor axis); and grade 4,
tumors showing a diffuse growth pattern. The ratio of each solid grade
was. determined each tumor area in. middle-power view and was
calculated for the entire tumor area. Then the predominant grades were
determiined for each PET. PET with large solid nests was defined if there
was at least a large solid nest in the tumor, regardless of the overall solid
grading, Grading was carried out by two observers independently.
Immunohistochemistry. . Immunohistochemistry. was done on the
formalin-fixed, paraffin-embedded tissue: sections using the avidin-
biotin complex method as described previously (23). We used 4-um-
thick ‘sections of representative blocks with ‘antibodies against the

Table 1. Summary of patients’ demographics =
Variables WHO-1 (n = 6) WHO-2 (n ='14) WHO-3 (n = 15) WHO-4 (n-= 2) Total
Sex (male/female) 2/4 6/8 6/9 /1 15/22
Median age (y) 58.5 55.5 ~52 30 55
Functional hormone syndrome® 0 2 2 0 4
Mean tumor size (cm) 1.2 3.6 6.4 10.0 4.7
Invasion to surrounding organs 0 0 10 2 12
Lymph: node metastasis 0 0 13 2 15
Hematogenous metastasis’ [+ 1 8 1 10
Vascular invasion 0 4 13 2 19 i
Perineural invasion 0 3 10 2 15
Ki-67 labeling index >5 0 4 10 2 16
Follow-up
Alive and well without disease 5 13 7 1 26
Alive with disease 0 0 3 0 3
Dead of disease 0 1 4 1 6
Dead of other cause 1 0 1 0 2
*Four patients showed the clinical-manifestation associated with hypersecretion of insulin in two cases: glucagon in one and gastrin in another.
tTurmoF metastasized to liver or other organs by hematogenous spreading before and/or after the surgical resection of PETs.
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following: chromogranin A (poly; 1:500), synaptophysin (poly; 1:50), Immunofluorescence double staining. - Immunofluorescence double
. neuron specific enolase (BBS/NC/VI-H14; 1:100), €D31 (JC/70A; staining was done on 30-pm-thick, formalin-fixed, paraffin-embedded

1:50), CD34. (QBEnd 10, 1 100) Factor VIII (pol' 1: 1000) a-smooth tissue sections as described previously (24) with some modifications.
muscle acnn (a; L _ All antibodies were diluted in 0.2% Triton X-100 and 5% skim milk

in TBS-T. a-SMA anngens ‘were stained by the CSA system (DAKO)
f w1th our kmodlﬂcatlon,;and thenk CD31 was stamed w1th CSAIL

pe:ature After
L glycine/HCI,

 15-mW. Kr/Ar laser. The

10 min for Aimge
' d fused to make three-

chromogen, and th
semiquantitative asse
VEGF-A and CX€I
tion of positive tum
value of 0-9) was

and area of
ref. 23) The uppe

agnification of x200. The
t two branches in each field
ach tumor was calculated,
gth. To estimate variability
12 randomized fields were
f X400. The maximum and
Is between the closest two
he average of the difference
normality of blood vessels
istortion, i.t. vessels were
sponded to regular vessels

detachment of antil
done to detect C]
as a purple-color
Evaluation of i.

To evaluate the

‘lnod vessels

as the endothelial cell
fmdex (EPI) was defined as

t nonparametric tests were used instead when
an mo categones Differences at P < 0.05 were

average counts for the three fields were calculated For'sohd area MVL
{S-MVD), the H&E-stained tissue se 1ons"Wete s,‘c’;reenecl,,l,ff,‘, d we
selected three areas showing the most solid growth pattern Ir

cells, which often contamed large sond nests or a dif

no access to the patient data, evaluated mdependently MVD, morpho- -
‘metrical vessel characters, and prohferatmg endothelial cells described

below. Their final value was the average of the value counted by the twok .
observers. To assess intraobserver reproducibility, several tissue sections ngth was studied to clarify whether it could predict tumor

“were counted thrice by each observer. To assess interobserver 'beh;a;‘,’l‘?rk In,l,tlallw we classified PETs into four categories based
reproducibility, 10 data counted by each observer for the same tumor ~ on the solidness of the predominant tumor histology, ranging
from grade 1, which was least solid, to grade 4, which showed

gic structural pattern.  The histologic pattern of tumor

were compared (16).
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the most solid and diffuse growth (Fig. 1A-D). Most of the PETs
were classified as grade 1 (19 of 37; Table 2), which included
tumors with a predominant histologic structure showing a thin
trabecular, gyriform, or pseudoglandular pattern. All" of the
grade 3 PETs belonged to WHO-3, and grade 4 PETs belonged
to WHO-4. There was no significant correlation between any of
the grades and disease-free survival, but disease-free survival
became closely correlated when grade 1 and 2 PETs were
combined (Fig. 2A).
We then selected PETs that had a “large solid nest” defined as
-the presence of =211 tumor cells in the minor axis; independent
of the overall tumor histologic pattern (Fig. 1E-G). Twenty PETs
| had large solid nests, incuding five grade 1 PETs; seven grade 2
PETs, and eight grade 3 and grade 4 PETs (Table 2): Interestingly,
all' the patients that suffered: tumor recurrence had' PETs with
large solid nests, and all the patients without large solid nests
remained disease-free. The presence of large solid nests was a
significant factor correlated with disease-free survival (log:rank
test, P =0.003; Fig. 2B). The presence of large solid nests was
significantly correlated with tumor size {P. = 0.008); invasion to
surrounding organs (P = 0.002), lymph node metastasis (P =
0.018), hematogenous metastasis (P'= 0.0006), vascular invasion
(P'=0.0002), and Ki-67 index (P = 0.007; Table S1).

MVD. - The relationship ‘between ‘MVD and: biological
behavior in human PETs is controversial {1618}, probably
as a:tesult of how MVD is counted. To clarify whether MVD is
related to tumor behavior and to select the best way to count
MVD, we tried to measure MVD-of PETs using three different
counting methods (Materials and Methods; Fig. 1H and 1); Av-
MVD, hotspot MVD; and S-MVD. Av-MVD ranged from 59.4 to
4235 vessels per field (mean, 189.1; median, 167.6); hotspot
MVD ranged from 132.3 to 625.0 vessels per. field (mean,
288.3; median, 268.0); and S-MVD:'ranged from 30.0 to 468.3
vessels per field (mean, 161.5; median, 132.3). Av-MVD and S-
MVD decreased according to the progression of PETs by the
WHO dlassification, ‘and this was statistically 'significant
{Kruskal-Wallis test: Av-MVD, P- = 0.010; S-MVD, P = 0.003;
Fig. 3A and Fig. S1). Hotspot MVD did not show apparent
differences among the WHO classes (P = 0.500; Fig. $1). When
all the PETs were divided into two groups based on median
MVD; the high MVD group showed longer patient survival than
the low MVD group (Fig. 3B and Fig. S1). The difference was
clearer for S-MVD (log-rank test, P = 0.002); and the high
S-MVD group. included no patients with recurrent tumors.
S-MVD was significantly correlated with tumor size (P = 0.002),
invasion to :surrounding organs (P = 0.001), lymph node
metastasis: (P = 0.0006), hematogenous metastasis (P =
0.0004), vascular invasion (P < 0.0001), perineural invasion
(P = 0.007), and Ki-67 index (P = 0.0002; Table S1).

Vascular ECP. The dynamics of neoarigiogenesis in PETs
was assessed by ECP (Materials and ‘Methods; Fig. 1J). ECP
ranged from 0 to 26 (mean, 7.59; median, 7). Surprisingly, the
ECP was higher in low $-MVD tumors (P = 0.011; Fig. 3C). EPI
(Materials “and Methods; range, 0.00-0.27; mean, 0.057;

‘Table 2. Relationship between histologic
structural grades or tumors with large solid nests -
~ and WHO classification of pancreatic endocrine .
ctumors -

Grade 1 - Grade 2 Grade 3 Grade 4 Total cases

WHO-1  4(1) 2(2) 0 a 6 (3)
WHO-2 11 (2)* " 3(1) 0 20 14 (3)
WHO-3  4(2)™ 5(4)* 6(6)** 0 15 (12)
WHO-4 0 0 0 2(2)* 2(2)
Total 19(5) 10(7) 6(6) 2(2) 37 (20)

NOTE: The numbers of patients with PET having large solid nests
are in parentheses.

*n number of asterisks (*) represent numbers of patients with
PET recurrence.

median, 0.038) was also higher in PETs with low S-MVD-and
was significantly correlated with WHO classification (Kruskal:
Wallis test, P = 0.001; Fig. 3D). When' patients were divided
into two groups by the median EPI, the high EPI group showed
significantly ‘shorter. diseasesfree survival than the low EPI
group (log-rank test, P = 0.005; Fig: 3E). EPI was significantly
correlated with tumor size (P < 0.0001), invasion to surréund-
ing organs (P = 0.005), lymph node metastasis (P = 0.020),
hematogenous- metastasis. (P = 0.003), vascular invasion
(P'<0.0001); and Ki-67 index (P = 0.0008; Table S1).
Vascular characteristics. - We then analyzed the structures of
blood vessels to determine whether blood vessels change to
pootly. formed vessels with multiple: abnormalities, in associa-
tion with tumor progression.: We analyzed 9 PETs with high
S$-MVD ‘and 13 PETs with low' S-MVD' that were available for
immunofluorescence analysis using 30-um-thick tissue sections
stained for  CD31 and o-SMA. There wete  fine mesh-like
structures consisting of smooth,  thin, and relatively regular
vessels in: tumors with high 'S-MVD (Figs.: 1H and 4D-F). The
rough structure of the vasculature in tumors with high S-MVD
was - similar to ' the vascular features of normal islets of
Langerhans (Fig: 4A-C); although the vessels in the tumors were
thick, and their detailed structures were itregular. In contrast, the
vasculature in PETs with low S$-MVD was less branched and
relatively straight (Fig. 4]), consisting of thicker, more irregularly
shaped and often distorted vessels (Figs. 11, 4G-I and 4L). In
high-power view, instead of mature branches, there were many
very small and irregular buds on the vessels, which showed
highly abnormal features (Fig. 41). o-SMA —positive cells covered
these irregular buds. The luminal diameter of vessels was more
variable in PETs with low S-MVD than in PETs with high §-MVD
(Fig. 4K). Almost all the i.t. blood vessels were covered by
a-SMA - positive mural cells, although «-SMA = positive multiple
layers were often observed in PETs with low S-MVD. These
findings indicated that i.t. blood vessels in PETs with low S-MVD
were poorly formed blood vessels with multiple abnormalities,

www.aacrjournals.org

Fig. 1.- A 1o D, histologic structural grading of PETs based on the degree of solid growth of tumor cells in the predominant architecture. Grade 1 tumor consists of small hests
(A). Grade 2 tumor consists of moderate nests (8). Grade 3 tumor consists of large solid nests (C). Grade 4 timor grows in a diffuse solid pattern (D). £to G, large solid riests.
Tumor cells proliferate predominantly in a trabecular pattern and sometimes form large solid nests focally in low-power view (£). Middle-power view of large solid nests (F)
and trabecular pattern (G ). H to M, immunohistochemistry. CD34labeled endothelial cells are detected in PETwith high MVD. (/) and in' PET with low MVD. (/) in low-power
view.J; CD34 (purple) is expressed in vascular endothelial cells, and nuclei of proliferating cells are labeled by Ki-67 (brown) in high-power view; Arrows; proliferating
endothelial cells. K, VEGF-A stained in cytoplasm of PETcells in middle:power view. CXCL-12 stained in PET cells (L) and blood vessels (M) in'middle-power view.
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Fig. 2. Kaplan-Meier survival curves of the 37 patients with PETs. A, PETs are
classified by predominant histological structures into four grades. There was no
significant correlation between this classification and disease-free survival. 8, PETs
are divided by the presence or absence of large solid nests. Patients with PETs
showing large solid nests had significantly shorter disease-free survival (log-rank
test, £ =0.003).

whereas blood vessels in PETs with high S-MVD still ‘had: the
characteristics of endocrine organs.

Expression of VEGE-A and CXCL-12 in PETs. To assess the
angiogenic factors in PETs, we analyzed the expression of VEGF-A
and CXCL-12 in tumor cells and it blood vessels by
immunohistochemistry (Fig. 1K-M). CXCL:12 is known to be a
CXC chemokine involved in the recruitment of circulating
endothelial progenitor cells from bone marrow to the target
organs (27, 28). High expression of CXCL-12 in tumor cells was
significantly correlated with high EPI (P = 0.020; Table 3) and
low S-MVD (P = 0.0006; Table 3), although expression of
CXCL-12 in i.t; blood vessels and VEGE-A expressed in tumor
cells did not closely correlate with: EPI and S-MVD  (Table 3).
High expression of VEGF-A in tumor cells was significantly
correlated with high expression of CXCL-12 in i.t. blood vessels

Clin Cancer Res 2007;13(1) January 1, 2007

(P < 0.0001). but not to: other clinicopathologic variables,
including expression of CXCL-12 in tumor cells (Table 3): A high
value of CXCL-12 in the tumor was significantly correlated with
marked vascular invasion (P = 0.0006), the presence of hemato-
genous metastasis (P = 0.006), large tumor size (P = 0.035), a high
Ki-67 index (P = 0.006), and the presence of large solid nests
(P =0.018). Furthermore, PETs having high amounts of CXCL-12
in the tumor cells were closely correlated with a shorter disease-
free patient survival rate (log-rank test; P = 0.018; Fig. 3F).

Discussion

In: this study, we found a new histologic marker for
predicting the: biological behavior of PETs (i.e, “the presence
of focal :large solid nests”), which is independent of the
predominant histologic structure. Then we measured S-MVD
and showed a close correlation between low MVD. and an
unfavorable prognosis® in. PETs.. Paradoxically, i.t.:vessels of
PETs with ‘a high MVD: showed low EPI and: vice: versa.
Morphometric analysis showed that blood vessels in PETs with
low. MVD: were more poorly formed and had:more irregular
and abnormal features, whereas blood vessels in PETs with high
MVD showed relatively regular mesh-like features similar to
vessels in normal islets of Langerhans. These findings imply
that a high MVD seems to be a characteristic of blood vessels in
islets of ‘Langerhans, and that EPl can be a hallmark of
angiogenic activity: in tumor-associated blood vessels: in. PETs.
Ouir data also suggest that EPI and S-MVD are predictors of the
biological behavior of PETs. We analyzed angiogenic factors in
PETs and found that high EPI and low MVD were significantly
correlated with high expression of CXCL-12 in tumor cells but
not with the expression of CXCL-12 in i.t. blood vessels and
VEGF-A. Combined with the data for the relationship between -
CXCL-12 and other variables, it is suggested that CXCL-12
produced in tumor cells is involved in' the angiogenesis. of

- tumor-associated vessels and: hematogenous spread as well as

proliferation of tumor cells and thus may contribute to. the
aggressiveniess: of PETs. CXCL-12 is: the first molecule to be
highlighted as a possible angiogenic factor playing important
roles in the neoangiogenesis of PETs. Thus, we have provided
novel data on the prognostic features of tumor architecture and
tumor-associated angiogenesis in PETs.

In: contrast to: the predominant histologic’ structures; the
presence ‘of focal large solid nests delineated 'PETs with
aggressive behavior. Even in grade 1 and 2 PETs, patients with
large solid nests had significantly shorter disease-free survival
than patients without them (P = 0.024). Interestingly,
metastatic PETs showed almost the same histologic architecture .
as the original pancreatic tumors and were not occupied by
tumor cells with solid growth: These findings suggest that
tumior cells in large solid nests are not more progressed or more .
malignant than their origin, and that the presence of large solid
nests represents. the potential for tumor malignancy.

By comparing three methods for evaluation of MVD, we found
that the best variable for predicting the representative biological
characteristics - of | PETs .was ' S-MVD. This  seems reasonable
because in PETs, we showed that a focal tumor structure showing -
the most solid growth represents the behavior of the tumor as a
whole. Morphometric analysis also showed that irregularity and
abnormality of i.t. blood vessels were associated with tumor
growth. pattern where . the vessels were present. These findings

wwwi.aacrjournals.org
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imply that tumor architecture is closely correlated with local
- vessel formation, and that tumor cells and blood vessels seem to
be a pair of components within a single structure.

Our results indicate that EPI and MVD can be prognostic
variables in patients with PETs. Abnormal tumor-associated
blood vessels tend to grow rapidly (10), consistent with the fact
that PETs with more poorly formed blood vessels have a high

 prognostic factor in endometrial carcir

- EPIL EPI is also significantly correlated with hematogenous

spread (vascular invasion, P < 0.0001; hematogenous metas-
tasis, P = 0.003) and survival (P = 0.005) in PETs. Recently,
similar results were indicated in the other tumor by Stefansson
et al. That is, increased vascular proliferation was Aassociated
with aggressive features of tumors ‘and was an independent

B

Fig. 3. ‘A, C, and D, relationship between
vascular index and WHO classification.

B E, and £ Kaplan-Meier survival curves
of 37 patients with PETs. 4, S-MVD
significantly decreased according to
progression of PETs in terms of the WHO
classification (Kruskal-Wallis test,

P =0.003). B. patients were divided into
two groups by median S-MVD. The high
S-MVD group showed significantly fonger
survival than the low S-MVD group
(log-rank test, P.= 0.002). C. EPC
significantly ir ed i
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What kinds of molecules are involved in tumor-associated
angiogenesis in PETs? It has been reported that in many kinds of
cancers VEGF produced in tumor cells accelerates tumor-
associated angiogenesis, leading to tumor growth and a high
frequency of hematogenous tumor cell spread (14). VEGF-A
expression in PETs is reported to be not closely correlated
with MVD (16, 18) or to be closely correlated with high MVD
(17). In our series, there was no close correlation of VEGF-A
expression with growth of blood vessels, hematogenous spread,
or tumor growth in PETs, but with high expression of CXCL-12
in i.t. blood vessels. CXCL-12 has chemotactic activity for leu-
kocytes (28) and stem cells (29). Grunewald et al. reported that
VEGF-A induces adult neovascularization mediated by CXCL-12
expression in the microenvironment. VEGF-A recruits endothe-
lial progenitor cells from the bone mamow to the blood and
induces expression of CXCL-12, which traps and correctly posi-

tions endothelial progenitor cells around growing vessels in
tissues (27). Our study suggested that VEGF-A induced the
expression of CXCL-12 in tumor vessels, although such events
did not lead to tumor-associated neoangiogenesis in PETs. In
contrast, high EPI was closely correlated with high CXCL-12
produced in tumor cells (P = 0.020). High expression of CXCL-
12 in tumor cells was also positively correlated with variables of
hematogenous tumor spread (versus vascular invasion, P =
0.0006; versus hematogenous metastasis, P = 0.006) and tumor
growth (versus tumor size, P = 0.035; versus Ki-67 index, P =
0.006) and also with shorter patient survival (P = 0.018). These
findings suggest that CXCL-12 produced in tumor cells is
involved in the aggressive features of tumor mediated by
neoangiogenesis and tumor growth. Orimo et al. reported that
carcinoma-associated fibroblasts in breast cancer secrete CXCL-
12, which promotes the growth of the tumor cells both directly

Fig. 4. Characterization of tumor-
associated blood vessels in double
immunofluorescence examination of

CD31 (green) and a-SMA (red) using
30-um-thick sections. Normal islet

of Langerhans in low-power (A),
middle-power (B), and high-power (C)
view. PETwith high S-MVD in low-power
(D), middle-power (£), and high-power (F)
view. PETwith low S-MVD in low-power
(G), middle-power (+), and high-power
(/) view. J to L, morphometric analyses

of PETs. L.t. blood vessels were examined
for unbranched vessel length (J), variability
of luminal diameter (K), and vessel
irregularity (L).
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Table 3. Relationship between clinicopathologic variables and VEGF-A or CXCL-12
Variables n VEGF-A CXCL-12 in tumor cells CXCL-12 in blood vessels
High Low P High Low P High Low P
(n =19) (n-= 18) {(n =19) (n-=18) (n'=19) (n:=18)

Age (y)
<55 19 8 11 NS 8 11 NS 8 11 NS
>55 18 10 8 7 11 i1 7

Sex
Female 22 13 9 NS 10 12 NS 13 9 NS
Male 15 S 10 5 10 6 9

Functional hormone syndrome
Absence 33 16 17 NS 14 i9 NS 17 16 NS
Presence 4 2 2 1 3 2 2

Tumor size (cm) :
<2 13 3 10 0.038 2 11 0.035 4 9 NS
>2 24 15 } 9 13 11 15 9

Invasion to surrounding organs
Absence 25 12 13 NS 7 18 NS 15 10 NS
Presence 12 6 6 8 4 4 8

Lymph node metastasis
Absence 22 8 14 NS 6 16 NS 11 11 NS
Presence 15 10 5 9 6 8 7

Hematogenous metastasis* :
Absence 27 12 15 NS 7 20 0.006 13 14 NS
Presence 10 6 4 8 2 e 4 :

Vascular invasion
Absence 18 6 12 NS 2 16 0.0006 9 9 NS
Presence 19 12 7 13 6 10 9

Perineural. invasion
Absence 22 10 12 NS 7 15 NS 12 10 NS
Presence 15 8 7 8 7 7 8

Ki-67 labeling index
<5 21 8 13 NS 4 17 0.006 9 12 NS
>5 16 10 6 1% 5 10 6

Histologic structural grades
1+2 29 15 14 NS 10 19 NS 18 11 0.019
3+4 8 3 5 5 3 1 7

Large solid nests
Absenice 17 7 10 NS 3 14 0.018 9 8 NS
Presence 20 i1 9 12 8 10 10 k

S-MVD :
High 18 7 11 NS 2 16 0.0006 10 8 NS
Low 19 11 8 13 6 9 10

EPI
High 18 11 7 NS 11 7 0.020 10 8 NS
Low - 19 7 12 4 15 9 10

VEGF-A
High - 18 10 8 NS 16 2 <0.0001
Low 19 5 14 3 16

CXCL-12 in tumor cells
High 15 10 5 NS 8 7 NS
Low 22 8 14 11 11

CXCL-12 in vessels
High 19 16 3 <0.0001 8 11 NS
Low 18 2 16 7 11

Abbreviation: NS, not significant.

*Tumor metastasized to liver or other organs by hematogenous spreading before and/or after the surgical resection of PETs.

and indirectly, and promotes neoangiogenesis by recruiting endo-
thelial progenitor cells (30). Finally, high expression of CXCL-12
in tumor cells had a close correlation with the presence of large
solid nests (P = 0.018). It is possible that CXCL-12 produced by
tumor cells may mediate the formation of focal solid structires
by a pair of solid growing tumor cells and their surrounding
tumor-associated blood vessels with highly abnormal features.
Furthermore, it is suggested that interrupting the angiogenic

www.aacrjournals.org
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pathway mediated by CXCL-12 may provide a novel and efficient
antiangiogenesis strategy for the treatment of PETs.
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Abstract

Somatic mutations of the fibroblast growth factor receptor 3 (FGFR3) gene were detected by peptide nucleic acid (PNA)-mediated
real-time PCR clamping. Mutation was detected in negative control containing only wild-type DNA due to a misincorporation of dNTPs
to PNA binding sites when the amount of template DNA was decreased to 1 ng. Thus, the amount of template DNA was critical deter-
minant of the assay sensitivity in PNA-mediated PCR clamping. Assay conditions were optimized to detect FGFR3 mutations in exons 7,
10, and 15, at a concentration of more than 1% mutated DNA using 50 ng of genomic DNA as the template. Mutations were detected in
12 6f 13 (92.3%) tumor tissues and 11 of 13 (84.6%) urine samples from patients with superficial bladder cancer, while no mutations were

detected in tissues and/or urine samples from patients with muscle-invasive bladder cancer or chronic cystitis:

©:2007 Elsevier Inc. All rights reserved.

Keywords: Superficial bladder cancer; FGFR3; Mutation; Peptide nucleic acid; Real-time PCR

Bladder cancer is one of the most common malignancies
worldwide, In the US, bladder cancer is the fourth most
common malignancy in men and the ninth in women; there
were some 63,210 new casesin 2005 [1]. Urothelial cell car-
cinoma (UCC) is a histological subtype accounting for
more than 90% of all bladder cancers. Bladder UCCs are
generally divided into two groups for clinical management,
depending on the pathologic stage. The majority of newly
diagnosed UCC is supetficial disease (pTa or pTl) and

. patients are treated by 'transurethral resection (TUR).

However, 50-70% of these patients will experience tumor

" Corresponding author. Fax: +81 28 684 5756,
E-mail address: ksugano@tec.prel.tochigijp (K. Sugano).
! Director.
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recurrence and 10-30% will develop muscle-invasive dis-
ease (pT2-4) that requires further therapy including cystec-
tomy, - chemotherapy = or = chemoradiotherapy = [2].
Cystoscopy is an uncomfortable and invasive examination,
but the currently available - gold standard for detecting
intravesical tumor recurrence. Urine cytology is a noninva-
sive “ examination for = postoperative management after
TUR; however, it is limited by poor sensitivity in cases of
low-grade superficial tumors [3].

Recently, mutations of fibroblast growth factor receptor
3 (FGFR3) gene have been reported in more than 50% of
primary bladder UCC, especially in low-grade and low-
stage papillary tumors [2].

Detection of FGFR3 mutation would be useful for low-
grade and low-stage UCCs in urine due to the higher fre-
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quency of this mutation in superficial bladder cancers.
Recently, the peptide nucleic acid (PNA)-mediated PCR
clamping technique has been developed to improve assay
sensitivity ‘for:detecting mutations in samples including
various tissues, body fluids and stool [4,5]. PNA is a syn-
thetic DNA analog in which the phosphodiester backbone
is replaced by a peptide-like repeat of the (2-aminoethyl)-
glycine chain [6].: A perfectly matched PNA/DNA hybrid
has "higher thermal stability ~than the "corresponding
DNA/DNA hybrid, hence single  base-pair mismatch
results in a decrease of Tm at 9-16°C, On PCR, PNA
hybridized with the target sequence. can inhibit primer
annealing or chain elongation without interfering with
reactions of mismatched template DNA; therefore, so-
called' PNA-mediated PCR clamping induces preferential
amplification of mutant DNA fragments even in the pres-
ence of an excess amount of wild-type DNA. In the present
study, we devised a PNA-mediated real-time PCR clamp-
ing technique and established a rapid, simple and sensitive
method for detecting FGFR3 mutations in mutational hot-
spots in exons 7, 10 and 15 in bladder tumors and voiding
urine sediments.

Materials and methods

Samples and DNA extraction. Tumor tissues and preoperative voiding
urine: samples were obtained from 19 patients: with bladder UCC who
underwent TUR. Tumors were histologically staged according to, the 1997
UICC TNM classification system (7] and graded according to the 1973
WHO classification system [8].: Voiding urine samples from 20 patients
with chronic cystitis were assayed as negative controls. Genomic DNA
was extracted by proteinase K digestion followed by phenol/chloroform
extraction and ethanol precipitation as described previously [9]. Genomic
DNA concentrations were determined by ultraviolet measurement with an
ND-1000 spectrophotometer  (NanoDrop. Technologies, Wilmington,
DE). !

Cell lines. Genomic DNAs extracted from cell lines, UM-UC-14 [10],
MGHU3 and J82 were used as assay standards. These cell lines harbored
representative FGFR3 mutations such as homozygous mutation at codon
249 (TCC->TGC) in exon 7 (UM-UC-14), homozygous mutation at
codon 375 (TAT->TGT) :in exon  10. (MGHU3), and heterozygous
mutation at codon 652 (AAG->GAG) in exon 15 (J82), respectively
{11,121 MGHU3 and J82 were generous. gifts from Dr. H: LaRue (Laval
University Cancer Research Centre, Quebec, Canada) and Dr. Y.
Nishiyama: (Kyoto University, Kyoto, Japan), respectively.

Primers and PNA for real-time PCR. Primers and PNAs were syn-
thesized by FASMAC. CO,, Ltd. (Kanagawa, Japan) and their sequences
are listed in Table 1. In exon 7 of FGFR3, two types of different point
mutations were reported: in. bladder UCC such as C to T transitionat
codon 248 substituting cystein for arginine (R248C) and C to G trans-
version at codon 249 substituting cystein for serine (S249C). PNA was
designed as a 15-mer probe which completely matched the bottom: strand
of the wild-type sequence spanning from the second position of codon 247
through the first position of codon 252 (Fig. 1). Primers and PNAs for
exons 10 and 15 were designed according to the same principle as that for
exon 7.

PNA-mediated real-time PCR clamping. PNA-mediated real-time PCR
clamping was performed with LightCycler (Roche Diagnostics, Mann-
heim, Germany) in 20 ul reaction volunie containing genomic DNA
ranging from 50 to 1I'ng, 10 pl of QuantiTect PCR master mix (Qiagen,
Valencia, CA) containing Tag DNA polymerase and SYBR® green I
fluorescent dye, 500 nmol/L of each primer and various concentrations of

A. Wild-type allele
forward primer

Inhibition of
annealing / PNA
BOlOr 3 e GOOO0000000O0C0— 5
L_?_.A_.V_I

strand
codon - 248 249
(WT) (WT)

B. Mutant allele

forward primer

Annealing and successful
amplification

e 00000 00000000 muit]
strand ety e
codon 248 o 249

Mut) . (Mut)

Fig. 1. The schematic concept of PNA-mediated PCR in FGFR3 exon 7.
The 15-mer PNA was designed to bind to the bottom strand of wild-type
sequence spanning mutational hotspots at codon 248 or 249 in exon 7 of
the FGFR3 gene. Forward PCR primer was designed to partially overlap
the. PNA binding site. A PNA/DNA hybrid with-a perfect match
suppressed annealing of the forward primer and subsequent amplification
of wild-type alleles (A), while a single base pair mismatch of the PNA/
DNA hybrid led to decreased thermal stability (AT, 9-16 °C), resulting in
preferential amplification of mutant alleles (B).

PNA

Table 1
Sequences of primers and PNAs used in: this study
FGFR3 Name Sequences Product PNA PNA binding ' Annealing
length (bps) . concentration (uM) step (°C) - -step (°C)
Exon 7 7F 5-TGA GCG TCA TCT GCC CCC ACA GAG-3/ 182 04 72 64
7R 5%-GGG CCC ACCTTG CTG CCA TICA-3
PNA-7 H2N-AGC GCT CCC CGC ACC:NZH
. Exon 10 10F 5-CCA GGC C€TC AAC GCC CAT GTC TTT-¥ 95 1 67 58
10R 5'-ACC CCG TAG CTG AGG ATG CCT GCA-3'
PNA-10 . H2N-CAT ACA CAC TGC CCG C-N2H
Exon 15 I5E 5*-GCA ATG TGC TGG TGA CCG AG-3!
ISR 5'-CGG GCT CAC GTT GGT CGT CT-3' 108 2 70 60

PNA-15 - H2N-GGT CGT CTT CTT GTA GT-N2H

Abbreviation:: PNA; peptide nucleic acid.
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PNAs. Conditions of real-time PCR were as follows; a first denaturing
step of 95 °C for 15 min, amplification step of 45 cycles consisting of heat
denaturation at 94 °C for 15 s, PNA/wild-type DNA binding step for S s,
primer annealing step for 20 s and extension step at 72 °C for 20 s followed
by a final cooling step of 40 °C for 30 s. The optimized PNA concentra-
tions and reaction temperatures of PNA/WT binding and annealing steps
varied for each exon as listed in Table 1. Amplification curves were
obtained and the crossing point (CP) was calculated according to fit point
method on LCDA (LightCycler Data Analysis)™ software version 3.5. In
analysis of clinical samples, genomic DNAs extracted from cell lines were
serially diluted with normal genomic DNA at various proportions (100%,
10%, 1%, and 0%) and used as assay standards.

Direct sequencing analysis. Amplified DNA fragments after PNA-
mediated real-time PCR clamping were treated by a mixture of exonu-
clease I and shrimp alkaline phosphatase using ExoSAP-IT (USB Cor-
poration, Cleveland, Ohio) and subjected to a cycle sequencing reaction
with a BigDye v3.1 terminator sequencing kit (Applied Biosystems, Foster
City, CA) according to the manufacturer’s protocol. Sequencing products
were purified using a Sephadex G-50 Superfine (Amersham, Uppsala,
Sweden) column centrifuge with MultiScreen HV plates (Millipore, Bed-
ford, MA) and subjected to ABI PRISM 3100 Genetic Analyzer.

Results

Validation of assay sensitivity by PNA-mediated real-time
PCR clamping using serially diluted assay standards

We evaluated assay sensitivity using DNAs extracted
from cell lines harboring FGFR3 mutations. In the analysis
of exon 7, the proportion of UM-UC-14-derived DNA to
normal genomic DNA, e.g., tumor cellularity, was adjusted
to 100%, 10%, 1%, and 0%. Fifty nanograms of genomic
DNA were used as templates for PNA-mediated real-time
PCR clamping. The yield of the PCR product was indi-
cated as the intensity of fluorescence emission from SYBR
Green I dye bound to double-strand DNA fragments

A
- Template DNA : 50 ng 5

SE Tumor | e et

£ Colularity ~

g - 100% . 10%/ 1% 0%

é.ﬁ (e Threshold line
% Sy "7 No template DNA
wf JoYE.

CUUT T Cycle Number
Tumor 5y 10% 1% 0% DW
Cellularity - ° 7% U®
Crossing +
Point 2662 30.13 3297 3382 NA
(CP)

T NA, Not Amplificd

which increases as the cycle of PCR. proceeds (Fig. 2A).
The number of cycles reaching a certain level of fluores-
cence intensity (threshold line) was indicated as the CP.
In PCR using templates with different tumor cellularities,
CPs were in reverse correlation with tumor cellularities.
Direct sequencing of the amplified DNA fragments
revealed that the products of 100%, 10%, and 1% standard
templates showed a mutation of C to G transversion at
codon 249 (TCC->TGC) in exon 7 of FGFR3 (Fig. 2B).
No amplification product was obtained in PCR using dis-
tilled water as a negative control, while PCR using wild-
type DNA (tumor cellularity: 0%) as the template showed
delayed CP, but the amplification profile was similar to
mutation-positive samples (Fig. 2A). In direct sequencing
of the amplified DNA fragments, no mutation was found
at codon 249 while the background signal within the
PNA-binding region was increasing (Fig. 2B). This phe-
nomenon implied that PNA-mediated PCR clamping facil-
itated the misincorporation of nucleotides to the PNA
binding site in the absence of FGFR3 mutations in the
template.

Assay sensitivity of PNA-mediated real-time PCR clamping
is defined by the amount of template DNA, the decrease of
which induced misincorporation of ANTPs to PNA binding

sites

Further experiments were carried out to validate assay
conditions to reduce the rate of misincorporation and
improve assay specificity. Assay standards with tumor
cellularities ranging from 100%, 10%, 1%, and 0% were
amplified in octaplicate samples (n = 8) by PNA-mediated
real-time PCR clamping. Amounts of template DNA were

B
tsetrilr;}Z::s Sequencing analysis
A\GCGCTGCCCGCA
100% / \\ N\ [\/\/\L\/\/\A /\/\/\
AGCGCTIGCCCGCA
10% M\/\/\A{M Ma—\.

\GCGCITGCCCGCA

% Aasaaanan/\ia

\GCGCTCCCCGCA

o NAAN A

Fig. 2. Amplification of serially diluted standard templates by PNA-mediated real-time PCR clamping in FGFR3 exon 7. Genomic DNA harboring a
homozygous $249C mutation was serially diluted with wild-type DNA. Concentrations of mutated DNA in the sample were adjusted as follows: 100%,
10%, 1%, and 0%. (A) Fifty nanograms of template DNA were amplified using PNA-mediated real-time PCR clamping. The crossing points obtained by
the threshold line at the fluorescence level of 1.0 were 26.62, 30.13, 32.97 and 33.83, respectively. (B) Subsequent DNA sequencing analysis revealed that
PCR fragments of 100%, 10%, and 1% standard showed TCC to TGC mutations at codon 249, whereas that of 0% standard showed wild-type sequence,
while background signals increased in the sequencing profile. Underlined letters indicate codon 249. Asterisks indicate the increase of background signals.
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changed in each run from 50 ng, 10 ng to 1 ng. Amplifica-
tion profiles and CPs of the assay were compared between

M. Miyake et al. | Biochemical and Biophysical Research Communications 362 (2007) 865-871

runs (Fig. 3A and B). In the condition using 50 ng of geno-
mic DNA as the template, CVs of the CPs were relatively
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Summary of patients’ tumor histology, urine cytology and FGFR3 mutations in tumor tissues and urine sediments

869

Case No. Tumor stage/Histological .- Urine cytology *~- FGFR3 mutation status (Tumor cellularity (%))
grade Tumor tissues Urine sediments
Ex7 Ex 10 Ex 15 Ex7 Ex 10 Ex'15
1 pTa/Gl Negative $249C (34.2). -~ Y375C (100) wT §249C (2.4) WT WT
2 pTa/Gl Negative wT Y375C (100) WT WT Y375C (2.1) WwT
-3 pTa/Gl Atypia- §249C (92.4) ~ WT WT §249C(42.1y = WT wT
4 pTa/Gl Negative $249C (55.2) -~ WT WT $249C (2.4) WT WT
5 pTa/Gl Negative WT Y375C (100) WT WT Y375C (100) WT
6 pTa/G2 Positive WT WT WT WT WT WT
7 pTa/G2 Atypia S$249C (45.0) . WT WT §249C (5.5) WT wT
8 pTa/G2 Atypia WT Y375€(19.0) = WT WT Y375C (34.5)  WT
9 pTa/G2 Atypia WT Y375C (6.5) WwT WT Y375C (3.8) WwT
10 pT1/G2 Negative $249C (44.1) - WT WT WT WT WwT
11 pT1/G2 Positive $249C (67.2)  WT WT §249C (51.9) . WT WT
12 pT1/G2 Negative §249C (34.6) .. WT wT §249C (6.8) WT wT
13 pT1/G3 Negative §249C (51.6) - WT WwT §249C(10.5) . WT WT

Abbreviations: NE, not examined; ND, not determined; WT, wild-type.

uniform  regardless: of tumor cellularities, while they
increased with the reduction of tumor cellularities and were
inversely correlated with the amounts of template DNAs in
analysis using 1 ng of genomic DNA as the templates
(Fig. 3A).

The association between tumor cellularity and CPs was
compared in analyses using 50, 10 and 1 ng as template
DNASs (n = 8) (Fig. 3B). In analysis using 50 ng of genomic
DNA as templates, CPs were significantly different among
tumor cellularities ranging from 100%, 10%, 1%, and 0%.
In contrast, there was no significance of CPs between 1%
and 0% in analysis using 10 ng of genomic DNA as tem-
plates and between 10% and 1% or less in analysis using
1 ng of genomic DNA as templates. These results indicated
that 50 ng of template DNA was required for the reproduc-
ible detection of FGFR3 mutation at a concentration of
1%, i.e., 100-fold excess amount of wild-type DNA.

Sequencing analyses of amplified DNA fragments at
various concentrations were performed and those using
1 ng of template DNAs containing only wild-type DNA
showed that all samples had point mutations within the
PNA binding sites (Fig. 3C). Mutations seemed to occur
at random and in different positions from previously
reported mutational hotspots, suggesting that these muta-
tions were artifacts induced by PNA-mediated PCR
clamping.

Similar approaches were adapted to construct assay pro-
tocols to- detect mutations in exons 10 and 15. Genomic

DNAs extracted from MGHU3 and J82 were diluted with
wild-type genomic DNA and prepared as assay standards
for exons 10 and 15; respectively, and assay sensitivities
for detecting mutations: > 1% cellularities were validated
in control experiments (data not shown). :

Detection of FGFR3 mutations in tissues of bladder cancer
and corresponding urine sediments '

Mutations of FGFR3 were detected using the above-
mentioned assay conditions in tissues and urine sediments
from 13 patients with superficial bladder cancer (pTa stage,
9 cases; pT1 stage, 4 cases) and 6 cases of invasive bladder
cancer (= pT2 stage, all cases). In analysis of 13 cases with
superficial bladder cancer, FGFR3 mutations and estimated
tumor cellularities in exons 7, 10, and 15 were summarized
in Table 2. We defined the CP of the assay standard corre-
sponding to 1% cellularity as a minimal detectable dose for
FGFR3 mutations; therefore, a sample showing a CP less
than that of 1% standard on each run was determined to
be positive for mutation. FGFR3 mutations in exon 7 were
detected in 8 of 13 (61.5%) superficial bladder cancer tis-
sues and sequencing analyses confirmed that all cases har-
bored S249C mutation in exon 7 of FGFR3. The mean
tumor cellularity of mutation-positive cases was 53.0%
(n =8, range 34.2-92.4%). In the analysis of urine sedi-
ments, S249C mutation was detected in 7 out of 8 cases
(87.5%) harboring S249C mutation in primary tumors.

«

Fig. 3. Variations of crossing points (CPs) defined by tumor cellularities and amounts of template DNA. Fifty nanograms, 10 and 1 ng of standard
templates with tumor cellularities ranging from 100%, 10%, 1%, and 0% were subjected to PNA-mediated real-time PCR clamping in octaplicated samples
(n=8). (A) CPs are indicated as the mean £ SD (CV%) in each run: Observed CV% was maximal in the analysis of 0% standard (only wild-type DNA)
using I ng of DNA as the template. Insets magnify variations of amplification curves in the log-linear phase. (B) Tumor cellularities and CPs in 50 ng,
10 ng, and 1 ng of the template DNAs were plotted onto a line graph, in which error bars indicate the mean £ 28D of CPs in each template DNA quantity,
(C) Direct sequencing of DNA fragments amplified by PNA-mediated real-time PCR clamping using 1 ng of temiplate containing only wild-type DNA.
The uppermost sequence represents the wild-type sequence. The 15-mer sequence surrounded by a rectangle represents the PNA binding site. Codons 248
and 249 are underlined. Sequencing analysis revealed that the: 8 amplicons present various types of mutagenized sequences within the PNA: binding site.

Black arrow indicates: the site of point mutation in each sample.
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The mean tumor cellularity of urine sediments was 17.4%
(n =17, range 2.4-51. 9%) Likewise, FGFR3 mutations in
exon 10 were detected in 5 of 13 (38.5%) tumor tissues of
superficial bladder cancer and all cases harbored: Y375C
mutation. I analysis of urine sediments, Y375C mutation
was detected in'4 of 5 cases'(80%) harboring Y375C muta-
tion in the primary tumor (Table 2). The mean tumor cel-
lularity of mutation-positive cases was 63.1% (n = 5, range
6.5-100%) in tumor tissues and 35.1% (n =4, range 2.1-
100%) in urine sediments; respectively. No mutations were
detected in exon 15 of FGFR3 either in tissues or urine sed-
iments (Table 2). In the analysis of muscle-invasive bladder
cancer- (n=6) and 20 urine samples from: patients with
chronic cystitis, FGFR3 mutations were not detected either
in tumor tissues or urine sediments (data not shown).
Taken together, FGFR3 mutations in superficial bladder
cancer were detected in 12 of 13 (92.3%) tumor tissues and,
in analysis of urine sediments, 11 (91.7%, except case no.
10) of 12 cases harboring mutations in primary. tumor:
One case (no. 1) showed multiple ‘mutations comprising

S249C in exon 7 and Y375C in exon 10 in tumor tissue, {

but only S249C in exon 7 was detected in the urine
sample.

Discussion

The present study is the first report of the PNA-medi-
ated real-time  PCR ‘clamping technique for detecting
FGFR3 mutation. The assay. can be performed by a simple
one-step reaction in a single tube using SYBR® green I
fluorescent dye. PNA-mediated real-time PCR clamping
screens for the presence or absence of mutations; however,
PCR products can be easily subjected to direct sequencing
to identify the type of mutation,

The amounts of genomic DNA extractable from urine
sediments are often trace, particularly in patients during
follow-up after TUR or with a small tumor burden; there-
fore, the method for detecting mutations should be sensi-
tive and specific enough using a small amount of genomic
DNA as the template. We validated that this assay enabled
reproducible and reliable detection of mutations in a 100-
fold excess amount of wild-type DNA using 50 ng of geno-
mic DNA as the template, while it did not work well when
the amount of template DNA was less than 10 ng due to
the increase of assay CVs. In analysis using 1 ng of genomic
DNA as the template, CPs of 1% or 10% standard was
indistinguishable from that of 0% standard. CVs of CPs
increased. in reverse proportion to the decreasing amount
of template DNA. In direct sequencing, all PCR products
of 0% standard (wild type) amplified from I ng of template
DNA showed mutations in PNA binding sites (Fig: 3C).
Such mutations seemed to occur at random and this phe-
nomenon may account for the increase of CVs of CPs in
the experiment using a smaller amount of template DNA.
In PCR, changes i the nucleotide sequence are attribut-
able to errors made by DNA polymerase [[3]. One nano-
gram of genomic DNA corresponds to 300 copies  of

genomic DNA and the length of the PCR product for exon
7 is 182 bps. Numbers of nucleotides in the target DNA are
5.46 x 10" and random errors will not interfere with subse-
quent analyses in conventional PCR, considering the fidel-
ity (error rate per nucleotxde) of Tag DNA polymerase is
from ~2x10~% to <1 x107° bps, however, PNA bound to
wild-type sequences suppressed the amplification of tem-
plate DNA. As a result, only part of the template DNA
was available for PCR, and DNA fragments carrying ris-
incorporated dNTPs would be amplified selectively, This -
phenomenon seems to be a limiting factor to define assay
sensitivity in PNA-mediated real-time PCR clamping. -

Thus, we optimized assay conditions to detect FGFR3
mutations: in exons 7, 10, and 15 in a 100-fold excess
amount of wild-type DNA. In analysis using clinical sam-
ples, FGFR3 mutations were detected in 92.3% (12/13) of
superficial bladder cancer and no mutations were detected
in muscle-invasive bladder cancer (0/6) or urine sediments
of chronic cystitis (0/20). FGFR3 mutations were detected
in 91.7% (11/12) of urine sediments of which primary
tumors presented FGFR3 mutations. The types of muta-
tions detected in urine sediments coincided with those of
tumor tissues, except for one case (Case no. 1) with double
mutations in exon 7 and exon 10, with urine sediments
showing only a mutation in exon 7 of the FGFR3 gene.
Our results suggested that this assay was highly sensitive
and specific for. detecting FGFR3 mutations in  urine
samples.

Sensitive detection of FGFR3 mutations in urine sam-
ples would be beneficial for monitoring tumor recurrence
of supetficial bladder cancer and would also be suitable
as a favorable prognostic indicator in predicting the mini-
mal risk of their progression to muscle-invasive bladder
cancer. Further study is ongoing to elucidate the signifi-
cance of FGFR3 mutations detectable in urine samples in
the clinical management of bladder UCC.
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