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Table 2
Toxicities in early phase.

Porta hepatis group Non-porta hepatis group

Grade Grade

0 1 2 3 4 0 1 2 3
Liver 2 4 9 3 0 7 15 16 8 0
Blood 6 2 4 6 0 13 9 16 8 0

There were no significant differences between porta hepatis and non-porta hepatis
groups in liver and blood toxicities (grade 0-2 vs. grade 3-4) by Fisher's exact test.
P>0.999 (liver toxicity); P=0.190 (blood toxicity).

Table 3
Change of Child-Pugh score in late phase.
<1 22
Porta hepatis group 13 5
Non-porta hepatis group 41 5

There were no significant differences between porta hepatis and non-porta hepatis
groups in change of Child-Pugh score (£1 vs. 22) by Fisher's exact test.
P=0.128.

Discussion

It is important that the treatment of HCC involves minimum
invasiveness and complications in general. Surgical resection and
RFA are essential curative therapies for HCC. In surgical resection,
it was reported that both the 5-year overall survival and disease-
free survival rates of the anatomic resection group were signifi-
cantly better than those of the non-anatomic resection group, as
HCC has a nature to cause intrahepatic metastasis via vascular
invasion [36]. Anatomic resection consists of the systematic re-
moval of a hepatic segment confined by tumor-bearing portal trib-
utaries. In some patients with HCC adjacent to the porta hepatis,
anatomic resection implies greater invasiveness because the resec-
tion volume becomes larger.

Concerning the use of RFA, puncture of the liver hilus, with the
risk of injury to the portal vein or bile duct, presents a potentially
dangerous scenario. It was reported that RFA was performed for
patients with HCC adjacent to the porta hepatis under the condi-
tion of cooling the bile duct by endoscopic nasobiliary drainage
tube to prevent biliary complications [31]. But the procedure is
too complex to be a common therapy. Additionally, in cases of
HCC with contiguous vessels, blood flow reduces the thermal ef-
fects of RFA, a phenomenon that increases the likelihood of the
presence of residual viable tumor cells [37-39].

According to the above, we need to consider the degree of inva-
siveness and complications and carefully select an appropriate
treatment modality because HCC adjacent to the porta hepatis is
close to vessels and bile duct. In this study, therefore, differences
in treatment effect and toxicities according to tumor localization,
whether adjacent to the porta hepatis or not, were investigated
retrospectively.

In the comparison of patient and tumor characteristics, the por-
ta hepatis group demonstrated a trend towards a higher rate of
vascular invasion compared to the non-porta hepatis group (P =
0.066). It is suggested that this was due to the tumor location.

Local control rates after 5 years were 87.8% [95% CI, 72-104] in
the porta hepatis group and 95.7% [95% CI, 90-102] in the non-por-
ta hepatis group. Thus, we obtained excellent local control rates in
both groups. Local failure occurred in only four of all patients—two
each in the porta hepatis and non-porta hepatis groups. There were
no significant differences in toxicities. Biliary stenosis associated
with C-ion RT did not occur in either group. Therefore, in certain
patients with a higher risk of injury to the bile duct when undergo-

ing RFA, in high-risk cases such as elderly patients for postopera-
tive complications after surgical resection, or in some patients
who refuse to undergo hepatectomy or RFA, C-ion RT appears to of-
fer a promising therapeutic alternative for HCC.

However, cause-specific and disease-free survival rates after
5 years were 25.0% [95% Cl, 4-46] and 5.6% [95% CI, —5 to 16] in
the porta hepatis group and 42.8% [95% Cl, 27-58] and 23.9%
[95% Cl, 12-36] in the non-porta hepatis group, respectively, which
indicates a difference which is of borderline significance (P = 0.086,
P=0.051). The presence of vascular invasion is higher in the porta
hepatis group (P = 0.066). A characteristic of HCC is the potential of
causing intrahepatic metastasis via vascular invasion, and there-
fore the cause-specific and disease-free survival rates are mainly
representing the rate of intrahepatic metastases/new tumors as
there were almost no local failures (Fig. 2). This emphasizes the
necessity to take into account the possibility of intrahepatic metas-
tasis via vascular invasion. Of course, the importance of the earliest
possible detection of a new tumor lesion and its treatment with an
appropriate therapeutic modality cannot be overstated. In this re-
gard, it is considered especially important to keep in mind the clin-
ical multidisciplinary approach available for treating HCC.

As for radiation therapy for HCC adjacent to the porta hepatis, it
was reported that proton beam therapy delivering 72.6 GyE in 22
fractions appears effective and safe. Overall 3-year survival and lo-
cal control rates were 45.1% and 86.0%, respectively [40]. In our
study, these rates in the porta hepatis group were 44.4% [95% Cl,
22-67] and 87.8% [95% Cl, 72-104], respectively. Therefore, the
treatment effect of short-course C-ion RT is suggested to be almost
equal to that of proton beam therapy with a more fractionated
regimen.

A limitation of this study was the fact that the patient number
in the porta hepatis group was small. It is therefore important to
collect such cases and continuously verify efficacy and safety of
short-course C-ion RT for patients with HCC adjacent to the porta
hepatis.

In conclusion, excellent local control was achieved independent
of tumor localization. There was no significant difference in treat-
ment-related toxicity between the porta hepatis and non-porta
hepatis groups. The short-course C-ion RT of 52.8 GyE in four frac-
tions appears to be an effective and safe therapeutic option for por-
ta hepatis patients just as it is for non-porta hepatis patients.
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Increased circulating cell signalling phosphoproteins in sera are
useful for the detection of pancreatic cancer
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BACKGROUND: Intracellular phosphoprotein activation significantly regulates cancer progression. However, the significance of circulating
phosphoproteins in the blood remains unknown. We investigated the serum phosphoprotein profile involved in pancreatic cancer
(PaCa) by a novel approach that comprehensively measured serum phosphoproteins levels, and clinically applied this method to the
detection of PaCa.

METHODS: We analysed the serum phosphoproteins that comprised cancer cellular signal pathways by comparing sera from PaCa
patients and benign controls including healthy volunteers (HVs) and pancreatitis patients.

RESULTS: Hierarchical clustering analysis between PaCa patients and HVs revealed differential pathway-specific profiles. In particular,
the components of the extracellular signal-regulated kinase (ERK) signalling pathway were significantly increased in the sera of PaCa
patients compared with HVs. The positive rate of p-ERK1/2 (82%) was found to be superior to that of CA19-9 (53%) for early stage
PaCa. For the combination of these serum levels, the area under the receiver-operator characteristics curves was showing significant
ability to distinguish between the two populations in independent validation set, and between cancer and non-cancer populations in
another validation set.

CONCLUSION: The comprehensive measurement of serum cell signal phosphoproteins is useful for the detection of PaCa. Further

Published online 15 June 2010
© 2010 Cancer Research UK

Pancreatic cancer (PaCa) is an exceptionally devastating disease
with a 5-year survival rate of only 5% (Jemal et al, 2009). One of
the most crucial reasons for the poor prognosis is the lack of early
diagnostic markers for PaCa. To overcome pancreatic malignancy,
there is an urgent need to discover highly sensitive markers for
early detection. The widely used serum-circulating marker for
PaCa, carbohydrate tumour-associated antigen 19-9 (CA19-9), is
not sufficiently accurate to be used as a diagnostic marker. CA19-9
is elevated in only approximately 65% of individuals with a
resectable PaCa, and is also frequently elevated in patients with
various benign pancreaticobiliary disorders; notably cholestasis
and chronic pancreatitis (PT) (Goggins, 2005). Thus, CA19-9 is not
recommended for diagnostic purposes (Locker et al, 2006).

In the past decade, various approaches have been used to
discover new cancer serum biomarkers, and have identified some
attractive molecular targets as diagnostic or prognostic markers
for PaCa (Gold et al, 2006; Takano et al, 2008). Despite the
identification of candidate proteins that have high diagnostic

*Correspondence: Dr S Takano; E-mail: stakano@faculty.chiba-u.jp
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2010; published online |5 June 2010

investigations will lead to the implementation of tailor-made molecular-targeted therapeutics.
British Jounal of Cancer (2010) 103, 223-231. doi:10.1038/s}.bjc.6605734 www.bjcancer.com
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sensitivity and specificity in validation tests, translating these
research findings to useful and reliable clinical tests still remains
difficult (Zhang et al, 2004; Petricoin et al, 2002).

Protein phosphorylation is one of the most prominent, and
intensively studied post-translational modifications in biological
systems. Specifically, better understanding of the defective or
hyperactive signalling pathways in cancer cells has been the major
focus of mechanistic studies of cancer progression and differentia-
tion, as well as in the identification of candidate markers
for diagnosis and therapeutic targets (Petricoin et al, 2005).
Ultimately, the signalling pathways promote tumourigenesis
through the coordinated phosphorylation of proteins that directly
regulate protein synthesis, cell-cycle progression and of transcrip-
tion factors that regulate the expression of genes involved in these
processes. Although these intracellular signalling pathways and its
components (activated or inactivated forms) that are closely
associated with cancer progression are among the most thoroughly
studied in molecular cancer research, there has been little
understanding of the dynamic nature of these circulating proteins
in the bloodstream.

Because blood continuously perfuse the tissues of the body, it is
thought to contain most human proteins (at least in fragment
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forms), thereby supplying the richest and most detailed source of
information about the physiological state of the body (Anderson
et al, 2004). Thus, blood has a pivotal role in early disease
detection. The turnover of proteins in cells requires calculated
degradation processes to secrete intact or fragment forms into
blood and to also remove proteins that are no longer necessary or
those that have lost functional capabilities. Meanwhile, it is
thought that a large part of those human serum-circulating
proteins that promote signal transduction in cells may be
cleaved by degradation of endogenous substrates and proteases
(Villanueva et al, 2006a,b; Schilling and Knapp, 2008). Taken
together, it is worthwhile for the early cancer detection to elucidate
the molecular networks in cancerous cells and the microenviron-
ments, and to investigate the dynamic nature of those cancer-
related phosphorylated proteins including the fragments in
circulating blood.

The Bio-Plex suspension array using specific antibodies and
based on the principle of flow cytometry is a high-throughput
technology that can measure multiple proteins in low sample
volumes. Immunoaffinity approaches, particularly phospho-
specific antibodies that recognise low abundance phospho-
tyrosine, -serine and -threonine residues in the specific epitopes,
have been used to assess phosphoprotein enrichment. In further
developing this technology, it is possible to detect the phospho-
specific sites of the parent molecule and its degraded fragments in
serum as early diagnostic markers by comprehensive analysis in
cancer patients. This technology has overcome a critical problem
for the translational application of proteomics by developing a
procedure that is convenient with high sensitivity, specificity and
reproducibility. Moreover, this may also provide important
information regarding the activation state of kinase-driven
signalling networks in each cancer patient for therapeutic target
selection with the advantage that the screen is less invasive.

In this study, we analysed the circulating cell signalling
phosphoproteins in sera using this proteomic approach and
investigated whether these protein levels are useful for detection,
as early diagnostic serum markers for PaCa, in combination with
comprehensive and hierarchical cluster analyses. Our study results
indicate that the use of this new approach will lead to new insights
in proteomic cancer biology and in the potential development of
patient-tailored combination molecular targeting therapy, through
elucidation of the phosphoprotein networks in serum from cancer
patients.

MATERIALS AND METHODS

Patient samples

We selected four populations of patients with PaCa, PT and
healthy control volunteer (HV). Blood samples were obtained from
all patients who were diagnosed with PaCa and PT in the Chiba
University Hospital, Chiba, Japan, from November 2002 to March
2009, and the samples were also obtained from HVs in the Chiba
University Hospital and the Kashiwado Hospital, Chiba, Japan.
Sera were collected from 26 patients with PaCa and 25 HVs for the
training set, from 80 patients with PaCa and 68 HVs for validation
set 1, furthermore, to assess the diagnostic ability of discriminating
between cancer and non-cancer populations, sera of 35 patients
with PaCa as a cancer group, and 40 patients with PT as well as 48
HVs as a non-cancer group were selected to match for age for
validation set 2 (Table 1). All patients were histologically
confirmed as PaCa. The characteristics of 141 patients with PaCa
are summarised in Table 2. All blood samples were processed
according to a standardised protocol, and serum sample aliquots
were frozen until the subsequent analysis. None of the patients
received any therapeutic treatments, such as radiation, chemo-
therapy or operation, until serum samples were collected.

British Journal of Cancer (2010) 103(2), 22323

Table | Summary of all participants

Experimental groups

(number of patients) Sex (M/F) Age (mean ts.d.)
Training set (n=51)
Pancreatic cancer (n = 26) 1719 652+80
Healthy volunteer (n= 25) 17/8 520+ 106
Validation set | (n= 148)
Pancreatic cancer (n = 80) 48/32 629+ 108
Healthy volunteer (n= 68) 41127 54.1+68
Validation set 2 (n=123)
Pancreatic cancer (n = 35) 21/14 63.6+88
Pancreatitis (n = 40) 38/2 61.7+88
Healthy volunteer (n = 48) 32/16 624%73

Abbreviations: F = female; M = male.

Table 2 Characteristics of patients with pancreatic cancer

Training set Validation set | Validation set 2
Variables (n=126) (n=80) (n=135)
Tumor stage
TI 0 3 8
T2 2 2 4
T3 21 47 12
T4 2 10 2
™ | 18 9
Nodal status
NO 7 16 16
NI 17 41 10
NX 2 23 9
Metastasis
MO 24 53 30
MI 2 27 5
UICC stage
IA 0 2 8
B | 2 4
A 6 I 3
1B 16 32 10
[l | 6 5
\% 2 27 5
Resection status
RO 12 38 21
RI 7 9 5
R2 4 6 0
RX 3 27 9

Abbreviations: RX = unresectable case; UICC=Union Intemationale Contre le
Cancer.

The ethics committee for each institute approved the protocol.
Written informed consent was obtained from all patients and HVs.

Bio-Plex phosphoprotein suspension assay

Phosphorylated proteins in serum were detected with a Bio-Rad
phosphoprotein immunoassay kit using the Bio-Plex 200 suspen-
sion array system (Bio-Rad Laboratories, Hercules, CA, USA). The
human serum diluent buffer was added up to 50 ul to the eight-fold
diluted samples, 50 ul aliquots of each of the diluted samples were
plated in the 96-well filter plate, coated with anti-phosphoprotein
antibody-coupled beads, and incubated for 16h on a platform
shaker at 300 r.p.m. at room temperature. The wells were vacuum

© 2010 Cancer Research UK
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filtered and washed, 1 ul of detection antibodies (25 x ) was added,
vortexed and incubated for 30 min. After additional vacuum
filtration and washing of the wells, 0.5 ul streptavidin -PE (100 x)
was added to each well and allowed to incubate for 10min.
The wells were again vacuum filtered and washed, 125 ul of
re-suspension buffer was added and incubated for 30s. Data
acquisition and analysis were performed using Bio-Plex Manager
software version 5.0. The data of measurement by the Bio-Plex 200
suspension array system are presented in the Supplementary
Information (Supplementary Figure S1; Supplementary Table S1).

For the training set, 18 targeted phosphorylated (p-) proteins
were measured using Bio-Plex 200 suspension array system in the
comprehensive phosphoprotein analysis. Focusing on the
more promising candidate proteins, phospho-mitogen-regulated
kinase 1 (p-MEK1), phospho-extracellular signal-regulated kinases
1/2 (p-ERK1/2) and those total proteins; we measured () for the
further validation sets.

Immunohistochemistry

Paraffin-embedded tissues were cut into 4 um-thick serial sections
and were de-paraffinised. Serial section slides were placed in citric
acid buffer (10 mmol1~", pH 6.0) with 0.2% Tween 20 and boiled in a
microwave oven (2 X 6 min) to retrieve the antigen. The slides were
then rinsed and blocked in a 3% H,0, solution with methanol for
10 min, before being incubated overnight at 4°C with the primary
antibodies; rabbit anti-phospho-MEK1/2 monoclonal antibody (Cell
Signaling Technology, Beverly, MA, USA) and rabbit anti-phospho-
ERK1/2 (p44/42 MAPK) monoclonal antibody (Cell Signaling
Technology) (1:50 and 1:200 dilution respectively). SignalStain
Antibody Diluent (Cell Signaling Technology) was used as the
dilution buffer. They were then rinsed in PBS, and incubated for
60 min with secondary antibody labelled with streptoavidin - biotin -
peroxidase (DAKO LSAB + kit; DakoCytomation, Glostrup, Denmark).
The bound complex was visualised using diaminobenzidine liquid
chromogen and counterstained with hematoxylin.

Comprehensive and hierarchical clustering analyses of the
training and validation sets

To investigate the similarity of expression patterns, we performed
hierarchical clustering analysis using R statistical software (version
2.8.0). Before analysis, the expression levels were standardised
using Z-transformation (mean=0 and variance=1) for each
protein. We then used Euclidian distance of expression patterns
for calculation of distance matrices (i.e., one for proteins and the
other for samples) between each variable, as well as the average
linkage method for clustering analysis.

Multivariate logistic regression using selected proteins

To assess the diagnostic ability for PaCa patients and controls, we
performed univariate and multivariate logistic regression analyses
using p-ERK1/2, CA19-9 and the combination of p-ERK1/2 and
CA19-9 models. Receiver-operating characteristic (ROC) curves
and area under the curve (AUC) based on the prediction results of
the obtained regression models were calculated by the R statistical
software.

Statistical analysis

Statistical analyses were performed using the appropriate tests as
indicated. P-values <0.05 were considered statistically significant.
To compare the positive rate for detecting early stage pancreatic
malignancies, we determined the positive levels of p-ERK1/2 in
disease patients by the reference values in each of the respective
three sets (Solberg, 1987). The reference values in the three
sets were calculated using reference limits corresponding to
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0.95 fraction of the distribution, that is the upper limit of the
95% confidence interval (CI), in the three respective healthy
control groups. For CA19-9, a cut-off value of 37 U ml™" was used,
according to the manufacturer’s specifications for the reference
range of CA19-9.

RESULTS

Circulating phosphoproteins levels are increased in sera
from patients with pancreatic cancer

To detect new biomarkers characteristic of the PaCa patients, we
comprehensively first measured the 18 major targeted cell
signalling phosphoproteins levels in sera of the training set using
the Bio-Plex suspension array. Many of the target phosphoproteins
levels were increased significantly in sera from PaCa patients
compared with the HVs (see detail of the experimental data in
Supplementary Table S2). Hierarchical clustering analysis showed
that the relative differential expressions of circulating phospho-
proteins clearly distinguished PaCa patients from HVs (Figure 1A).
Six candidate phosphoproteins (p-ERK1/2: P<0.00001, p-MEK1I:
P<0.0005, phospho-p90 ribosomal S6 kinase (p-p90RSK):
P<0.0001, phospho-cAMP response element binding protein
(p-CREB): P<0.00001, p-Akt: P<0.00005 and p-IkB-a:
P<0.0001; Mann-Whitney U-test) were significantly increased
in sera from patients with PaCa compared with the HVs.

As shown in the lower panel of Figure 1A, similar cluster
structures were obtained in the clustering analysis of these six
phosphoproteins. Subclass analysis separated the PaCa patients
into two groups, based on hierarchical clustering of the six
candidate marker levels, and revealed that each of the two groups
correlated well with the groups that had favourable and unfavour-
able prognoses (P = 0.07; log-rank test; Figure 1B). These were also
closely correlated with each protein belonging to the phosphati-
dylinositol-3-OH kinase/Akt, NF-«B and ERK signalling pathways
that are crucial for cancer survival (Figure 1C).

Two of these proteins, p-ERK1/2 and p-MEKI1, are shown in
Figure 2A. Of particular interest, four of the six phosphoproteins
were proteins directly associated with the most popular pathway of
pancreatic carcinogenesis, the Ras/Raf/MEK/ERK signalling
cascade to two proteins (p-p90RSK and p-CREB) that are directly
or indirectly phosphorylated by ERK. Surprisingly, the results
indicate that p-ERK1/2 levels in serum showed a significantly
positive correlation with p-MEK1 levels (r=0.57, P<0.00002;
Pearson’s correlation coefficient test) as well as p-ERK, which
would theoretically be dependant on the activity of MEK and is in
turn promoted by an entire series of upstream events (Figure 2B).
Therefore, we mainly selected two key molecules, ERK and MEK,
to investigate the expression of those phosphorylated and total
proteins in sera for further validation analyses by Bio-Plex assay.

Confirmation of target phosphoprotein serum levels by
western blot analysis

To confirm the results obtained from Bio-Plex assay, we assessed
the expression of phosphoproteins both sera from patients with
PaCa and HVs by immunoprecipitation assay and western blot
analysis. Corresponding with Bio-Plex data, increased p-ERK1/2
expression levels were confirmed by western blot analysis in sera
from three PaCa patients and one HV (see detail of the methods
and experimental data in Supplementary Figure $2).

Activated p-ERK and p-MEK are expressed in pancreatic
cancer cells

To examine the potential source of the activated ERK and MEK in
serum, we performed immunohistochemical staining for these
phosphoproteins in resected PaCa tissues. As shown in Figure 2C,
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Figure | Hierarchical clustering of phosphoprotein expression profiles in the training set. (A) Healthy volunteers (HVs) are denoted in light blue in the
vertical side bar, and pancreatic cancer (PaCa) patients are denoted in orange. Dendrograms show the classification determined by hierarchical clustering
analysis of 18 targeted phosphoproteins. As shown in Expression index, red and blue in the matrix indicate relative overexpression and underexpression
respectively (s.d.; standard deviation). The hierarchical clustering analysis clearly distinguished the two groups; the majority of PaCa patients are found in the
right side, whereas HVs are mainly located in the left side of the heat map (upper panel). The profiles of six candidate circulating phosphoproteins associated
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both activated p-ERK and p-MEK expression levels were clearly
positive in pancreatic ductal carcinoma cells. The p-ERK and
p-MEK expression was localised to the neoplastic epithelial cells
and some stromal cells especially surrounding the ductal
carcinoma cells. Activated p-ERK was found in both the nucleus
and cytoplasm of cancer cells. Conversely, p-MEK expression was
not found in the nucleus of cancer cells, but stained intensely in
the cytoplasm of cancer cells.

British Journal of Cancer (2010) 103(2), 223-231

Both p-ERK and p-MEK levels in sera were significantly
correlated with the positive staining of pancreatic
cancer tissues

Next, we investigated whether the two phosphoproteins levels in
sera correlated with the positive staining in PaCa tissues. Among
26 PaCa patients in training set, 23 patients (R0, R1 and R2; all
resectable cases) were analysed by immunohistochemical staining
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Figure 2 Serum phosphoproteins increased in PaCa patients compared to HVs in the training set. (A) Circulating p-ERK|/2 and p-MEK] levels in sera are
significantly greater in PaCa patients than HVs. (B) Linear regression with p-ERK1/2 and p-MEKI levels reveals a significant, positive correlation in the training
set. (C) Immunostaining for p-ERK and p-MEK in PaCa tissues (original magnification, x 200). Note that expression of the two phosphoproteins is evident in
the cancerous cytoplasm (arrows in p-ERK and p-MEK) and nucleus (arrowhead in p-ERK), and is also found in stromal cells surrounding the ductal
carcinoma cells. (D) Both p-ERK and p-MEK levels in sera were significantly correlated with the positive staining of PaCa tissues (p-ERK: P<0.008, p-MEK:

P<0.02; Mann—Whitney U-test).

of the PaCa tissues. The 23 patients were divided into two groups
based on positive or negative staining in PaCa cells, 16 (69.6%) of
23 cases were p-ERK-positive staining, and 19 (82.6%) cases were
p-MEK-positive staining. Notably, as shown in Figure 2D, both
p-ERK and p-MEK levels in sera were significantly correlated with
the positive staining of PaCa tissues respectively (p-ERK: P<0.008,
p-MEK: P<0.02; Mann-Whitney U-test).

Both phospho- and total-ERK1/2 simultaneously increase
with a positive correlation in sera of patients with
pancreatic cancer

To confirm the results obtained from the training set, we measured
and analysed both ERK and MEK serum levels with an increased
sample size in validation set 1. Similar results were obtained, that
both p-ERK1/2 and p-MEKI1 levels were significantly increased in
sera from PaCa patients compared with that of HVs for vali-
dation set 1 (p-ERK1/2; P<0.00001, p-MEK1; P<0.00001:
Mann-Whitney U-test; Figure 3A). In addition, t-ERK1/2 levels
were also significantly more upregulated in sera from PaCa
patients compared with that of HVs in validation set 1
(P<0.00001; Mann-Whitney U-test). Of particular interest, both
p- and t-ERK1/2 levels increased simultaneously with a positive

© 2010 Cancer Research UK

correlation in sera from PaCa patients (r=0.38, P<0.0004;
Pearson’s correlation coefficient test) (figure not shown).

Phospho-ERK1/2 level in serum excels in the detection of
pancreatic cancer

To estimate the cell signalling phosphoprotein, p-ERK1/2, as a
novel serum biomarker to detect PaCa patients, we calculated the
ROC curves, which correlate the true- and false-positive rates
(sensitivity and 1 specificity) between PaCa patients and HVs. The
area under the ROC curve (AUC) was 0.94 for p-ERK1/2, and
concerning with other phosphoproteins, the AUCs were 0.79 for
p-MEK]1, 0.81 for p-p90RSK, 0.86 for p-CREB and 0.83 for p-Akt in
the training set. To validate and compare the abilities of serum
markers for the diagnosis of PaCa, we constructed ROC curves for
p-ERK1/2, CA19-9 and the combination of two serum levels in
validation set 1. The respective AUC was 0.88 for p-ERK1/2, 0.91
for CA19-9 and 0.96 for the combination p-ERK1/2 and CA19-9
(Figure 3B).

The positive rate of serum p-ERK1/2 in the disease groups was
calculated using the reference values determined according to the
upper limit of 95% CI in the three respective healthy control
groups. In all three sets of this study, only five patients showed
negative levels for both p-ERK1/2 and CA19-9. For CAI19-9,
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Figure 3  Confirmation of the results obtained from the training set for validation set I. (A) The similar resut of the training set shows that both circulating
p-ERK1/2 and t-ERK1/2 levels were significantly increased in sera from PaCa patients compared with that of HVs for validation set I. (B) The ROC analyses
were performed for the serum levels of p-ERK1/2, CA19-9 and a combination of p-ERK1/2 and CA19-9 between PaCa patients and HVs. The respective
AUCs were 088 for p-ERKI/2 level, 091 for CAI9-9 level and 096 for the combination of p-ERKI/2 and CAI9-9 levels. Comparing among three
populations in validation set 2. (€) Serum levels of six candidate phosphoproteins were able to distinguish among the three populations (HY, PT and PaCa)
by hierarchical clustering analysis. The analysis distinguished the three groups; the majority of PaCa patients are found on the right side, whereas PT are
located diffusely in the approximate centre and HVs are mainly located on the left side of the heat map. (D) Circulating p-ERKI/2 levels in sera were
significantly differenced among three populations (PaCa, PT and HVs) (P<0.00001; Kruskal—Wallis test). (E) The ROC analyses were performed for the
serum levels of p-ERKI/2 and CA19-9 between cancer (PaCa) and non-cancer (HVs and PT) populations. The respective AUCs were 0.75 for p-ERKI1/2

level and 0.70 for CAI9-9 level and 0.84 for the combination of p-ERK1/2 and CA19-9 levels.

39 false-negative patients were mostly picked up as p-ERK1/2-
positive (87.2%) patients with PaCa (Table 3). These results
indicate that the combination of p-ERK1/2 and CA19-9 achieved
sufficiently high sensitivity and specificity to diagnose PaCa
accurately by supplementing the low sensitivity of CA19-9 that
was caused by deficiency of Lewis antigens and so on.

Combination of p-ERK1/2 and CA19-9 levels is superior
discriminatory power between cancer and non-cancer
populations

In validation set 2, we compared and analysed the differential
protein expression of six candidate phosphoproteins levels in sera
from PaCa, PT patients and HVs. Hierarchical clustering analysis
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indicated that the populations of PT patients were located diffusely
but approximately in between the HVs and PaCa patient groups
(Figure 3C).

Furthermore, to assess the discriminatory power of serum
p-ERK1/2 levels, we measured to compare p-ERK1/2 and CA19-9
levels in sera of PaCa patients and age-matched benign controls
including PT patients. Phospho-ERK1/2 levels were significantly
increased in sera among three populations (P <0.00001; Kruskal -
Wallis test; Figure 3D), and between cancer and non-cancer
populations (P<0.00002; Mann - Whitney U-test). To discriminate
cancer from non-cancer groups, we performed multivariate logistic
regression analysis using p-ERK1/2 and CA19-9. As a result, both
p-ERK1/2 (odds ratio: 13.4, 95% CI: 2.14-83.6, P = 0.0056; Wald
test) and CA19-9 (odds ratio: 3.67, 95% CI: 1.86-7.22, P =0.0002;
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Table 3 p-ERKI/2-positive rate in CA19-9 false-negative patients with
pancreatic cancer

CAI9-9 false p-ERK|1/2-positive in
negative (%) CA9-9 false negative (%)
Training set 6/26 (23.1) 6/6 (100.0)
Validation set | 22/80 (27.5) 20/22 (909)
Validation set 2 11735 (31.4) 8/11 (727)
Total 39/141 (27.7) 34/39 (87.2)

Abbreviations: CA|9-9 = carbohydrate tumour-associated antigen 19-9; p-ERK1/2 =
phospho-extracellular signal-regulated kinases |/2.

Wald test) were identified as significant variables for the detection
of PaCa. For distinguishing between cancer and non-cancer
groups, the respective AUC was 0.75 for p-ERK1/2 and 0.70 for
CA19-9, and the AUC was 0.84, showing high ability to distinguish
between cancer and non-cancer groups, for the combination of the
two serum levels (Figure 3E). These results suggest the combina-
tion of p-ERK1/2 and CA19-9 levels is better discriminatory power
compare to CA19-9 alone between cancer and non-cancer
populations.

Circulating p-ERK1/2 is a potential novel marker for early
stage of pancreatic cancer

To emphasise the diagnosis of early stage of patients with
pancreatic malignancy, we found that the sensitivity of serum
p-ERK1/2 levels for predicting stage I PaCa in our study
population was 82% (14 out of 17 patients with stage IA or IB
cancers had elevated p-ERK1/2), whereas only 9 out of 17 (53%)
patients showed elevated CA19-9. These results suggest that the
measurement of serum p-ERK1/2 levels could be particularly
helpful in the detection of early stage PaCa.

DISCUSSION

The results reported herein show that the measurement of
circulating signal transduction proteins in serum led to the
detection of PaCa. To elucidate molecules related to PaCa
progression, we used a new strategy based on the multiplexed
cell signalling of phosphoproteins in serum by hierarchical
clustering analysis. To detect pre-malignant tumour or early stage
malignancies, it is necessary to be able to assess very low abundant
substances that are likely produced by tumour itself (ie.,
fragments of cellular components, endo- or exogenous protease
and secretion derived from tumour) (Villanueva et al, 2006a, b),
the microenvironment of the tumour-host interface (Iacobuzio-
Donahue et al, 2002) and the host immune response to tumour
(Koomen et al, 2005). Recently, it was reported that both lymphatic
vessel compression with resultant functional abnormalities and
elevated interstitial fluid pressure occur during the early stages of
carcinogenesis (Hagendoorn et al, 2006). These insights have
formed the theoretical foundation for the detection of early stages
of cancer.

Biological fluids, such as serum, are a readily obtainable source
of potential cancer biomarkers that are shed or secreted by cancer
cells, and are produced as a consequence of humoral immunity
(Lu et al, 2008). Serum immerses most tissues in the body and is
therefore likely to contain cell-derived proteins that can provide
dynamic information about various biological processes.
In addition, it is thought that cellular or tissue protein might
likely present as a full-length form or the cleavage fragments that
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freely enter circulation by diffusion or convection (Liotta and
Petricoin, 2006).

Concerning proteins as indicators, it has been recognised that
blood protein biomarkers are amplified in the circulatory system
because they accumulate on the high concentration of resident
proteins, such as albumin, and then acquire the longer half-life of
albumin, thereby protecting the bound species from renal
clearance (Lowenthal et al, 2005; Araujo et al, 2008). Lowenthal
et al also indicated that among many individual sequences that
were predicted from albumin-associated proteins in serum from
patients with three stages of ovarian cancer, the predicted
sequences were largely fragments derived from proteins with
diverse biological functions, including crucial cellular signal
transduction factors. Interestingly, the kinds of signal transduction
factors were more numerous in sera from patients with early stage
than in advanced stage of cancer among the identified proteins. In
an recent study, the enrichment of serum phosphopeptides using
the modified particles was successful to identify phosphorylated
peptides that were related to cancer. The profiling of these
degraded fragments has been found to be able to distinguishing
between hepatocellular carcinoma patients and healthy individuals
(Hu et al, 2009). Our current study results are consistent with these
theories of protein amplification and actual identification in the
circulatory system.

The activation of epidermal growth factor receptor (EGFR) and
the various downstream targets, such as Ras, Raf, MEK and ERK,
are deeply implicated in the pathogenesis of PaCa with malignant
transformation and enhanced tumour aggressiveness. In addition,
the signalling cascade is likely crucial for PaCa progression
because K-Ras gene mutations have been found in many
populations of human PaCa specimens. The efficacy of molecular
targeting therapies for PaCa, such as an inhibitor of EGFR tyrosine
kinase, small-molecule inhibitor of Raf kinase and that of the dual
specificity kinase MEK1/2, have recently being evaluated in some
clinical trials, however, the results have not been impressive
(Rinehart et al, 2004; Siu et al, 2006; Moore et al, 2007). The major
reason is considered that the dysregulation or hyperactivity in the
network of intracellular and extracellular signalling pathways is so
complicated with multiplicity that each individual may have a
differential profile even among similar malignancies. It is reason-
able to surmise that to obtain maximum efficacy of molecular-
targeted therapies it is necessary to investigate which pathway is
more highly activated for each cancer patient (Jimeno et al, 2008).

229

In the near future, our new insights may resolve this problem with

a minimally invasive approach.

This is the first study to show circulating cell signalling
phosphoproteins in blood of PaCa patients. In our experiments,
comprehensive and hierarchical clustering analyses of serum
phosphoproteins between PaCa patients and HVs revealed path-
way-specific profiles, in particular components of the ERK
signalling pathway, and a new method to classify serum
phosphoproteins possibly derived from tumour itself, based on
intracellular signalling portraits. As mentioned above, overcoming
the issue of specificity as well as discovering highly sensitive
markers for early detection are undoubtedly important. We
confirmed that this signature could be used to discriminate not
only between cancer and healthy controls in an independent
validation set but also between cancer and non-cancer populations
in an age-matched sample as another validation set. We also found
that these circulating molecules were potentially useful for the
diagnosis of early stage PaCa. These results suggest that the level of
circulating p-ERK may be associated with early stage of pancreas
carcinogenesis.

Immunohistochemistry of PaCa tissues showed that two target
phosphoproteins, p-ERK and p-MEK, were simultaneously well
expressed during the early stage neoplasms, even in the cancer
cells of non-invasive or minimally invasive ductal carcinoma, as

well as in the advanced stage patients with PaCa. Furthermore,
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both p-ERK and p-MEK levels in sera of PaCa patients were in
good correlation with the positive staining of their PaCa tissues.
Taken together, we consider that the major source for the elevation
of cell signal phosphoproteins levels in serum may be cancer cells
that are showing augmented cell signalling.

Subclasses distinguished by hierarchical clustering analysis of
six candidate markers indicated good correlation with the
prediction of the prognosis of PaCa patients in this study. Further
investigation of subclass analysis by hierarchical clustering will
provide fruitful information regarding which factors of cell
signalling phosphoproteins in serum are associated with the
malignant behaviour of PaCa.

PaCa develops as a result of the stimulation and activation of
various growth factor receptors. The continuous stimulation of
these signal transduction pathways leads to increases in both the
activated and inactivated forms of the cell signalling molecules in
the intracellular environments of cancerous cells. The downstream
activation transmits information through post-translational
protein modifications with reversible protein phosphorylation.
Increasing signal molecules that accumulate in the cell trigger
changes in the penetration of cell membrane, which causes the
release of both phosphoproteins and the degraded fragments to
extracellular environments by cellular apoptosis. Once released
from the intracellular environments, those proteins likely lose their
original function, and are then carried to nearby blood vessels, and
circulate freely or with binding to high-affinity transfer proteins in
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blood circulatory system. However, further research is needed to
elucidate the sequence of this pathway.

In conclusion, we found cancer-associated cell signal phospho-
proteins in serum using multiplexed cell signalling analysis. The
measurement of circulating phosphoproteins in serum was able to
discriminate between cancer patients and benign controls, and this
new approach was helpful in the early diagnosis of patients with
PaCa. This method shows the feasibility of this analysis, with a less
invasive approach. The next step is to elucidate the profiling of cell
signal activation by these comprehensive and hierarchical cluster-
ing analyses may discriminate subclasses into clinically significant
groups. In the near future, investigations determining the
footprints of circulating phosphoproteins will lead to the clinical
application of this method that will be used for targeted tailor-
made therapeutics.
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Background and purpose: To examine whether liver volume changes affect prognosis and hepatic function
in patients treated with carbon ion radiotherapy (CIRT) for hepatocellular carcinoma (HCC).

Material and methods: Between April 1995 and March 2003, among the cases treated with CIRT, 43
patients with HCC limited to the right hepatic lobe were considered eligible for the study. The left lateral
segment was defined as the non-irradiated region. Liver volume was measured using contrast CT at 0, 3,
6, and 12 months after CIRT. We examined serum albumin, prothrombin activity, and total bilirubin level

lée;y v:f;g;lular e — as hepatic functional reserve.
Ragiotherapy Results: After CIRT, the non-irradiated region showed significant enlargement, and enlarged volume of
Carbon ion this region 3 months after CIRT >50 cm® was a prognostic factor. The 5-year overall survival rates were

48.9% in the larger enlargement group (enlarged volume of non-irradiated region 3 months after CIRT
>50 cm?) and 29.4% in the smaller enlargement group (as above, <50 cm?). The larger enlargement group
showed better hepatic functional reserve than the smaller enlargement group 12 months after CIRT.

Conclusions: This study suggests that compensatory enlargement in the non-irradiated liver after CIRT

Liver volume
Liver function

contributes to the improvement of prognosis.
© 2010 Elsevier Ireland Ltd. All rights reserved. Radiotherapy and Oncology 96 (2010) 236-242

Hepatocellular carcinoma (HCC) is one of the most common
malignant tumors in the world and is the third-leading cause of
death from cancer [1]. In Japan, its incidence is approximately 30
in 100,000 males and 10 in 100,000 females [2]. HCC is closely
associated with hepatitis B and C, and the majority of patients with
HCC have liver cirrhosis, a condition that limits treatment options.
Surgical resection is the mainstay of curative treatment, but it is re-
stricted to selected patients [3,4]. Radiofrequency ablation and
other ablative techniques achieve excellent local control, but they
are restricted to small HCC [5-7]. Transcatheter arterial chemo-
embolization is clinically useful [8-10], but a radical effect has
not been proved in histopathologic studies [11,12]. There is an ur-
gent need for more effective and less invasive treatment of HCC.

The previous role of radiotherapy for HCC was limited and
unsatisfactory by poor hepatic tolerance to irradiation [13,14].
Technological advances have made it possible to deliver a higher
dose of radiation to focal liver cancers accurately, reducing the risk
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8555, Japan.
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of toxicity [15-17]. Proton beam therapy has appeared to be effec-
tive and safe for HCC, mainly because of its excellent dose distribu-
tion at the end of the beam path, called the Bragg peak [18,19].
Carbon ion beams also possess the Bragg peak, and they provide
excellent dose localization to the target volume by specified beam
modulations [20,21]. They have advantageous biological and phys-
ical properties that result in a higher cytocidal effect than those of
photons and protons [22-27].

The history of the use of carbon ion radiotherapy (CIRT) for
treating HCC goes back to 1995, when clinical trials were initiated
at the National Institute of Radiological Sciences (NIRS). We have
already reported that CIRT used for the treatment of HCC is safe
and effective, and that it causes only minor liver damage [22,23].
Although atrophy of the irradiated region of the liver is observed
after CIRT, the reason why liver function is retained after CIRT
has not yet been investigated.

It has been reported that preoperative portal vein embolization
in extended hepatectomy cases causes the remnant liver volume to
increase and postoperative hepatic insufficiency to diminish
[28,29]. Similarly, we wondered whether the same mechanism
might apply to CIRT. Thus, as the region irradiated with CIRT
showed atrophy and the non-irradiated region appeared to show
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compensatory enlargement after CIRT, it was supposed that the
compensatory enlargement had a contributory role in the retention
of hepatic function. This hypothesis was investigated.

Materials and methods

Patients

CIRT for HCC was performed as a Phase I/II clinical trial from
April 1995 through March 2001 with 110 patients, and as a Phase
Il clinical trial from April 2001 through March 2003 with 47 pa-
tients. The eligibility criteria for enrollment in these clinical trials
were previously reported [22]. Prior to treatment, all patients gave
their written informed consent in accordance with the Declaration
of Helsinki. One hundred twenty-one of the total 157 had the tu-
mor limited to the right lobe of the liver, 27 had the tumor limited
to the left lobe, and 9 had the tumor in both right and left lobes.

Among the patients of this study, 43 met the following condi-
tions: (1) treatment target tumor was limited to the right lobe of
the liver, (2) left lateral segment was not irradiated, (3) no addi-
tional treatment was performed for hepatic lesions (local recur-
rence and/or recurrence in other loci) within 12 months after
CIRT, and (4) abdominal contrast CT imaging was performed at
our institute at 0, 3, 6 and 12 months after CIRT. Background data
of the patients and tumors are presented in Table 1. The regions

irradiated with more than 10% radiation dose were as follows:
anterior, posterior and medial segments in 32 patients, anterior
and posterior segments in 8, posterior segment in 2, and anterior
and medial segments in 1.

Carbon ion radiotherapy

The carbon ion beam used for radiotherapy was generated from
the heavy ion medical accelerator in Chiba developed by NIRS in
1993. The accelerator system and the biophysical characteristics
of the carbon ion beam have been previously described
[20,21,30]. For modulation of the Bragg peak of the beam to con-
form to the target volume, the beam lines in the treatment room
are equipped with a pair of wobbler magnets, beam scatterers,
ridge filters, multileaf collimators, and a compensation bolus. The
irradiation fields were established with a three-dimensional ther-
apy plan on the basis of 5-mm-thick CT images. The planning tar-
get volume was defined according to the shape of the tumor plus a
1.0-1.2 cm margin. To reproduce the target position accurately, a
low-temperature thermoplastic sheet (Shellfitter, Kuraray, Osaka,
Japan), a customized cradle (Moldcare, Alcare, Tokyo, Japan), and
a respiratory gated irradiation system [31] were used in the CT
planning and radiotherapy stages. The radiation field was con-
firmed and corrected by orthogonal fluoroscopy and radiography
immediately before each treatment session.

Table 1
Patient and tumor characteristics.
Total Larger enlargement group Smaller enlargement group P

n 43 20 23
Gender, n (%)
Male 29 (67) 15 (75) 14 (61) 0.353
Female 14 (33) 5(25) 9(39)
Age (years)
Median 66 71.5 65 0.006
Range 45-83 46-81 45-83
Child-Pugh classification, n (%)
A 35 (81) 18 (90) 17 (74) 0.250
B 8(19) 2(10) 6 (26)
Stage (UICC 5th), n (%)
1 13 (32) 6(27) 7(36) 0.947
11 25 (54) 12 (59) 13 (50)
1MA 5(14) 2(14) 3(14)
Gross tumor volume (cm®)
Median 35.2 54.7 31.8 0.114
Range 46-861.9 15.6-861.9 4.6-211.2
Planning target volume (cm®)
Median 190.5 2429 149.0 0.019
Range 39.6-1466.4 70.3-1466.4 39.6-538
Liver volume of irradiated site (cm?), mean + SD 756.6 +£134.1 767.1 £138.1 747541329 0.942
Liver volume of non-irradiated site (cm?), mean + SD 320.0+166.3 3T2E152.7 322.4+180.6 0.715
Albumin (g/dl), mean + SD 38+04 39+04 38+04 0.659
Prothrombin activity (%), mean + SD 77.2+135 786+11.4 76.0+15.3 0.670
Total bilirubin (mg/dl), mean + SD 1.0+04 09103 1.1+04 0.072
Platelet count (x10%/ul), mean +SD 11.8+46 14.0+43 99+39 0.002
Number of tumors, n (%)
1 36 (84) 19 (95) 17 (74) 0.100
2 7(16) 1(5) 6 (26)
Irradiated segment, n (%)
Anterior, posterior and medial 32 15 17 0.821
Anterior and posterior 8 4 4
Posterior 2 1 1
Anterior and medial 1 0 1
Number of portals, n (%)
2 36 16 20 0.687
3 7 4 3

Abbreviations: UICC = International Union Against Cancer.
SD = standard deviation.
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Table 2

Dose fractionation.
Total dose/ Total Larger Smaller BED
fractionation (n=43) enlargement enlargement (of

group (n = 20) group (n=23) p=10)

49,5 GyE/15 fr 1 1 0 65.8
54,0 GyE/15 fr 1 0 1 73.4
60.0 GyE/15 fr 2 0 2 84.0
66.0 GyE/15 fr 2 1 1 95.0
72.0 GyE/15 fr 3 1 2 106.6
79.5 GyE/15 fr 1 0 1 121.6
540 GyE/12 fr 1 0 1 783
60.0 GyE/12 fr 3 2 1 90.0
66.0 GyE/12 fr 2 2 0 102.3
69.6 GyE/12 fr 4 1 3 110.0
48.0 GyE/8 fr 2 0 2 76.8
52.8 GyE/8 fr y 3 4 87.6
52.8 GyE/4 fr 14 9 5 122.5

Abbreviations: BED = biological effective dose.

The dose was calculated for the target volume and any nearby
critical structures and expressed in Gray equivalents (GyE = carbon
physical dose [in Gray] x relative biologic effectiveness). Radiobio-
logic studies were performed in mice and in five human cell lines
cultured in vitro to estimate the relative biologic effectiveness val-
ues relative to megavoltage photons. Irrespective of the size of the
spread-out Bragg peak (SOBP), the relative biologic effectiveness
value of carbon ions was estimated as 3.0 at the distal part of the
SOBP, and ridge filters were designed to produce a physical dose
gradient of the SOBP so that the biologic effect along the SOBP be-
came uniform. This was based on the biologic response of human
salivary gland tumor cells at a 10% survival level.

CIRT was given at a total dose range of 48.0-79.5 GyE in 4-15
fractions. Ten patients were treated at a total dose range of 49.5-
79.5 GyE in 15 fractions, 10 at 54.0-69.6 GyE in 12 fractions, 9 at
48.0-52.8 GyE in 8 fractions, and 14 at 52.8 GyE in four fractions.
CIRT was administered once a day, four fractions per a week, and
one port was used in each session. Double-field geometry was used
for CIRT in 36 patients; for the remaining seven patients, three-
field geometry was used (Tables 1 and 2).

Measurement of liver volume

The left lateral segment of the liver was defined as the non-irra-
diated region, and the other segments as irradiated. The AZE Com-
pany Workstation VIRTUAL PLACE ADVANCE PLUS liver analysis

Table 3
Changes in liver volume.

software was used for measuring liver volume. Liver contours
(both irradiated and non-irradiated regions) and contours of the
target tumors to be treated were entered on each of the CT slices
taken prior to treatment and at 3, 6 and 12 months after CIRT,
and the volume of the liver in the irradiated region (excluding
the target tumor volume) as well as that in the non-irradiated re-
gion were measured. Since hepatic cirrhosis is noted in most cases
as the background disease, and to exclude any impact of right lobe
atrophy and left lobe enlargement through natural processes, the
evaluation period was limited to 12 months after treatment.

Survival and evaluation of liver function

Overall survival was measured from the starting date of treat-
ment until the date of death from any cause. Disease-free survival
was measured from the starting date of treatment to the time of
either death due to disease or of the first clinical or radiographic
evidence of systemic or regional disease recurrence. We investi-
gated the relationships between survivals and enlargement vol-
ume of the non-irradiated region at 3 months after CIRT. Patients
with 50 cm? or greater enlargement volume of the non-irradiated
region at 3 months post-treatment were classified as the larger
enlargement group, and those with less than 50 cm?® enlargement
as the smaller enlargement group. Serial changes in serum albu-
min, prothrombin activity, total bilirubin level, and platelet count
were reviewed before and 12 months after treatment in the larger
and smaller enlargement groups.

Statistical analysis

Statistical analyses were performed using SPSS version 12.0
(SPSS Inc., Chicago, IL). Results were reported as mean * standard
deviation. For continuous variables, non-parametric tests (Fried-
man test, Wilcoxon’s signed r rank test, and Mann-Whitney U test)
were used. For categorical data, chi-squared test or Fisher's exact
test was used. Prognostic factor analyses were performed using
the Cox proportional hazards regression model. The Kaplan-Meier
method was used for calculation of survival rates, and survival
curves were compared by log-rank test. Multivariate analyses of
factors related to enlargement of the non-irradiated region at
3 months after CIRT were performed using logistic regression anal-
yses. Statistical significance was considered if P < 0.05 (P-values
from two-sided tests), but for multiple comparisons of liver vol-
ume, Bonferroni’s inequality was used.

Before 3 months after 6 months after 12 months after
Total (n=43)
Irradiated region (cm’®) 756.6+134.1 696.1 £229.1 632.9+164.2 575.9+145.7
Volume variation (cm3) (%) —60.5+204.3 (-7.8+28.1) —123.7+145.7 (-15.91 19.0) —180.7 £104.2 (-24.0+13.7)
Non-irradiated region (cm?) 320.0+166.3 379.4+169.4 389.5+177.5 390.4 + 185.7
Volume variation (cm®) (%) 59.4+80.4 (25.3+37.2) 69.5 +85.3 (28.7 +36.6) 704 £85.2 (27.0+33.9)
Larger enlargement group (n=20)
Irradiated region (cm?) 767.1+138.1 726.7 £294.5 662.8 £178.8 582.7+149.3
Volume variation (cm?) (%) -404+279.8 (-4.7 +39.1) —1043+177.7 (-12.7+23.8) —184.4+111.9(-24.1+£15.3)
Non-irradiated region (cm?) 317.2+152.7 438.1+£152.0 4449 +165.0 4419+ 162.7
Volume variation (cm?) (%) 1209 £ 74.1 (47.7 £ 42.6) 127.7 +£84.0 (50.3 £40.5)
Smaller enlargement group (n=23)
Irradiated region (cm?) 747541329 669.4 +154.1 606.9 + 149.4 570.0 £ 145.7
Volume variation (cm3) (%) —78.1+106.6 (—-10.4+13.2) —140.6+112.3 (-18.7+13.6) —177.5+99.4 (-24.0+124)
Non-irradiated region (cm?) 322.4+180.6 328.3+170.2 34131773 345.6 +196.1

Volume variation (cm?)(%)

594340 (58+15.2)

18.9+45.2 (10.0+18.8)

23.2£60.1 (9.6 £ 20.6)

Values are given as mean + standard deviation.
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Results

The changes with time in liver volume values are shown in Ta-
ble 3. In all patients, the volume of the irradiated region decreased
significantly and that of the non-irradiated region increased signif-
icantly by the Friedman test (P<0.001, P<0.001, respectively),
with the difference over time in the irradiated region by multiple
comparisons showing that significant differences existed between
any two time-points (P < 0.001, each). In the non-irradiated region,
comparisons showed that significant differences existed between
before treatment and 3, 6, and 12 months after treatment
(P<0.001, P<0.001, P<0.001, respectively), but there were no sig-
nificant differences between 3 and 6 months, 3 and 12 months, and
6 and 12 months (P=0.091, P=0.084, and P = 0.599, respectively).
Comparing the time-related changes of the liver volume in terms of
the larger and smaller enlargement groups, both of the two groups
showed significant atrophy of the irradiated region (P<0.001,
P <0.001, respectively) and significant enlargement of the non-
irradiated region (P <0.001, P=0.022, respectively) (Fig. 1). Fur-
ther, the enlarged volume of the non-irradiated region 3 months
after CIRT =50 cm® was a prognostic factor (Table 4).

There were significant differences between the larger and smal-
ler enlargement groups in overall survival rate and disease-free

a: CT image before Carbon Ion Radiotherapy

survival rate (P=0.030, P=0.008, respectively). Overall survival
rates after 3 and 5years were 80.0% (95% confidence interval
[C1], 63-98) and 48.9% (95% CI, 27-71) in the larger enlargement
group and 52.2% (95% CI, 32-73) and 29.4% (95% Cl, 10-48) in
the smaller enlargement group (Fig. 2a). Disease-free survival rates
after 3 and 5 years were 50.0% (95% CI, 28-72) and 28.0% (95% CI,
7-49) in the larger enlargement group and 26.1% (95% Cl, 8-44)
and 0.0% (95% CI, 0-0) in the smaller enlargement group (Fig. 2b).

Table 5 shows the comparison of liver function between the two
groups. Before treatment, there were no significant differences in
serum albumin, prothrombin activity, and total bilirubin level
between the two groups (P=0.659, P=0.670, and P=0.072,
respectively). Yet, 12 months after the treatment the larger
enlargement group exhibited significantly higher serum albumin
and prothrombin activity and lower total bilirubin levels than
the smaller enlargement group (P=0.015, P=0.002, P=0.042,
respectively). As for platelet count, there were significant differ-
ences between the two groups before and after the treatment
(P=0.002, P=0.002, respectively).

Univariate analysis showed that the planning target volume
(PTV) and platelet count were significant factors for compensatory
liver enlargement. Multivariate analysis showed only platelet
count to be a significant factor (Table 6).

b: CT image 12 months after Carbon lon Radiotherapy

c: Dose distribution

Fig. 1. CT images before and 12 months after carbon ion radiotherapy and dose distribution. CT image obtained in 81-year-old man from the larger enlargement group shows
shrinkage of right hepatic lobe (840.5 cm® — 739.0 cm®) and enlargement of left lateral segment (154.5 cm® — 266.4 cm®). Hepatic function of this patient was retained.
Serum albumin level before and 12 months after therapy was 4.5 and 4.0 g/dl, respectively. Prothrombin activity was 85.7% and 82.7%, respectively. Total bilirubin level was
0.7 and 0.7 mg/dl, respectively. Platelet count was 13.5 x 10% and 17.8 x 10%/pl, respectively.
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Table 4
Factors related to overall survival.

Factor No. of patients Univariate Multivariate
Hazard ratio (95% CI) P Hazard ratio (95% CI) P

Gender
Male 29 1.00 (0.47-2.10) 0.994 0.55 (0.18-1.72) 0.305
Female 14
Age (years)
<65 15 1.12 (0.59-2.43) 0.614 1.82 (0.80-4.18) 0.155
=65 28
Child-Pugh classification
A 35 140 (0.63-3.10) 0.406 1.48 (0.45-4.85) 0520
B 8
Platelet count (x10%/ul)
<10 17 0.57 (0.29-1.15) 0.114 0.51 (0.20-1.33) 0.169
=10 26
Enlargement volume of non-irradiated region at 3 months after CIRT (cm’®)
<50 23 045 (0.22-0.94) 0.034 0.36 (0.15-0.88) 0.025
>50 20
Planning target volume (cm?)
<200 24 0.78 (0.39-1.56) 0.489 1.51 (0.63-3.59) 0357
>200 19
Biological effective dose (ot/fi = 10)
Low (65.8-95.0) 19 0.81(0.41-1.62) 0.555 0.95 (0.41-2.20) 0912
High (102.3-122.5) 24
Number of tumors
1 36 1.07 (0.44-2.61) 0.881 0.50 (0.16-1.54) 0.226
2 7

Discussion reported that preoperative portal vein embolization performed in

In the present study, we have shown that cases with irradiation
of the right lobe of the liver develop enlargement of the left lateral
segment by way of compensation after CIRT and that the compen-
satory enlargement is contributory to the improvement of
prognosis.

Approximately 80% of all HCC patients have chronic liver disor-
ders [3], which require effective and necessarily minimally inva-
sive therapy of HCC. We have reported that CIRT appears safe
and effective for patients with HCC [22,23]. However, the reason
why liver function is retained despite atrophy of the irradiated re-
gion of the liver still remained to be investigated. Hemming et al.
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Fig. 2a. Survival rates of the larger and smaller enlargement groups. (a) Overall
survival of the larger and smaller enlargement groups. Overall survival rates after 3
and 5 years were 80.0% (95% confidence interval [Cl], 63-98) and 48.9% (95% Cl, 27~
71) in the larger enlargement group and 52.2% (95% CI, 32-73) and 29.4% (95% ClI,
10-48) in the smaller enlargement group.

extended hepatectomy cases caused enlargement of the remnant
liver [28]. In other research studies, enlargement of the remnant li-
ver has been shown to have the effect of improving liver function
[32-34]. Moreover, after radiotherapy, veno-occlusive diseases of
the liver occur, which, it is argued, are the cause of radiation-in-
duced liver disease [35-37]. From the above, we wonder whether
the same mechanism might hold true for CIRT.

In this study, we measured the volumes of the irradiated and
non-irradiated regions using CT imaging. Heymsfield and associ-
ates first measured the volume of a cadaver’s liver using CT in
1979, showing that the discrepancy between the volume measured
by CT and that measured using the water replacement method was

100 4
80 ~=0.008
%
8 60 4
§ Larger
T 40 enlargement group
a
@9 Smaller
enlargement group
0 v - - -
0 | 2 3 4 5 6 7 8 9 10
(years)

Fig. 2b. Survival rates of the larger and smaller enlargement groups. (b) Disease-
free survival of the larger and smaller enlargement groups. Disease-free survival
rates after 3 and 5 years were 50.0% (95% Cl, 28-72) and 28.0% (95% CI, 7-49) in the
larger enlargement group and 26.1% (95% Cl, 8-44) and 0.0% (95% CI, 0-0) in the
smaller enlargement group.
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Table 5
Comparison of liver function.

Before 12 months after
Larger enlargement group Smaller enlargement group P Larger enlargement group Smaller enlargement group P
(n=20) (n=23) (n=20) (n=23)
Albumin (g/dl) 39+04 3.8+04 0659 39103 37+04 0.015
Prothrombin activity 78.6+11.4 76.0+15.3 0670 819%93 69.7+11.9 0.002
(%)
Total bilirubin (mg/ 09+03 1.1+04 0072 09+05 1.1+04 0.042
dl)
Platelet count (x10%/ 14.0+4.3 9.9+39 0.002 146+7.9 85+3.4 0.002

)

Values are given as mean + standard deviation.

Table 6
Factors related to compensatory enlargement.

Factor No. of  Univariate Multivariate Hazard 95%

patients P P ratio Confidence
interval

Planning target volume (PTV) (cm®)

<200 24 0.013 0.147 2.92 0.69-

=200 19 12.46

Platelet count (x10%/ul)

<10 17 0.004 0.028 5.85 1.21-

=10 26 28.31

Biological effective dose (BED) (o/ff = 10)

Low (65.8-95.0) 19 0.261 0479 1.67 0.40-6.94

High (102.3-122.5) 24

within 5% [38]. In 1981, Moss et al. also measured liver volume
using CT, confirming the conclusion of Heymsfield et al. [39].
Many studies have reported that the difference between CT-mea-
sured liver volume and the actual liver volume is minor [38-40].
In our study, the volume of the left lateral segment was
320.0 + 166.3 cm® (Table 3). Zhou et al. measured the volume of
113 hepatic lobes using CT. They reported average volumes of
the left lateral segment of 313.2+105.1 and 282.2 + 136.2 cm? in
Child-Pugh class A and B patients, respectively [41]. These results
generally resemble ours, lending support to the accuracy and reli-
ability of our measuring method.

It is difficult to distinguish strictly the irradiated and non-irra-
diated portions, and therefore in this study we defined the left lat-
eral segment of the liver as the non-irradiated region, and the other
segments as irradiated. In 11 of 43 patients, the region considered
as irradiated was larger than the region really receiving radiation.
We cannot examine whether the non-irradiated portions of the
right lobes enlarge or not because it is difficult to distinguish the
irradiated and non-irradiated portions of the right lobe. The vol-
umes of the irradiated part of the liver measured at 0, 3, 6, and
12 months after treatment, respectively, did show significant dif-
ferences. With the lapse of time, the measurement values de-
creased significantly. In contrast, the liver volumes of the non-
irradiated part increased at 3 months post-treatment on a signifi-
cant scale compared to before the treatment. From then on, no
more significant increases were observed. These data demonstrate
that the enlargement of the non-irradiated region is not a matter of
the natural course associated with chronic liver disorders, but
rather results as compensation for the CIRT-caused atrophy of
the liver.

We divided the subjects into two groups according to compen-
satory enlargement liver volume of more or less than 50 cm® be-
cause enlarged volume of the non-irradiated region 3 months
after CIRT =50 cm? was a prognostic factor. In terms of liver func-
tion, many complex methods for estimating liver functional re-

serve have been advocated, including tests that measure liver
metabolic activity such as ICG clearance, galactose elimination,
and aminopyrine clearance [42]. However, it was demonstrated
that either one of Child classification [43] or Okuda staging [44]
is highly predictive for outcome [45]. Serum albumin, prothrombin
activity, and total bilirubin level are the serum items of the Child-
Pugh score, which is the index of hepatic functional reserve. There-
fore, Serial changes in these items were reviewed as hepatic func-
tional reserve before and 12 months after treatment in the two
groups. There were no significant differences in them before the
treatment, but at 12 months after, the larger enlargement group
remained significantly more favorable than the smaller enlarge-
ment group. On the other hand, the extent of atrophy of the irradi-
ated regions was found to be significantly similar in the two
groups. These data indicate the possibility that the compensatory
enlargement, taking place in the non-irradiated region of the liver
after CIRT, affect hepatic functional reserve. It was suggested that
better disease-free survival and hepatic functional reserve contrib-
uted to improvement of overall survival.

We investigated PTV, platelet count, and biological effective
dose (BED) as indicators of enlargement of the non-irradiated re-
gion at 3 months after CIRT. PTV and platelet count were selected
on the basis of their significant differences between the larger
and smaller enlargement groups. In our study, it was difficult to
compare the differences of total dose and fractionations because
of their various combinations. Then, although it has not been con-
firmed that BED is adaptable to CIRT, we tried to calculate BED for
every fractionation by L/Q model [46], adding it to the variables.
The difference in mean age between the two groups was thought
not to be related to the compensatory enlargement of the liver
after CIRT, based on the self-evident discrepancy between age
and the enlargement volume, i.e., the higher the age, the larger
the volume. Therefore, we excluded age from the analysis of the
indicators of compensatory enlargement of the non-irradiated li-
ver. Our data demonstrated platelet count to be the major factor
of compensatory enlargement of the non-irradiated liver, and it
is known that platelet count decreases in parallel with the grade
of chronic liver disease [47]. Thus, we intend to investigate the
relationship between liver fibrosis and compensatory enlargement
of the liver in future studies.

Considering the limitations of this study, we must first point out
the nature of the investigation as a retrospective one. Secondly, the
subjects were restricted to cases in which target tumors were lo-
cated in the right lobe of the liver. Thirdly, we did not utilize any
biochemical or molecular biological method.

It was demonstrated that the non-irradiated region of the liver
enlarged compensatively until 3 months after CIRT and that the en-
larged volume of this region 3 months after CIRT >50 cm® was a
prognostic factor. We can conclude that compensatory enlarge-
ment of the non-irradiated liver contributes to the improvement
of prognosis.
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The polycomb group gene product Ezh2 regulates proliferation
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Ryutaro Aoki'**, Tetsuhiro Chiba'>>, Satoru Miyagi', Masamitsu Negishi’, Takaaki Konuma',

Hideki Taniguchi* Makoto Ogawa?, Osamu Yokosuka?, Atsushi Iwama

1,3,%

1Department of Cellular and Molecular Medicine, Graduate School of Medicine, Chiba University, 1-8-1 Inohana, Chuo-ku, Chiba 260-8670,
Japan; 2Department of Medicine and Clinical Oncology, Graduate School of Medicine, Chiba University, 1-8-1 Inohana, Chuo-ku, Chiba 260-8670,
Japan; 3JST, CREST, Sanbancho, Chiyoda-ku, Tokyo 102-0075, Japan; “4Department of Regenerative Medicine, Graduate School of Medicine,
Yokohama City University, 3-9 Fukuura, Kanazawa-ku, Kanagawa 236-0004, Japan

Background & Aims: Polycomb group proteins initiate and main-
tain gene silencing through chromatin modifications and contrib-
ute to the maintenance of self-renewal in a variety of stem cells.
Among polycomb repressive complexes (PRCs), PRC2 initiates
gene silencing by methylating histone H3 lysine 27, and PRC1
maintains gene silencing through mono-ubiquitination of histone
H2A lysine 119. We have previously shown that Bmil, a core
component of PRC1, tightly regulates the self-renewal of hepatic
stem/progenitor cells.

Methods: In this study, we conducted lentivirus-mediated
knockdown of Ezh2 to characterise the function of Ezh2, a major
component of PRC2, in hepatic stem/progenitor cells.

Results: Loss of Ezh2 function in embryonic murine hepatic stem/
progenitor cells severely impaired proliferation and self-renewal
capability. This effect was more prominent than that of Bmi1-knock-
down and was partially abrogated by the deletion of both Ink4a and
Arf, major targets of PRC1 and PRC2. Importantly, Ezh2-knockdown
but not Bmil-knockdown promoted the differentiation and termi-
nal maturation of hepatocytes, followed by the up-regulation of
several transcriptional regulators of hepatocyte differentiation.

Keywords: Hepatic stem/progenitor cells; Ezh2; Bmil; Ink4a/Arf; Self-renewal;
Differentiation.
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Conclusions: Our findings indicate that Ezh2 plays an essential
role in the maintenance of both the proliferative and self-renewal
capacity of hepatic stem/progenitor cells and the full execution of
their differentiation.

© 2010 European Association for the Study of the Liver. Published
by Elsevier B.V. All rights reserved.

Introduction

Stem cells are generally defined as self-renewing cell populations that
can differentiate into multiple distinct cell types. Liver has an enor-
mous capacity to regenerate after injury, although the mechanism of
hepatic regeneration differs depending on the proliferation of pre-
existing hepatocytes, homing of bone marrow cells, and proliferation
and differentiation of hepatic stem cells [ 1]. In the developing murine
liver, endodermal-derived hepatoblasts or hepatic stem/progenitor
cells differentiate into hepatocytes and cholangiocytes [1]. Although
hepatic stem/progenitor cells have been successfully identified in
murine foetal liver [2,3], the molecular pathways regulating the self-
renewal and differentiation of these cells are poorly understood.
Polycomb group (PcG) proteins form multiprotein complexes
that play important roles in maintaining the transcriptional
repression of target genes. Although PcG genes are best known
for their role in maintaining the repression of Hox genes during
development, they have been implicated in stem cell self-renewal
and differentiation [4]. The PcG gene family members form two
major distinct PcG complexes: one complex, known as polycomb
repressive complex (PRC) 1, is composed of Ring1a/1b, Mph1, and
Bmi1 or Mel18, and the other complex, PRC2, is composed of Eed,
Suz12, and Ezh2. Ezh2 is a PcG protein homologous to Drosophila
enhancer of zeste, a histone methyltransferase associated with
transcriptional repression. Ezh2 has a SET domain that is typical
of histone methyltransferases, and it catalyses the addition of
methyl groups to histone H3 at lysine 27 (H3K27). In many cases,
the methylation of H3K27 by Ezh2 results in the recruitment of
PRC1, and the two PRCs cooperate in gene silencing [4]. Notably,
expression of EZH2 together with BMI1 is reportedly associated
with the progression and aggressiveness of hepatocellular carci-
noma (HCC), and EZH2-knockdown inhibits the growth of cul-
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tured human HCC cell lines [5]. We previously reported that Bmi1l
enhances the self-renewal capacity of hepatic stem/progenitor
cells and drives cancer initiation [6]. However, the role of Ezh2
in the hepatic stem cell system remains to be clarified.

In this study, we investigated the function of Ezh2 in foetal
liver DIK* hepatic stem/progenitor cells by knocking down Ezh2
using lentivirus-mediated stable shRNA expression. Ezh2-knock-
down profoundly inhibited the proliferation of DIkK* hepatic
stem/progenitor cells and promoted differentiation into hepato-
cytes. These findings provide the first evidence of an essential
role for Ezh2 in the homeostasis of the hepatic stem cell system.

Materials and methods
Mice

Pregnant C57BL/6 mice were purchased from Japan SLC (Hamamatsu, Japan).
Ink4a-Arf*!~ mice (Strain code 01XB1) obtained from Mouse Models of Human
Cancers Consortium in NCI-Frederick (Frederick, MD, USA) were bred and main-
tained in accordance with our institutional guidelines for the use of laboratory
animals.

Purification and culture of DIk* cells

DIk” cells were prepared from liver cell suspensions of embryonic day (ED) 14.5
foetal livers as described previously [2,3]. Briefly, cells were stained with rat anti-
mouse DIk monoclonal antibody (MBL, Nagoya, Japan) followed by anti-rat
IgG-conjugated magnetic beads. DIK" cells were purified by passage through cell
separation columns in a magnetic field (Miltenyi Biotec, Bergisch Gladbach,
Germany). They were plated at 1 x 10? cells/well on collagen type IV-coated 6-
well plates (Becton Dickinson, Franklin lakes, NJ, USA) and cultured as described
elsewhere [2,3]. Colony assays were performed in at least three independent trip-
licate experiments. To evaluate the potential to differentiate into hepatocytes,
DIk cells were placed on an Engelbreth-Holm-Swarm (EHS) gel (Becton-Dickin-
son) in the presence of oncostatin M (OSM, R&D Systems, Minneapolis, MN, USA)
[7]. Collagen type I gel culture (Nitta Gelatin, Osaka, Japan) in the presence of
tumour necrosis factor (TNF)-oo (Peprotech, Rocky Hill, NJ, USA) was also
conducted to examine the ability to differentiate into cholangiocytes [8].

Viral production and transduction

Lentiviral vectors (CS-H1-shRNA-EF-1a-EGFP) expressing short-hairpin RNAs
(shRNAs) against murine Ezh2 (target sequence: sh-Ezh2-1, 5-GGAAAGAACT-
GAAACCTTA-3'; sh-Ezh2-2, 5'-GGTAAATGCTCTTGGTCAA-3') were constructed.
Lentiviral vectors (CS-H1-shRNA-EF-10-EGFP) expressing shRNAs against Bmil
and luciferase were also used [6]. A lentiviral vector carrying enhanced red fluo-
rescent protein (ERP) (CS-H1-shRNA-RfA-ERP) expressing shRNA against Bmil
was also constructed for the double knockdown of Ezh2 and Bmil. Recombinant
lentiviruses were produced as described previously [6]. Purified cells were trans-
duced with indicated viruses 12-18 h after pre-incubation.

Chromatin immunoprecipitation

Chromatin immunoprecipitation (ChIP) was performed as reported previously
[9]. Briefly, cross-linked chromatin was sonicated into 200- to 500-bp fragments.
The chromatin was immunoprecipitated using anti-Ezh2 (clone AC22, a gift from
Dr. Kristian Helin) and anti-H3K27me3 (Millipore, Bedford, MA, USA) antibodies.
Normal mouse IgG was used as a negative control. Quantitative PCR was con-
ducted using SYBR Premix Ex Taq Il (Takara Bio, Otsu, Japan). Primer sequences
are listed in Supplementary Table 1 [10].

Statistics

Data are presented as the means + SEM. Statistical differences were analysed
using the Mann-Whitney U test. p values less than 0.05 were considered
significant.
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Results

Basal expression of Ezh2 and stable knockdown of Ezh2 in hepatic
stem/progenitor cells

We first analysed the mRNA expression of Ezh2 in hepatic stem/
progenitor cells, which are enriched in the DIk" cell fraction [2,3]
in ED14.5 foetal liver. Haematopoietic cells were excluded by gat-
ing the CD45 Ter119™ cell fraction, and liver cells were divided
into the DIk hepatic stem/progenitor fraction and the DIk~
non-stem/progenitor fraction. Ezh2 expression was readily
detected in both fractions, but quantitative RT-PCR and western
blot analyses revealed a higher level of Ezh2 expression in the
DIk* than the DIk~ fraction (Fig. 1A and B).

To investigate the function of Ezh2 in DIK" hepatic stem/pro-
genitor cells, we used lentivirus-mediated Ezh2-knockdown.
DIK* cells prepared from ED14.5 wild-type foetal livers were
infected with sh-Ezh2 viruses and allowed to propagate for
5 days. Flow-cytometric analyses revealed that the majority
(more than 90%) of cells were positive for enhanced green fluo-
rescent protein (EGFP), a marker of lentiviral integration
(Fig. 1C). We compared the effect of the two shRNAs against
Ezh2 (sh-Ezh2-1 and sh-Ezh2-2) by real-time RT-PCR and western
blot analyses. Real-time RT-PCR showed that the level of endog-
enous Ezh2 was markedly reduced in cells infected with lentivi-
rus expressing shRNA against Ezh2 compared with the control
cells expressing shRNA against luciferase (sh-Luc) at multiple time
points (Fig. 1D). Both shRNA severely reduced Ezh2 expression,
although sh-Ezh2-2 was less effective than sh-Ezh2-1 (Fig. 1D).
Concordant with this, the western blot analysis of cells at day 5
of culture showed that sh-Ezh2-1 was more effective in knocking
down Ezh2 than sh-Ezh2-2 (Fig. 1E). Therefore, we mainly used
sh-Ezh2-1 in the following experiments, but we also obtained
very similar results with sh-Ezh2-2 (Fig. 2C, D and data not
shown).

Impaired proliferation and self-renewal of DIk™ cells following Ezh2-
knockdown

It has been reported that approximately 15% of purified DIk* cells
gave rise to colonies at day 5 of culture. Among them, DIk" cells,
with the ability to form large colonies consisting of more than
100 cells at day 5 of culture, possess the properties of hepatic
stem/progenitor cells. Because DIk" cells produce a large number
of DIk~ progeny, the proportion of DIK™ cells declines to less than
1% at day 5 of culture. Nonetheless, DIk" cells in culture retain clo-
nogenic activity [2,3]. Corresponding to these reports, almost 15%
of DIK" cells gave rise to colonies, which included a significant
number of large colonies, while DIk cells scarcely gave rise to col-
onies, and no DIk~ cells generated large colonies at day 5 of cul-
ture (Fig. 2A). Next, we performed loss-of-function assays of
Ezh2 and/or Bmi1 in DIk* cells. Knockdown efficiencies were con-
firmed by western blot (Figs. 1E and 2B). Ezh2-knockdown mod-
estly decreased the total number of colonies formed at day 5 of
culture (Fig. 2C). By contrast, the number of large colonies derived
from Ezh2-knockdown DIK* cells was significantly decreased com-
pared with the control, and most of the Ezh2-knockdown cells did
not proliferate beyond 14 days (Fig. 2D). The effect of Bmi1-knock-
down was milder than that of Ezh2-knockdown, and double
knockdown of Ezh2 and Bmi1 had a limited advantage over single
knockdown of Ezh2 in inhibiting the proliferation of DIk cells
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