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Figure 4. Continued. MTAPaCa-2, HCT-116, Panc-1, MCF-7, HT-29 and AGS cells were incubated with GSNO (0-500 M) alone or U0126 (0-10 yM) alone
in medium containing 10% FBS for 72 h. Cancer cells, were incubated with the combination of GSNO and U0126 in medium containing 10% FBS for 72 h and
then cell proliferation was determined. (A and B) MIAPaCa-2 cells, (C and D) HCT-116 cells, (E) Panc-1 cells, (F) MCF-7 cells, (G) HT-29 cells, (H) AGS cells.
#P<0.05, compared to control; 'P<0.05, compared to GSNO alone; *P<0.05, compared to U0I26 alone.

The combination of NO donor and MEK inhibitor inhibits
the proliferation of cancer cell lines compared to either NO
donor or MEK inhibitor alone. IGF-IR protein was expressed
in MIAPaCa-2, HCT-116, Panc-1, MCF-7, HT-29 and AGS
cells, and EGFR protein was expressed in MIAPaCa-2,
HCT-116, Panc-1, HT-29 and AGS cells (Fig. 3). To evaluate
the effects of the combination of NO donor and MEK inhibitor
on MIAPaCa-2, HCT-116, Panc-1, MCF-7, HT-29 and AGS
cells, we analyzed cell proliferation using an MTT assay after
the cells were treated with NO donor and MEK inhibitor for
72 h. As shown in Fig. 4A, GSNO alone and MEK inhibitor
alone significantly inhibited the proliferation of MIAPaCa-2
cells in a dose-dependent manner when the cells were incu-
bated with FBS. The combination of NO donor (200 uM,
500 xM) and MEK inhibitor (10 #M) decreased the prolif-

eration of MIAPaCa-2 cells compared to either NO donor
or MEK inhibitor alone when the cells were incubated with
FBS (Fig. 4B). Similar results were found in HCT-116, Panc-1,
MCEF-7, HT-29 and AGS cells (Fig. 4C-H).

GSNO alone and MEK inhibitor alone significantly
inhibited the proliferation of MIAPaCa-2 cells in a dose-
dependent manner when the cells were incubated with IGF-I
(Fig. 5A and B). The combination of NO donor (100 uM)
and MEK inhibitor (10 pM) decreased the proliferation of
MIAPaCa-2 cells compared to either NO donor or MEK
inhibitor alone when the cells were incubated with IGF-1
(Fig. 5C).

GSNO alone and MEK inhibitor alone significantly
inhibited the proliferation of HCT-116 cells in a dose-
dependent manner when the cells were incubated with EGF
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Figure 5. NO donor alone and MEK inhibitor alone significantly inhibit the proliferation of MIAPaCa-2 cells in a dose-dependent manner, when the cells
were incubated with IGF-I (A and B). The combination of NO donor and MEK inhibitor inhibits the proliferation of MIAPaCa-2 cells compared to either NO
donor or MEK inhibitor alone (C). MIAPaCa-2 cells were incubated with the combination of GSNO and U0126 in medium containing IGF-I (100 nM) for 72 h
and then cell proliferation was determined. “P<0.05, compared to control; *P< 0.01, compared to GSNO alone; "P<0.01, compared to U0126 alone. NO donor
alone and MEK inhibitor alone significantly inhibit the proliferation of HCT-116 cells in a dose-dependent manner, when the cells were incubated with EGF
(D and E). The combination of NO donor and MEK inhibitor inhibits the proliferation of HCT-116 cells compared to either NO donor or MEK inhibitor alone
(F). HCT-116 cells were incubated with the combination of GSNO and U0126 in medium containing EGF (100 ng/ml) for 72 h and then cell proliferation was
determined. “P<0.05, compared to control; 'P<0.01, compared to GSNO alone; "P<0.01, compared to U0126 alone.
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Figure 6. The combination of NO donor and MEK inhibitor inhibits the invasion of MIAPaCa-2 and HCT-116 cells compared to either NO donor or MEK inhibitor
alone. Cell invasion was determined using BioCoat Matrigel invasion chambers. MTAPaCa-2 cells (A and B), or HCT-116 cells (C and D) were placed in the upper
chambers. Conditioned medium from NIH 3T3 cells was used as a chemoattractant. A and C show stained cancer cells, that migrated. Data shown are the results
of triplicate experiments (B and D). Error bars indicate the standard errors of the means. 'P<0.01, compared to GSNO alone; "P<0.01, compared to U0126 alone.
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(Fig. 5D and E). The combination of NO donor (500 uM)
and MEK inhibitor (10 M) decreased the proliferation of
HCT-116 cells compared to either NO donor or MEK inhibitor
alone when the cells were incubated with EGF (Fig. 5F).

The combination of NO donor and MEK inhibitor decreases
cancer cell invasion compared to either NO donor or MEK
inhibitor alone. In the invasion assay, the addition of GSNO
(200 M) alone and U0126 (10 M) alone reduced the inva-
sion of MIAPaCa-2 and HCT-116 cells. The combination of
GSNO (200 yM) and U0126 (10 M) decreased the invasion of
MIAPaCa-2 and HCT-116 compared to either GSNO (200 M)
or U0126 (10 uM) alone (Fig. 6A-D).

Discussion

In this study, we demonstrated that the combination of
NO donor and MEK inhibitor inhibits both the PI3K/Akt and
MEK/ERK pathways, and thus inhibits the proliferation and
invasion of cancer cells. In contrast, GSNO alone upregulates
MAPK pathway, although GSNO alone inhibits PI3K/Akt
pathway. U0126 alone upregulates PI3K/Ak pathway, although
U0126 inhibits MEK/ERK pathway. Fig. 7 illustrates our
hypothesis on the molecular mechanism underlying the syner-
gistic effect of the combination treatment with NO donor and
MEK inhibitor in cancer cells.

IGF-1 and EGF signaling play important roles in the
proliferation and invasion of MIAPaCa-2 and HCT-116 cells,
consistent with previous reports (1-3,24,25). IGF-IR and
EGFR are expressed in various cancer cells, as we showed in
this study. The MEK/ERK and PI3K/Akt pathways are two
major pathways of IGF-I and EGF. Recent studies in vitro and
in vivo suggest that antitumor therapy for K-Ras-mutant tumors
requires dual inhibition of the MEK and PI3K pathways to
achieve inhibition of tumor growth (26-28). The treatment that
we propose is the dual inhibition of MAPK and PI3K pathways.
NO inhibits IGF-IR and EGFR activity, as reported previously
(29,30). Furthermore, NO induces the degradation of IRS-1
protein and the phosphorylation of IRS-1 (14,29,30). In addi-
tion, Yasukawa et al reported that NO directly modifies Akt
protein and inhibits its activity (11). Recent studies have shown
that NO inhibits cell proliferation and induces apoptosis in
various cells including cancer cells, in vitro and in vivo (14-21).

Ras regulates multiple intracellular signaling pathways,
of which the best understood is the Ras-RAF-MEK-ERK
pathway. Substantial efforts made over the years to target
the activated Ras protein have been unsuccessful and the
downstream kinases in the Ras cascade remain attractive as
therapeutic targets (31). Consequently, intensive preclinical
and clinical research has led to the development of small
molecule kinase inhibitors of its downstream effector MEK. In
most pancreatic cancers, and in approximately 35 to 40% of
colorectal cancer, K-Ras is activated due to mutations (32,33).
K-Ras mutations in MIAPaCa-2 and HCT-116 cells, have been
reported previously (34,35). Specific MEK1/2 inhibitors can
inhibit the expression of phospho-ERK1/2 for various lengths
of time in vitro (36-38). CI-1040, a MEK /2 inhibitor, reduced
tumor growth by 31.3% in mice inoculated with papillary
thyroid carcinoma (PTC) cells carrying a BRAF mutation and
by 47.5% in mice inoculated with PTC cells bearing a RET/
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Figure 7. Schematic representation of our hypothesis on the molecular
mechanism. The combination treatment of NO donor and MEK inhibitor
downregulates PI3-K and MAPK pathways in cancer cells.

PTCI rearrangement (39). C1-1040 has been tested in other
cancers, including colon cancer, breast cancer, non-small cell
lung cancer (NSCLC), and melanoma, and was well tolerated
by patients in phase I-II trials (40,41). NO donor upregulates
phosphorylation of ERK1/2, although NO donor downregulates
the PI3K/Akt pathway. In the present study, we showed that the
phosphorylation of ERK1/2 is upregulated by NO donor without
the stimulating of growth factors in MIAPaCa-2 and HCT-116
cells. These results are in accordance with previous studies
reporting that NO directly modifies H-Ras and N-Ras through
S-nitrosylation, resulting in the activation of their signaling
(22,42).. The present study showed that U0126 completely
inhibits phosphorylation of ERK1/2, although U0126 upregu-
lates IGF-I- and EGF-stimulated Akt phosphorylation (Figs. 1
and 2). These results are in accordance with previous reports
(43,44). Furthermore, we showed that U0126 upregulates IGF-1-
and EGF-stimulated phosphorylation of IGF-IR and EGFR.
The U0126-induced upregulation of Akt phosphorylation may
be explained by the upregulated phosphorylation of IGF-IR and
EGFR. We surmise that a negative feedback mechanism from
the inhibition of ERK activity may regulate this phenomenon.
As described above, NO inhibits U0126-induced upregulated
IGF-IR, EGFR, and Akt phosphorylation. These results suggest
that the combination of NO donor and MEK inhibitor may be
more effective in cancer therapy.

The usefulness of cancer therapy using NO, including
inducible NO synthase gene therapy and administration of
NO donor, was recently confirmed in animal models (45-47).
Consequently, NO therapy has received considerable attention
and is currently undergoing clinical evaluation for cancer
prevention (48). On the other hand, MEK inhibitor is also
feasible for cancer therapy (40,41). We believe that combined
treatment of NO donor and MEK inhibitor may be an effective
and promising strategy for cancer treatment.

Acknowledgements
This study was supported by Grant-in-Aid for Scientific

Research (grant nos. 18591517 and 20591633) from the
Japanese Society for the Promotion of Science.



FURUHASHI ef ai: THE COMBINATION OF NO DONOR AND MEK INHIBITOR AS A TREATMENT FOR CANCER

References

1.

10.
11.

12.

13.

14.

15.

16.

17.

18.

20.

Bergmann U, Funatomi H, Yokoyama M, Beger HG and Kore M:
Insulin-like growth factor I overexpression in human pancreatic
cancer: evidence for autocrine and paracrine roles. Cancer
Res 55: 2007-2011, 1995.

. Furukawa M, Raffeld M, Mateo C, et al: Increased expression of

insulin-like growth factor I and/or its receptor in gastrinomas is
associated with low curability, increased growth, and develop-
ment of metastases. Clin Cancer Res 11: 3233-3242, 2005.

. Kim HJ, Litzenburger BC, Cui X, et al: Constitutively active type

I insulin-like growth factor receptor causes transformation and
xenograft growth of immortalized mammary epithelial cells and is
accompanied by an epithelial-to-mesenchymal transition mediated
by NF-kappaB and snail. Mol Cell Biol 27: 3165-3175, 2007.

. Salomon DS, Brandt R, Ciardiello F and Normanno N: Epidermal

growth factor-related peptides and their receptors in human
malignancies. Crit Rev Oncol Hematol 19: 183-232, 1995.

. Normanno N, Bianco C, De Luca A, Maicllo MR and

Salomon DS: Target-based agents against ErbB receptors and
their ligands: a novel approach to cancer treatment. Endocr Relat
Cancer 10: 1-21, 2003.

. Ito T, Sasaki Y and Wands JR: Overexpression of human insulin

receptor substrate 1 induces cellular transformation with activa-
tion of mitogen-activated protein kinases. Mol Cell Biol 16:
943-951, 1996.

. Tanaka S and Wands JR: A carboxy-terminal truncated insulin

receptor substrate-1 dominant negative protein reverses the
human hepatocellular carcinoma malignant phenotype. J Clin
Invest 98: 2100-2108, 1996.

. Park HS, Huh SH, Kim MS, Lee SH and Choi EI: Nitric oxide

negatively regulates c-Jun N-terminal kinase/stress-activated
protein kinase by means of S-nitrosylation. Proc Natl Acad Sci
USA 97: 14382-14387, 2000.

. Reynaert NL, Ckless K, Korn SH, et al: Nitric oxide represses

inhibitory kappaB kinase through S-nitrosylation. Proc Natl
Acad Sci USA 101: 8945-8950, 2004.

Mannick JB, Hausladen A, Liu L, et al: Fas-induced caspase
denitrosylation. Science 284: 651-654, 1999.

Yasukawa T, Tokunaga E, Ota H, Sugita H, Martyn JA and
Kaneki M: S-nitrosylation-dependent inactivation of Akt/protein
kinase B in insulin resistance. J Biol Chem 280: 7511-7518,
2005.

Ambs S, Merriam WG, Ogunfusika MO, et al: p53 and vascular
endothelial growth factor regulate tumor growth of NOS2-
expressing human carcinoma cells. Nat Med 4: 1371-1376,
1998.

Camp ER, Yang A, Liu W, er al: Roles of nitric oxide synthase
inhibition and vascular endothelial growth factor receptor-2 inhi-
bition on vascular morphology and function in an in vivo model
of pancreatic cancer. Clin Cancer Res 12: 2628-2633, 2006.
Sugita H, Kaneki M, Furuhashi S, Hirota M, Takamori H and
Baba H: Nitric oxide inhibits the proliferation and invasion of
pancreatic cancer cells through degradation of insulin receptor
substrate-1 protein. Mol Cancer Res 8: 1152-1163, 2010.
Kalivendi SV, Kotamraju S, Zhao H, Joseph J and
Kalyanaraman B: Doxorubicin-induced apoptosis is associ-
ated with increased transcription of endothelial nitric-oxide
synthase. Effect of antiapoptotic antioxidants and calcium. J Biol
Chem 276: 47266-47276, 2001.

Wang B, Wei D, Crum VE, er al: A novel model system for
studying the double-edged roles of nitric oxide production
in pancreatic cancer growth and metastasis. Oncogene 22:
1771-1782,2003.

Peshes-Yaloz N, Rosen D, Sondel PM, Krammer PH and Berke G:
Up-regulation of Fas (CD95) expression in tumour cells in vivo.
Immunology 120: 502-511, 2007.

Kotamraju S, Williams CL and Kalyanaraman B: Statin-induced
breast cancer cell death: role of inducible nitric oxide and
arginase-dependent pathways. Cancer Res 67: 7386-7394, 2007.

. Notas G, Nifli AP, Kampa M, Vercauteren J, Kouroumalis E

and Castanas E: Resveratrol exerts its antiproliferative effect
on HepG2 hepatocellular carcinoma cells, by inducing cell
cycle arrest, and NOS activation. Biochim Biophys Acta 1760:
1657-1666, 2006.

Jarry A, Charrier L, Bou-Hanna C, et al: Position in cell cycle
controls the sensitivity of colon cancer cells to nitric oxide-
dependent programmed cell death. Cancer Res 64: 4227-4234,
2004.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Chawla-Sarkar M, Bauer JA, Lupica JA, et al: Suppression of
NF-kappa B survival signaling by nitrosylcobalamin sensitizes
neoplasms to the anti-tumor effects of Apo2L/TRAIL. J Biol
Chem 278: 39461-39469, 2003.

Lim KH, Ancrile BB, Kashatus DF and Counter CM: Tumour
maintenance is mediated by eNOS. Nature 452: 646-649,
2008.

Shields JM, Pruitt K, McFall A, Shaub A and Der CI.
Understanding Ras: ‘it ain't over 'til it's over”. Trends Cell Biol
10: 147-154, 2000.

Van der Heyden MA, van Bergen en Henegouwen PM,
De Ruiter N, et al: The actin binding domain of the epidermal
growth factor receptor is required for EGF-stimulated tissue
invasion. Exp Cell Res 234: 521-526, 1997.

Baselga J and Arteaga CL: Critical update and emerging trends
in epidermal growth factor receptor targeting in cancer. J Clin
Oncol 23: 2445-2459, 2005.

Engelman JA, Chen L, Tan X, et al: Effective use of PI3K and
MEK inhibitors to treat mutant Kras G12D and PIK3CA H1047R
murine lung cancers. Nat Med 14: 1351-1356, 2008.

Wee S, Jagani Z, Xiang KX, et al: PI3K pathway activation
mediates resistance to MEK inhibitors in KRAS mutant cancers.
Cancer Res 69: 4286-4293, 2009.

Yu K, Toral-Barza L, Shi C, Zhang WG and Zask A: Response
and determinants of cancer cell susceptibility to PI3K inhibitors:
combined targeting of PI3K and Mek] as an effective anticancer
strategy. Cancer Biol Ther 7: 307-315, 2008.

Murillo-Carretero M, Torroglosa A, Castro C, Villalobo A
and Estrada C: S-Nitrosylation of the epidermal growth factor
receptor: a regulatory mechanism of receptor tyrosine kinase
activity. Free Radic Biol Med 46: 471-479, 2009.

Studer RK: Nitric oxide decreases IGF-1 receptor function’
in vitro; glutathione depletion enhances this effect in vivo.
Osteoarthritis Cartilage 12: 863-869, 2004.

Sebolt-Leopold JS: Advances in the development of cancer
therapeutics directed against the RAS-mitogen-activated protein
kinase pathway. Clin Cancer Res 14: 3651-3656, 2008. - -
Almoguera C, Shibata D, Forrester X, Martin J, Arnheim N and
Perucho M: Most human carcinomas of the exocrine pancreas
contain mutant c-K-ras genes. Cell 53: 549-554, 1988.

Bos JL, Fearon ER, Hamilton SR, et al: Prevalence of ras gene
mutations in human colorectal cancers. Nature 327: 293-297,
1987. '

Bocci G, Fioravanti A, Orlandi P, et al: Fluvastatin synergisti-
cally enhances the antiproliferative effect of gemcitabine in
human pancreatic cancer MIAPaCa-2 cells. Br J Cancer 93:
319-330, 2005.

Allgayer H, Wang H, Shirasawa S, Sasazuki T and Boyd D:
Targeted disruption of the K-ras oncogene in an invasive colon
cancer cell line down-regulates urokinase receptor expres-
sion and plasminogen-dependent proteolysis. Br J Cancer 80:
1884-1891, 1999.

Favata MF, Horiuchi KY, Manos EJ, et al: Identification of a
novel inhibitor of mitogen-activated protein kinase kinase. J Biol
Chem 273: 18623-18632, 1998.

Liu D, Liu Z, Jiang D, Dackiw AP and Xing M: Inhibitory effects
of the mitogen-activated protein kinase kinase inhibitor CI-1040
on the proliferation and tumor growth of thyroid cancer cells
with BRAF or RAS mutations. J Clin Endocrinol Metab 92:
4686-4695,2007.

Henderson YC, Fredrick MJ and Clayman GL: Differential
responses of human papillary thyroid cancer cell lines carrying
the RET/PTCI rearrangement or a BRAF mutation to MEK1/2
inhibitors. Arch Otolaryngol Head Neck Surg 133: 810-815,
2007.

Henderson YC, Ahn SH and Clayman GL: Inhibition of the
growth of papillary thyroid carcinoma cells by CI-1040. Arch
Otolaryngol Head Neck Surg 135: 347-354, 2009.

Haura EB, Ricart AD, Larson TG, et al: A phase II study of
PD-0325901, an oral MEK inhibitor, in previously treated
patients with advanced non-small cell lung cancer. Clin Cancer
Res 16: 2450-2457, 2010.

LoRusso PM, Krishnamurthi SS, Rinehart JJ, et al: Phase I phar-
macokinetic and pharmacodynamic study of the oral MAPK/
ERK kinase inhibitor PD-0325901 in patients with advanced
cancers. Clin Cancer Res 16: 1924-1937, 2010.

Ibiza S, Perez-Rodriguez A, Ortega A, et al: Endothelial nitric
oxide synthase regulates N-Ras activation on the Golgi complex
of antigen-stimulated T cells. Proc Natl Acad Sci USA 105:
10507-10512, 2008.



43.

44,

45.

46.

INTERNATIONAL JOURNAL OF ONCOLOGY 9

Yu CF, Liu ZX and Cantley LG: ERK negatively regulates the
epidermal growth factor-mediated interaction of Gabl and the
phosphatidylinositol 3-kinase. J Biol Chem 277: 19382-19388,
2002

Yoon YK, Kim HP, Han SW, er al: Combination of EGFR and
MEK1/2 inhibitor shows synergistic effects by suppressing
EGFR/HER3-dependent AKT activation in human gastric
cancer cells. Mol Cancer Ther 8: 2526-2536, 2009.

Adams C, McCarthy HO, Coulter JA, et al: Nitric oxide synthase
gene therapy enhances the toxicity of cisplatin in cancer cells.
J Gene Med 11: 160-168, 2009.

Kiziltepe T,Hideshima T, Ishitsuka K, et al: JS-K,a GST-activated
nitric oxide generator, induces DNA double-strand breaks,
activates DNA damage response pathways, and induces apoptosis
in vitro and in vivo in human multiple myeloma cells. Blood 110:
709-718, 2007.

47. Wang Z, Cook T, Alber S, et al: Adenoviral gene transfer of

48.

the human inducible nitric oxide synthase gene enhances the
radiation response of human colorectal cancer associated with
alterations in tumor vascularity. Cancer Res 64: 1386-1395,
2004.

Ma Q, Wang Y, Gao X, Ma Z and Song Z: L-arginine reduces
cell proliferation and ornithine decarboxylase activity in patients
with colorectal adenoma and adenocarcinoma. Clin Cancer
Res 13: 7407-7412, 2007.



Ann Surg Oncol
DOI 10.1245/510434-011-2176-3

Annals of

SURGICAL ONCOLOGY

OFFICLAL JOURNAL OF THF S0CIETY OF SURGICAL ONCOLOGY

| ORIGINAL ARTICLE - TRANSLATIONAL RESEARCH AND BIOMARKERS

Pyrosequencing Assay to Measure LINE-1 Methylation Level
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ABSTRACT :
Background. Genome-wide DNA hypomethylation plays
a role in genomic instability and carcinogenesis. DNA
- methylation in the long interspersed nucleotide element 1
L1 (LINE-1) repetitive element is a good indicator of
global DNA methylation level. LINE-1 methylation is a
useful marker for predicting cancer prognosis and moni-
toring efficacy of adjuvant therapy. Nonetheless, no study
has examined LINE-1 methylation in esophageal squamous
" cell carcinoma (ESCC). The aim of this study is to assess
the precision of sodium bisulfite conversion and polymer-
ase chain reaction (PCR) pyrosequencing assay for
evaluating LINE-1 methylation in ESCC.

Methods. To measure assay precision, we performed
bisulfite conversion on 5 different DNA specimen aliquots
(bisulfite-to-bisulfite) and repeated PCR pyrosequencing
five times (run to run). Second, to assess heterogeneity of
LINE-1 methylation levels within tumor, we made 5 dif-
ferent tissue sections from one tumor and examined LINE-
1 methylation level of each section (section to section).
Third, to evaluate LINE-1 methylation status in ESCC, we
applied this assay to 30 ESCCs and 30 matched normal
esophageal mucosa. ,
Results. Bisulfite-to-bisulfite . standard deviation (SD)
ranged from 1.44 to 2.90 (median 2.32) in ESCCs; and 0.57
to 4.02 (median 1.23) in normal esophagus. Run-to-run SD
ranged from 0.63 to 3.25 (median 1.54) in ESCCs. Section-
to-section SD ranged from 1.37 to 3.31 (median 1.94).
ESCC tissues showed significantly lower levels of LINE-1
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methylation than matched normal mucosa (P < .0001;
n = 30). There was no significant relationship between
‘LINE-1 methylation level and tumor stage (P = 0.14).
Conclusions. Bisulfite conversion and PCR pyrosequenc-
ing assay can measure LINE-1 methylation in ESCC, and
may be useful in clinical and research settings.

Esophageal squamous cell carcinoma (ESCC), the major
histologic type of esophageal cancer in East Asia, is one of
the most aggressive malignant tumors.' Despite the
development of multimodality therapies including surgery,
chemotherapy, radiotherapy, and chemoradiotherapy,
prognosis even of patients who underwent complete
resection of their carcinomas remains poor.”™ Limited
improvement in treatment outcomes by conventional
therapies urges us to seek innovative strategies for treating
ESCC, especially those that are molecular targeted.
Importantly, epigenetic changes, including DNA methyla-
tion alterations, are reversible and can thus be targets for
therapy or chemoprevention. ™

DNA methylation is a major epigenetic mechanism in X
chromosome inactivation, imprinting and repression of
transposable elements and endogenous retroviral sequen- -
ces.”™ Global DNA hypomethylation appears to play an
important role in genomic instability, leading to cancer
development.®'® Because long interspersed nucleotide ele-
ment 1 L1 (LINE-1) retrotransposon constitutes a substantial
portion (approximately 17%) of the human genome, the
methylation status of LINE-1 reflects the global DNA
methylation level.'' In some types of human neoplasms,
LINE-1 methylation has been shown to be highly variable,
and LINE-1 hypomethylation is strongly associated with
poor prognosis.'>™'* There is a significant correlation of
LINE-1 methylation levels within synchronous colorectal
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cancer pairs (i.e., 2 or more primary tumors in one patient),
suggesting the presence of genetic and/or environmental
factors influencing LINE-1 methylation levels that are
unlikely the result of a purely stochastic phenomenon.'®
Thus, LINE-1 methylation status in human cancer tissues is
increasingly important for better inderstanding of epigenetic
alterations during the carcinogenic process. Although there
is interesting evidence to suggest that promoter hyperme-
thylation, particularly of tumor suppressor genes (e.g.,
CDKN2A, FHIT, MGMT), is a critical early step in esopha-
geal tumorigenesis, to our knowledge, no study has
examined global DNA hypomethylation (i.e., LINE-1
methylation level) in ESCC.'™"?

In this study, we assessed the precision of sodium
bisulfite conversion and polymerase chain reaction (PCR)
pyrosequencing assay for evaluating LINE-1 methylation
level in ESCC. Second, we evaluated LINE-1 methylation
level in 30 paraffin-embedded ESCC specimens and 30
matched normal esophageal specimens. We have shown
that LINE-1 methylation level in ESCC is highly variable
and LINE-1 methylation level in cancer specimens is sig-
nificantly lower than that in normal specimens.

MATERIALS AND METHODS
Study Group

The present study involved formalin-fixed, paraffin-
embedded ESCC specimens of 30 cases [tumor, node,
metastasis system classification stage I (IA and IB): 10
cases, stage II (IIA and IIB): 10 cases, stage III (IIIA, IIIB
and IIIC): 10 cases] and 30 matched paraffin-embedded
normal esophageal specimens. Tumor staging was done
according to the American Joint Committee on Cancer
Staging Manual (7th edition).”® These specimens were
obtained by surgical resection at Kumamoto University
Hospital. None of these patients underwent preoperative
chemotherapy, preoperative radiotherapy, or preoperative
chemoradiotherapy. For the precision of sodium bisulfite
conversion and PCR pyrosequencing assay, 4 cases were
randomly extracted from these 30 cases. Informed consent
for the research was obtained from each patient. The study
design was approved by the ethics review board of our
university.

Hematoxylin and Eosin Staining, DNA Extraction,
and Sodium Bisulfite Treatment

Hematoxylin and eosin (H&E) staining protocol is as
follows: (1) Bake slide for 2 h at 58°C. (2) Deparaffinize
sections in 3 changes of xylene, 2 min each. (3) Rehydrate
in 3 changes of absolute alcohol, 2 min each, and in 95%

alcohol for 1 min. (4) Wash briefly in distilled water. (5)
Stain in Harris hemaioxylin solution for 3 min. (6) Wash in
running tap water for 3 min. (7) Blue in 0.2% ammonia
water for 30 s. (8) Wash in running tap water for 5 min. (9)
Rinse in 80% alcohol for 15 s, in 95% alcohol for 15 s, and
in 10% alcohol for 15s. (10) Counterstain in eosin—
phloxine B solution for 15s. (11) Dehydrate in 100%
alcohol for 5 min. (12) Clear in 2 changes of xylene, 2 min
each. '

H&E-stained slides of the tumors were reviewed by one
pathologist, and areas of tumor and normal mucosa were
marked. H&E-stained tissue sections (depending on tissue
and tumor size, in average, large tumor tissue 10 pm x 1
section) from each case were scraped off slides for DNA
extraction. Genomic DNA extraction from tumor and
normal mucosa and sodium bisulfite treatment on genomic
DNA were performed as previously described by Ogino
et al. ">

Pyrosequencing to Measure LINE-1 Methylation

LINE-1 methylation level measured by Pyrosequencing
is a good indicator of cellular 5-methylcytosine level (i.e.,
global DNA methylation level).”** PCR and subsequent
pyrosequencing for LINE-1 were performed as previously
described by Ogino et al. with the PyroMark kit (Qia-
gen).'2*7?" This assay amplifies a region of LINE-1
element (position 305 to 331 in accession no. X58075),
which includes 4 CpG cites. The PCR condition was 45
cycles of 95°C for 20 s, 50°C for 20 s, and 72°C for 20 s,
followed by 72°C for 5 min. The biotinylated PCR product
was purified and made single-stranded to act as a template
in a pyrosequencing reaction with the Pyrosequencing
Vacuum Prep Tool (Qiagen). Pyrosequencing reactions
were performed in the PyroMark Q24 System (Qiagen).
The nucleotide dispensation order was: ACT CAG TGT
GTC AGT CAG TTA GTC TG. The non-CpG cytosine in
LINE-1 repetitive sequences has been documented to be
rarely methylated. Thus, complete conversion of cytosine
at a non-Cp@G site ensured successful bisulfite conversion.
The amount of C relative to the sum of the amounts of C
and T at each CpG site was calculated as percentage (i.e., 0
to 100). The average of the relative amounts of C in the 4
CpG sites was used as overall LINE-1 methylation level in
a given tumor (Fig. 1).

Statistical Analysis

We used the JMP program, version 9 (SAS Institute,
Cary, NC), for all statistical analyses. All P values were
2-sided. To compare mean LINE-1 methylation levels, we
performed the paired t-test for variables with 2 categories
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FIG. 1 Pyrosequencing to
measure LINE-1 methylation.
a LINE-1 hypomethylated
tumor (methylation level, 30.5).
b LINE-1 hypermethylated
tumor (methylation level, 76.5).
The percentages (blue) are the
proportion of C at each CpG site
after bisulfite conversion, and
the methylation level of each
CpG site is estimated by the
proportion of C (%). An overall

LINE-1 methylation level, 30.5

LINE-1 methylation level is
calculated as the average of the

proportions of C (%) at the 4
CpG sites. The first, third, and
fourth Cp@G sites follow
mononucleotide T repeats,
resulting in higher T peaks than
the second CpG site, and the
proportion of C (%) has been
adjusted accordingly. The
arrows indicate no residual C at
the non-CpG site, ensuring
complete bisulfite conversion

or the ANOVA test for variables with more than 2
categories.

RESULTS

Strategy to Assess Precision of Bisulfite Conversion
and PCR Pyrosequencing

To assess precision of bisulfite-PCR pyrosequencing for
LINE-1 methylation, we used 4 paraffin-embedded ESCC
specimens and 4 matched paraffin-embedded normal
esophageal specimens. Figure 2a illustrates our overall
strategy to measure the precision of bisulfite DNA con-
version and PCR pyrosequencing on each specimen. We
performed bisulfite conversion on 5 different aliquots from
each specimen on 5 different days. Thus, from each spec-
imen, we have 5 different bisulfite-converted DNA
specimens (designated as Bl through BS), which ideally
should show at least similar levels of LINE-1 methylation.
By means of PCR pyrosequencing assay, we measured
LINE-1 methylation level in each of the 5 separate bisul-
fite-converted DNA specimens. For each case, we
measured the standard deviation (SD) of these 5 LINE-1
methylation levels on B1 through B5, which would depend

|
T
2l

(=]

on variations in bisulfite conversion and PCR pyrose-
quencing. Furthermore, we repeated PCR pyrosequencing
assays five times (designated as P1 through P5) on 2 (Bl
and B2) of the 5 bisulfite-converted DNA specimens, on 5
different days. We calculated the SD of the 5 LINE-1
methylation levels (P1 through P5) on one bisulfite-con-
verted DNA specimen. This SD would primarily depend on
run-to-run (between-run) variation of PCR pyrosequencing
assay, but not on bisulfite conversion.

Table | shows an example of patient 1 in the assessment
of precision of LINE-1 methylation measurement. Each of
B1 though B5 represents each bisulfite-converted DNA
specimen from this case. We obtained mean LINE-1
methylation value (61.4) across B1 through BS5 in a single
PCR pyrosequencing run, and calculated bisulfite-to-
bisulfite SD (1.44). P1 though P5 represent results of PCR
pyrosequencing assay by 5 repeats on 5 different days.
Mean LINE-1 methylation value was 61.9 with SD of 0.67
for B1 specimen in this case.

Bisulfite-to-Bisulfite SD of LINE-1 Methylation Values

Each of the 4 esophageal cancers and 4 normal esoph-
ageal epitheliums was treated by sodium bisulfite on 5
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different days, and aliquoted into 5 different tubes (Bl
through BS5) (Fig. 2a). We assessed variation of LINE-1
methylation values across B1 through BS5 for each source
of bisulfite-treated DNA specimens. Figure 3a shows
LINE-1 methylation values on B1 through B5 for each

specimen source. The SD of normal tissue and tumor tissue
was as follows: 0.57 and 1.44 in case 1; 0.65 and 2.44 in
case 2; 1.80 and 2.19 in case 3; and 4.02 and 2.89 in case 4.
The SD was generally small, implying that a single bisul-
fite-treated DNA aliquot could provide precise LINE-1
methylation measurement.

a
: Sodium bisulfite treatment | ; PCR-Pyrosequencing assay Run-to-R ‘Berv -R. SD of LINE-1 Met 1
on 5 different days (B1-B5) | | on 5 different days (P1-P5) un-to-Run (Between-Run) of hylation
Values
_ P1 P2 P3 P4 PS5
Day 1 Bl - f e | [ - § We examined run-to-run (between-run) variation of PCR
) J \J g pyrosequencing assay by repeating five times by using 2 of
' / Dav2 ] B2 N the 5 bisulfite-treated DNA specimens from esophageal
 Da e f e [ | | e . i ‘ .
Tissue lysate,, = Y v E g | cancers (Fig. 2a). Figure 3b shows LINE-1 methylation
~ value of 5 different PCR pyrosequencing runs on various
B3 - specimens. The SD was as follows: 0.67 for B1 of patient 1’s
B4 - TABLE 1 Assessment of precision of LINE-1 methylation
U measurement
% — . . - -
Day 5 B5 —— Characteristic ~ Different PCR pyrosequencing runs (on 5 different
U days)
Pl P2 P3 P4 P5 Meanof Run-
b LINE-1 to-
methylation  run
Tl w L values SD
s [ )
12 / Different
T3 bisulfite-
T4 treat;d DNA
T —— specimens
T 5 R et
Bl 61.0 62.5 614 625 623 61.9 0.67
Tumor B2 60.3 62.8 61.8 644 63.8 62.6 1.65
B3 62.5
FIG. 2 a Example (in patient 1) of a strategy to assess precision of B4 60.0
bisulfite conversion and PCR pyrosequencing on each specimen. ’
Bisulfite conversion was performed on 5 different aliquots (B1-B5) B5 63.3
from each specimen. PCR pyrosequencing was performed on the 5 Mean of LINE- 61.4
bisulfite-treated specimens (B1-B5) and was repeated five times on 2 I methylation
specimens (B1 and B2) on 5 different days (PI-P5). b Strategy to values
assess location-specific LINE-1 methylation levels and/or heteroge- Bisulfite-to- 1.44
neity of LINE-1 methylation levels within tumor. Five different tissue bisulfite SD
sections (T1-T5) were made from [ tumor, and PCR pyrosequencing
was performed on these 5 different tissue sections (T1-T5) Example from tumor from patient 1
FIG. 3 Results on repeated a .
measurements of LINE-1 LINE-1 methylation level (%) LINE-1 methylation level (%)
methylation levels. a Bisulfite- 10, . . 100
to-bisulfite variation of LINE-1 w0 [ H % T . .
methylation values. b Run-to- t ¥
run variation of LINE-1 6 £ o t
B 1 3
methylation values i ,
40 40
20 20
L 1 I 1 1 ] i 1 L | ] L ! 1 1 {
Bl B2 Bl B2 BI B2 Bl B2

Normal Tumor Normal Tumor Normal Tumor Normal Tumor
L ) L | L ) 1

Case 4

Case 1 Case 2 Case 3

Case 1tumor Case 2 tumor Case 3 tumor

Case 4tumor
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TABLE 2 Assessment of location-specific LINE-1 methylation
levels and/or heterogeneity of LINE-1 methylation levels within
tumor

Patient  Different tissue sections from one tumor

" T T2 ™ T4 T5 Mean Section-
of LINE-1 to-section
methylation SD
values

1 642 627 600 614 610 61.9 1.63

2 789 753 785 719 723 754 3.31

3 527 525 531 554 518 53.1 1.37

4 736 682 695 728 709 71.0 2.24

tumor: 1.65 for B2 of patient 1’s tumor: 1.42 for B1 of patient
2’s tumor: 2.62 for B2 of patient 2’s tumor: 0.63 for B1 of
patient 3°s tumor: 3.25 for B2 of patient 3’s tumor: 1.27 for
B1 of patient 4’s tumor: and 2.91 for B2 of patient 4’s tumor.

Section-to-Section SD of LINE-1 Methylation Values

To assess location-specific LINE-1 methylation levels
and/or heterogeneity of LINE-1 methylation levels within
tumor, we examined section-to-section variation of PCR
pyrosequencing assay by making 5 different tissue sections
from one tumor (patients 1, 2, 3, or 4) (Fig. 2b). The sec-
tion-to-section SD was relatively small (patient 1, 1.63;
patient 2, 3.31; patient 3, 1.37; patient 4, 2.24) (Table 2).
The median value of section-to-section SD was 1.94.

LINE-1 Methylation Level in Esophageal Cancers
We examined LINE-1 methylation levels in 30 esoph-

ageal cancer tissues and matched normal esophageal
mucosa. Cancer tissues showed significantly lower levels

FIG. 4 a LINE-1 methylation a

levels in 30 colorectal cancers LINE-1
and matched normal mucosa. methylation
Cancer tissues showed a level (%)

significantly lower level of 100

of LINE-1 methylation (median 71.5; mean 69.6; SD 14.5;
range 30.5-92.4, all in 0-100 scale) than matched normal
mucosa (median 8§9.9; mean 88.6; SD 3.4; range 80.8-93.5)
(P < 0.0001) (Fig. 4a).

LINE-1 Methylation Level According to Tumor Stage

There was no significant relationship between LINE-1
methylation level and tumor stage (stage I: median 74.6;
mean 74.0; SD 11.7, stage II: median 61.6; mean 62.8; SD
17.3, stage III: median 71.3; mean 73.2; SD 11.4)
(P = 0.14) (Fig. 4b).

DISCUSSION

DNA methylation in the LINE-1 repetitive element is a
good indicator of global DNA methylation level."' Given
that LINE-1 methylation is likely a useful marker for
predicting cancer prognosis and monitoring efficacy of
adjuvant cancer therapy, a better understanding of LINE-1
methylation status in cancer tissues is of particular
important.'*'**2 To our knowledge, this is the first
study evaluating LINE-1 methylation level in ESCC uti-
lizing PCR pyrosequencing assay. Sodium bisulfite
conversion and PCR pyrosequencing assay of LINE-]
methylation level had good precision for paraffin-embed-
ded ESCC specimens. Second, different tissue sections
from one tumor had similar LINE-1 methylation level,
implying that LINE-1 methylation level of the represen-
tative tissue section likely represents that of the whole
tumor. Third, ESCC tumors showed far lower levels of
LINE-1 methylation than matched normal mucosa. Our
findings indicate that LINE-1 methylation level in ESCC
can be measured by bisulfite pyrosequencing assay for the
future clinical or research use.

b

LINE-1
methylation
leve! (%)
100

N=30

P <0.001 P=0.14

methylation (mean 69.6; median

71.5) than matched normal o
mucosa (mean 88.6; median 80
89.9) (P < 0.0001). b LINE-1

methylation level according to B ——
60

tumor stage. There was no
significant relationship between
LINE-1 methylation level and w T
tumor stage (P = 0.14) |
. | |
P

Normal mucosa

80

40

|
‘ Stage I
(n=10)

Stage 11
(n=10)

7 Siégel 7
n=10)

Cancer tissue
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Pyrosequencing is a nonelectrophoretic nucleotide
extension sequencing technology for various applications
including single nucleotide polymorphism genotyping,
bacterial strain typing, mutation detection in tumors, and
quantitative CpG island methylation analyses.”*' Pyrose-
quencing is a useful methodology in molecular diagnostics
and large-scale epidemiologic studies.”** Pyrosequencing
has previously been shown to be more precise than combined
bisulfite and restriction analysis and MethyLight for LINE-1
methylation measurements of plasma DNA.* Precision of
pyrosequencing assay to measure LINE-1 methylation in
colon cancer and normal colonic mucosa has been also
reported.”® Nonetheless, no study has evaluated its perfor-
mance on ESCC tissues. First, to measure the precision of
bisulfite conversion, we performed bisulfite treatment on 5
different aliquots of DNA from ESCCs and matched normal
esophagus. Our results indicate that variation of LINE-]
methylation values between different bisulfite treatments is
not substantial, arid that one bisulfite-treated DNA specimen
can provide precise measurement of LINE-1 methylation
value. Second, to measure the precision of the PCR pyrose-
quencing assay, we also repeated PCR pyrosequencing five
times. Our results indicate that run-to-run (between-run)
variation of LINE-1 methylation values is not large, and a
single run of PCR pyrosequencing can provide reasonably
precise measurement of LINE-1 methylation in a given
specimen. Third, to evaluate location-specific LINE-I
methylation levels and/or heterogeneity of LINE-1 methyl-
ation levels within tumor, we made 5 different tissue sections
from one ESCC tumor and examined LINE-1 methylation of
each section. Variation of LINE-1 methylation values
between different tissue sections is relatively small, imply-
ing that LINE-1 methylation level of the representative tissue
section likely represents that of the whole tumor. These
findings collectively support the reliability of bisulfite
pyrosequencing assay for assessing LINE-1 methylation
level in ESCC.

In addition to the role as a surrogate marker for global
DNA methylation, LINE-1 methylation status by itself
likely has biological effects because retrotransposons such
as LINE-1 elements can provide alternative promoters, and
contribute to noncoding RNA expression that regulates
functions of a number of genes.‘ﬁ"‘;_37 Moreover, retro-
transposons activated by DNA hypomethylation may
transpose themselves throughout the genome, leading to
gene disruptions and chromosomal instability. Previ-
ous studies have reported that most carcinomas of colon,
stomach, breast, lung, prostate, and liver show hypome-
thylation of LINE-1 compared with matched normal
tissues.”' In this study, we have demonstrated that ESCC
tissues show far lower LINE-1 methylation levels than
matched normal mucosa, which is in agreement with pre-
vious findings on other type of cancers. Interestingly, there

was no significant relation between tumor stage and LINE-
1 methylation level in ESCC. This finding may suggest that
LINE-1 hypomethylation is an early event of esophageal
squamous cell carcinogenesis. As this study is limited by
small sample size (n = 30), further studies with large
sample sizes are necessary to elucidate the exact relation-
ship of LINE-1 hypomethylation (i.e., genome-wide DNA
hypomethylation) with tumor development, progression,
and growth in ESCC.

In summary, our study has shown that sodium bisulfite
conversion is reproducible and that subsequent PCR
pyrosequencing assay can assess LINE-1 methylation in
ESCC. We currently plan further study focusing on the
relationship between LINE-1 methylation, environmental
risk factors (e.g., smoking, alcohol) and patient survival in

ESCC.
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ABSTRACT

Background. The mechanisms of IPMN carcinogenesis
are as yet unclear. This study aimed to determine whether
expression of EZH2 promotes neoplastic progression of
IPMN and PDCA, and to elucidate regulation of EZH2
expression by miR-101.

Methods. EZH2 mRNA and protein expression were
investigated in 8 human pancreatic cancer cell lines by
PCR and western blotting. Pre-miR-101 and anti-miR-101
were transfected into pancreatic cancer cells to elucidate
EZH?2 regulation by miR-101. To evaluate whether EZH2
modulates malignant progression of IPMN, EZH2 expres-
sion in IPMN was examined by immunohistochemistry.
Next, we collected malignant and benign cells from FFPE
samples of IPMNs using laser capture microdissection and
extracted the RNA. miR-101 expression in JPMN was
assessed using real-time PCR.

Results. All pancreatic cancer cell lines expressed EZH2
mRNA and protein. The induction of miR-101 by trans-
fection of pre-miR-101 in MIA PaCa-2 was closely related
to a reduction in EZH2 protein production compared with
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control, whereas there was little difference in the expres-
sion of EZH2 mRNA. Anti-miR-101 transfected pancreatic
cancer cells showed an increase in EZH2 protein, while the
level of EZH2 mRNA was not elevated. Immunohisto-
chemistry revealed that the expression of EZH2 was
significantly higher in malignant than benign IPMN.
Expression of miR-101 was significantly lower in malig-
nant JPMN than benign IPMN.

Conclusions. MiR-101 targets EZH2 at the posttranscrip-
tional level, and loss of miR-101 could be a trigger for the
adenomacarcinoma sequence of IPMN by upregulation of
EZH2. This study suggests miR-101-EZH2 blockade as a
potential therapeutic target in IPMN carcinogenesis.

Pancreatic ductal adenocarcinoma (PDCA) remains a
lethal disease, with a fatality rate of 91%.' Approximately
230,000 patients per year develop PDCA worldwide and
the overall 5-year survival rate ranges from 0.4 to 5%.”
Improvements in survival rates remain limited despite
recent advances in imaging technology and more effective
treatments. A full understanding of the molecular mecha-
nisms of carcinogenesis in PDCA is required to establish
appropriate treatments and to improve the prognosis of
PDCA. There were 3 precursors to PDCA proposed: pan-
creatic intraepithelial neoplasia (PanIN), mucinous cystic
neoplasm (MCN), and intraductal papillary mucinous
neoplasm (IPMN)®

Intraductal papillary mucinous neoplasm of the pan-
creas, denoting a pancreatic cystic lesion, was introduced
into the World Health Organization (WHO) classification
system in 1996 and since then has been increasingly
reported worldwide.® Specifically, IPMN is an intraductal
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mucin-producing epithelial neoplasm that arises from a
pancreatic duct, and WHO has established a histological
classification for IPMN based on the degree of dysplasia:
IPMN adenoma, IPMN borderline, and carcinoma. An
adenomacarcinoma sequence has been proposed, and
malignant alteration of IPMN has been investigated from
various aspects such as oncogenes, tumor suppressor genes,
cell cycle, and mucin production,L13 However, the
mechanism of carcinogenesis is not yet fully understood.
MicroRNAs (miRNA) are approximately 22 nucleotide
noncoding RNA molecules that usually operate as endog-
enous repressors of target genes. In animals, miRNAs can
bind with imperfect complement to the 3’ untranslated
region (3’ UTR) of the target mRNA via the RNA-induced
silencing complex. Repression of the resulting gene occurs
by multiple mechanisms including enhanced mRNA deg-
radation and translational repression.' Developmental
timing, cell death, proliferation, hematopoiesis, insulin
secretion, and immune response are just a few examples of
critical biological events that depend on accurate miRNA
expression.'”> Many studies have shown that disturbances
of miRNAs expression levels may have detrimental effects
on cell physiology and may be directly implicated in the
carcinogenic process.'®™=" These miRNAs, whose muta-
tions or misexpressions correlate with various human
neoplasms, are defined as “oncomiRs,” and they can
function as tumor suppressors or oncogenes.” > Recently,
the loss of miR-101 in prostrate cancer was reported to
result in overexpression of enhancer of zeste 2 homolog
(EZH2) and concomitant dysregulation of epigenetic
pathways, leading to cancer progression.” The involve-
ment of miR-101 in carcinogenesis through the regulation
of EZH2 has been also demonstrated in bladder cancer,
cancer, lung cancer, gastric cancer, and

23-28

prostate
glioblastoma.

EZH2 gene encodes a polycomb group (PcG) protein,
which acts' as a histone methyltransferase and directly
controls DNA methylation.””™* EZH2 is involved in sev-
eral key regulatory mechanisms within eukaryotic cells,
including control of embryonic development and cell pro-
liferation.”** Accumulating evidence has indicated an
oncogenic role for EZH2 and its association with advanced
pathologic features and the metastatic nature of cancer
cells.”™' EZH2 may play an oncogenic role by down-
regulating tumor suppressor genes. **?

The natural history of IPMN and its progression to
PDCA are not well defined. Moreover, little is known
about any association between the carcinogenesis of IPMN
and EZH2. Therefore, the aim of this study was to deter-
mine whether miR-101 regulates the expression of EZH2
during neoplastic progression from benign to malignant
IPMN; and PDCA.

MATERIALS AND METHODS
Tissue Samples, Cell Lines, and Reagents

Formalin-fixed, paraffin-embedded (FFPE) tissues from
70 IPMN Iesions (51 benign IPMN lesions and 19 malig-
nant IPMN lesions) were used. The samples were obtained
from a total of 54 patients who underwent pancreatic
resection of either benign, malignant, or both benign and
malignant lesions at some time between 1997 and 2009 at
Department of Gastroenterological Surgery, Kumamoto
University. All patients provided written informed consent
for the use of their tissues. The characteristics of these
patients are shown in Table 1. The experimental protocol
was approved by the institutional review board of Kuma-
moto University. ,

There were seven pancreatic cancer cell lines (PANC-1,
PK8, PK9, PK-59, KL.M-1, MIA Paca2, PK-45P) obtained
from the Cell Resource Center for Biomedical Research
Institute of Development, Aging, and Cancer, Tohoku
University, Japan. Hs-700T was purchased from the
American Type Cell Culture (Rockville, MD). The
cells were cultured in RPMI 1640 medium (Invitrogen,
Carlsbad, CA) supplemented with 10% fetal bovine serum
at 37°C under 5% CO, and 95% air humidity atmosphere.

Immunohistochemical Procedures and Evaluation of
EZH2 Expression Immunohistochemical staining was
performed on 3-pum sections obtained from FFPE blocks.
Endogenous peroxidase activity was blocked using 3%
hydrogen peroxide for 5 minutes. The sections were

TABLE 1 Characteristics of 54 patients with IPMNs

Characteristic No. of IPMCa
lesions (%)
Age (years)
Mean 69.1
Range 48-81
Sex
Male 38
Female 16
Type of IPMN ‘
Main duct 19 15 (719%)
Branch duct 35 4 (11%)
Morphological subtype
Gastric 38 7 (18%)
Intestinal 8 5 (63%) .
Pancreatobiliary 3 2 (67%)
Oncocytic 3 3 (100%)
Unclassified 2 2 (100%)
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incubated in 50x diluted primary mouse monoclonal
anti-EZH2 antibodies (BD Transduction Laboratories)
overnight at 4°C. A subsequent reaction was performed
with a biotin-free horseradish peroxidase enzyme-labeled
_ polymer of the Envision Plus detection system (Dako Co.,
Tokyo, Japan). A positive reaction was visualized with a
diaminobenzidine solution, followed by counterstaining
with Mayer’s hematoxylin. Two pathologists were blinded
to any information on samples and elevations in the
expression of EZH2. The number of EZH2-positive cells of
the total number of IPMN cells was counted in 5-high
power field (HPF), and positive rates were calculated.

Microdissection-Based Quantitative Analysis of miR-
101  Paired malignant and benign samples were collected
from the same FFPE tissues in five IPMN cases by means of
laser microdissection. Researchers placed 7-pm thick FFPE
sections on Director laser microdissection slides (Expression
Pathology, Gaithersburg, MD), deparaffinized, and stained
with hematoxylin and eosin (H&E). Parts of the
sections 3 mm” in area were then microdissected using a
- laser microdissection and pressure catapulting system
(P.A.L.M. Microlaser Technologies, Bernried, Germany).
Total RNA was extracted from the selected cells using

- RecoverAll Total Nucleic Acid Isolation Kit for FFPE (Cat.

No. 1975; Ambion, Austin, TX) according to the
manufacturer’s instructions and subjected to real-time
RT-PCR for quantitative measurement of miR-101. The
quality of RNA was determined by a NanoDrop 2000c
(Thermo Fisher Scientific, Wilmington, DE). For quality

control, samples with insufficient tumor tissue, insufficient -

RNA, or a weak RT-PCR signal (average cycle threshold for
the reference genes: >35) were excluded.

Real-Time PCR-Based Detection of microRNA-101
and EZH2 mRNA Total RNA was obtained from cell
lines using the mirVana microRNA isolation kit (Ambion),
according to the manufacturer’s instructions. The expression
of mature microRNAs was determined by TagMan
quantitative real-time PCR using the TagMan microRNA
assay (Applied Biosystems) and normalized using the 2a4
CT method relative to U6-small nuclear RNA. EZH2 mRNA
was quantified by SYBR-Green quantitative real-time PCR
and normalized to glyceraldehyde-3-phosphate dehydro-
genase.43 PCR primers were as follows: EZH2, 5'-tttcca
gataagggcacage-3’ (forward) and 5'-cgcectacagaaaagegta
tg-3’ (reverse), and glyceraldehyde-3-phosphate dehydro-
genase, 5'-tgaccacagtccatgecate-3’ (forward) and 5-ccacee
tgttgctgtagee-3'  (reverse). All PCR procedures, were
performed in triplicate.

Western Blotting  To isolate the proteins, cells harvested
in 6-well plates were washed once in phosphate-buffered

saline (PBS) and lysed in the lysis buffer [Tris-HCl (pH 7.4),
25 mmol/l; NaCl, 100 mmol/l; EDTA, 2 mmol/l; Triton X,
1%; with 10 pg/ml aprotinin, 10 pg/ml leupeptin, 1 mmol/l
NazVO,, 1 mmol/l phenylmethylsulfonylfluoride]. SDS-
PAGE and western blotting were performed according to
standard procedures. Western blotting of ff-actin on the same
membrane was used as a loading control. The signals were
detected by secondary antibodies labeled with ECL
Detection System (GE Healthcare).

Forced FExpression and Knockdown of miR-101 To
examine the effect of miR-101 overexpression, pre-miR-
101 or pre-miR-Scramble was transfected into MIA PaCa2
cells. Similarly, to examine the effect of miR-101
knockdown, the Anti-miR miRNA Inhibitor (Ambion) or
the Anti-miR miRNA Inhibitors-Negative Control was
transfected into PK-8 cells. The cells were seeded at a
density of 1.0 x 10° cells in 6-well tissue culture plates for
24 h, followed by transfection with 50 nM of all miR
transfectants. These cells were subjected to protein and
RNA extraction.

Statistical Analysis ~ Statistical analysis was performed
using the StatView 5.0 software program (SAS Institute).
Values are expressed as the mean 4 SD. Differences/
correlations between groups were calculated with ¢ test, the
Mann—Whitney U test, and Pearson’s correlation test.
Statistical significance was defined as P < 0.05.

RESULTS

All Pancreatic Cancer Cell Lines Expressed EZH2
mRNA and Protein

We used RT-PCR and western blotting to assess the
expression of EZH2 in eight human pancreatic cancer cell
lines. All pancreatic cancer cell lines expressed similar

- levels of EZH2 mRNA (Fig. la). The levels of EZH2

protein in these cells were not markedly different from
each other overall, even though some cell lines showed a
moderate degree of inverse correlation between the miR-
101 (Fig. 1c) and EZH2 (Fig. 1b) protein levels compared
with the levels of S-actin.

Overexpression  of  miR-101  Decreased  EZH2
Protein  We assessed the effect of the overexpression of
miR-101 on EZH2 protein. Pre-miR-101 transfected MIA
PaCa2 cells revealed a significant increase in miR-101
expression compared with the negative control, measured
by qRT-PCR (Fig. 2a). Western blot analysis of EZH2 in
MIAPaCa2 cells showed that miR-101 overexpression
reduced EZH2 protein production compared with Scr
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FIG. 1 a Expression of EZH2 mRNA in pancreatic cancer cell lines
as determined by RT-PCR. b Expression of EZH2 protein in
pancreatic cancer cell lines as determined by western blotting. Data
normalized' against GAPDH mRNA and f-actin protein expression.
¢ MicroRNA-101 in pancreatic cancer cell lines as determined by
real-time PCR. Data normalized against expression of U6B RNA

transfected cells (Fig. 2c), whereas quantitative real-time
PCR revealed little difference in the EZH2 mRNA level
between cells overexpressing miR-101 and controls
(Fig. 2b). Furthermore, the proliferation of MIA PaCa2

cells transfected with pre-miR-101 was significantly
suppressed compared with the control (Supplement
Fig. 1).

Decreased Expression of miR-101 Increased EZH2
Protein  The effect of miR-101 transfection on EZH2
protein expression was evaluated in PK-8 cells, which
possess the second highest level of endogenous miR-101
among the eight pancreatic cancer cell lines (Fig. Ic). Anti-
miR-101 transfected cells showed decreased miR-101
levels and an increase in EZH2 protein (Fig. 2d, f),
whereas the level of EZH2 mRNA was not elevated
(Fig. 2e).

Expression of EZH2 in IPMN Expression of EZH2 was
examined in a total of 51 lesions of benign IPMN, four
lesions of carcinoma in situ, and 15 lesions of invasive
carcinoma derived from IPMN by IHC. EZH2 was
observed in cell nuclei in both carcinoma in situ and in
invasive parts of malignant IPMN, whereas benign IPMN
showed little expression (Fig. 3a—c). Quantitative analyses
of EZH2 revealed that the carcinoma in situ was 49%
positive, ranging from 26 to 71%, and the invasive
carcinoma was 50% positive, ranging from 0 to 95%,
while expression of EZH2 was 5.4%, ranging from 0 to
50%, in benign lesions. These findings indicated that the
expression of EZH2 was significantly higher, not only in
carcinoma in situ, but also in the invasive parts, than in
benign IPMN. There was, however, no statistical difference
in expression of EZH2 between carcinoma in situ and the
invasive parts (Fig. 3d).

MicroRNA-101 Expression Lower in Malignant than
in Benign IPMN We measured expression of miR-101
in both malignant and benign IPMN cells by qRT-PCR
after collection of cells by laser microdissection in five
patients. First, we assessed the quality of RNA taken from
FFPE tissues. All RNA (A260/A280) was indicated as
between 1.10 and 2.70 to confirm suitability for RT-PCR.
The expression of MiR-101 was significantly less in
malignant IPMN than in benign IPMN (P = 0.009; Fig. 4).

DISCUSSION

All eight pancreatic cancer cell lines clearly expressed -
EZH2. EZH2 is a member of the Polycomb group (PcG)
proteins, which regulate epigenetically mediated tran-
scriptional silencing, are involved in the maintenance of
embryonic and adult stem cells, and have been implicated
in cancer development.™ EZH2 is upregulated in several
kinds of neoplasms, including leukemia, prostate cancer,
and breast cancer.”’"*"5~" Interestingly, high expression
of EZH2 localizes to more malignant cell types and is
associated with metastatic nature of cancer cells.”” ="'+
A previous report revealed that pancreatic cancer cell lines
expressed EZH2, which contributed to cell proliferation.49
We could confirm such expression in pancreatic cancers.
Moreover, our results revealed that synthetic exogenous
miR-101 induced significant silencing of EZH2 in pan-
creatic cancer cells, and anti-miR-101 transfected
pancreatic cancer cells showed an increase in EZH2 protein
at the posttranscriptional level. A corresponding loss of
miR-101 in bladder cancer led to overexpression of
EZH2.>*** This indicates that PDCAs express EZH2,
caused by loss of miR-101.

We next investigated whether miR-101 can induce
EZH2 silencing in the malignant transformation of IPMN.
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FIG. 2 Overexpression of microRNA-101 downregulates EZH2
expression at the posttranscriptional level. a MicroRNA-101 expres-
sion analyzed after transfection of pre-miR-101 by TagMan-
quantitative real-time PCR in MIA PaCa2 cells. Expression levels
normalized to the expression of UGB, and presented as relative
microRNA-101 expression. b EZH2 mRNA expression analyzed after
transfection of pre-miR-101 by quantitative real-time PCR in MIA
PaCa2 cells. Expression levels normalized to f-actin expression, and
presented as relative EZH2 expression. ¢ EZH2 protein expression
analyzed by western blotting after transfection of pre-miR-101 in

FIG. 3 Detection of EZH2 in IPMN tissues by immunohistochem-
istry. a IPMA showed no significant staining of EZH2. EZH2 was
detected as strongly positive stains in not only carcinoma in situ (cis)
b but also invasive carcinoma derived from IPMN (¢). d Quantitative

MIA PaCa2 cells. Membranes blotted by anti-EZH2 IgG and anti-
f-actin 1gG. d microRNA-101 expression analyzed by TaqMan-
quantitative real-time PCR. Results are normalized to U6B expression
and presented as relative microRNA-101 expression, *P < 0.05.
e EZH2 mRNA expression analyzed by quantitative real-time PCR.
The results are normalized to f-actin expression and are presented as
relative EZH2 expression. f Cells lysates were analyzed by western
blotting. Membranes were blotted by anti-EZH2 IgG and anti-f-actin
1eG

d.
Percent of EZH
positive cells in 5-HPF.

1060 P <0.0001
75 P < 0.0001 ‘
50
25

Benign

n=2350 ('n=A4') (n=13)

analyses of EZH2 expression in IPMA, cis, and invasive lesions by
immunohistochemistry. Expression of EZH2 was significantly higher
in cis and invasive parts compared with IPMA (P < 0.0001), but not
between cis and invasive lesions
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FIG. 4 Comparison of average level of miR-101 expression in five
patients with both benign and malignant IPMN. MiR-101 levels
analyzed by real-time PCR and data normalized against U6 RNA
expression. Relative expression of each tumor sample refers to the
normal sample of the same patient. miR-101 expression was
significantly lower in malignant than benign IPMN (P = 0.0001)

Expression of EZH2 was significantly higher in malignant
than benign IPMN. Moreover, expression of miR-101 was
significantly decreased in malignant cells compared with
benign cells of IPMN. These results indicated that miR-101
could downregulate EZH2 in benign IPMN, while a
reduced level of miR-101 is attributable to increased
expression of EZH2 in malignant IPMN. Habbe et al.>’
suggested that miR-155 might be a biomarker of early
pancreatic neoplasia, but the mechanism of carcinogenesis
of IPMN and miR-155 was not evaluated.

Genetic alterations that have been described in the
transformation from benign to malignant IPMN include
cyclooxygenase 2, pl6, DPC4/Smad4, p53, K-ras, and
apomucins.'"'*7'"*  However, unanswered questions
remain. We could clarify that EZH2 expression was sig-
nificantly higher in malignant than benign IPMN by means
of immunohistochemical analysis. This indicated that
overexpression of EZH2 could promote malignant trans-
formation of IPMN. This regulation could be one of the
mechanisms of IPMN carcinogenesis.

Based on these considerations, we conclude that miR-
101 targets EZH2 at the posttranscriptional level and that
loss of miR-101 could be a trigger for the adenomacarci-
noma sequence of IPMN by upregulation of EZH2. This
study suggests that miR-101 EZH2 blockade is a potential
therapeutic target in IPMN carcinogenesis. Because recent
studies reported an increase in the angiogenesis index of
IPMN and an involvement of miR-101 in angiogenesis
through EZH2 in endothelial cells, it would be of great

interest to determine a role of EZH2 and miR-101 in the

28,53

angiogenesis of IPMN.

ACKNOWLEDGMENT We thank Hirohisa Okabe and Takihiro
Kamio for their cooperation in this study.

REFERENCES

1. American Cancer Society. Cancer facts and- figures 2008.
Atlanta: American Cancer Society; 2008.

2. Parkin DM, Bray F, Ferlay J, Pisani P. Global cancer statistics,
2002. CA Cancer J Clin. 2005;55:74-108.

3. Bramhall SR, Allum WH, Jones AG, Allwood A, Cummins C,
Neoptolemos JP. Treatment and survival in 13,560 patients with
pancreatic cancer, and incidence of the disease, in the West
Midlands: an epidemiological study. Br J Surg. 1995;82:111-5.

4. Jemal A, Siegel R, Ward E, Hao Y, Xu J, Murray T, et al. Cancer
statistics, 2008. CA Cancer J Clin. 2008;58:71-96.

5. Hruban RH, Pitman MB, Klimstra DS. Tumors of the pancreas.
In: Armed Forces Institute of Pathology, 4th ed. Washington, DC:
The American Registry of Pathology; 2007. p. 75-164.

6. Kloppel GSE, Longnecker DS. Histological typing of tumours of
the exocrine pancreas. In: World Health Organization Interna-
tional Histological Classification of Tumours, 2nd ed. Berlin:
Springer; 1996. p. 12-9.

7. Sessa F, Solcia E, Capella C, Bonato M, Scarpa A, Zamboni G,
et al. Intraductal papillary-mucinous tumours represent a distinct
group of pancreatic neoplasms: an investigation of tumour cell
differentiation and K-ras, p53 and c-erbB-2 abnormalities in 26
patients. Virchows Arch. 1994;425:357-67.

8. Nagai E, Ueki T, Chijiiwa K, Tanaka M, Tsuneyoshi M. Intra-
ductal papillary mucinous neoplasms of the pancreas associated
with so-called “mucinous ductal ectasia.” Histochemical and
immunohistochemical analysis of 29 cases. Am J Surg Pathol.
1995;19:576-89.

9. Tanaka M, Kobayashi K, Mizumoto K, Yamaguchi K. Clinical

aspects of intraductal papillary mucinous neoplasm of the pan-
creas. J Gastroenterol. 2005;40:669-75.

10. Yoshizawa K, Nagai H, Sakurai S, Hironaka M, Morinaga S,
Saitoh K, et al. Clonality and K-ras mytation analyses of epithelia
in intraductal papillary mucinous tumor and mucinous cystic
tumor of the pancreas. Virchows Arch. 2002;441:437-43.

11. Biankin AV, Biankin SA, Kench JG, Morey AL, Lee CS, Head
DR, et al. Aberrant pl6(INK4A) and DPC4/Smad4 expression in
intraductal papillary mucinous tumours of the. pancreas is asso-
ciated with invasive ductal adenocarcinoma. Gut. 2002;50:861-8.

12. Niijima M, Yamaguchi T, Ishihara T, Hara T, Kato K, Kondo F,
et al. Immunohistochemical analysis and in situ hybridization of
cyclooxygenase-2 expression in intraductal papillary-mucinous
tumors of the Pancreas. Cancer. 2002;94:1565-73.

13. Luttges J, Zamboni G, Longnecker D, Kloppel G. The immu-
nohistochemical mucin expression pattern distinguishes different
types of intraductal papillary mucinous neoplasms of the pancreas
and determines their relationship to mucinous noncystic carci-
noma and ductal adenocarcinoma. Am J Surg Pathol. 2001;
25:942-8.

14. Valencia-Sanchez MA, Liu J, Hannon GJ, Parker R. Control of
translation and mRNA degradation by miRNAs and siRNAs.
Genes Dev. 2006;20:515-24. )

15. Ambros V. The functions of Animal microRNAs. Nature.
2004;431:350-5.

16. Chan JA, Krichevsky AM, Kosik KS. MicroRNA-21 is an anti-
apoptotic factor in human glioblastoma cells. Cancer Res.
2005;65:6029~33.

17. lorio MV, Ferracin M, Liu CG, Veronese A, Spizzo R, Sabbioni
S, et al. MicroRNA gene expression deregulation in human breast
cancer. Cancer Res. 2005:65:7065-70.



Carcinogenesis of Intraductal Papillary Mucinous Neoplasm of the Pancreas

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32,

33.

34.

3s.

36.

Lu J, Getz G, Miska EA, Alvarez-Saavedra E, Lamb J, Peck D,
et al. MicroRNA expression profiles classify human cancers.
Nature. 2005;435:834-8.

Michael MZ, O’Connor SM, van Holst Pellekaan NG, Young GP,
James RJ. Reduced accumulation of specific microRNAs in
colorectal neoplasia. Mol Cancer Res. 2003;1:882-91.

Dews M, Homayouni A, Yu D, Murphy D, Sevignani C, Wentzel
E, et al. Augmentation of tumor angiogenesis by a Myc-activated
microRNA cluster. Nat Genet. 2006;38:1060-5.
Esquela-Kerscher A, Slack FJ. Oncomirs—microRNAs with a
role in cancer. Nar Rev Cancer. 2006;6:259-69.

Cho WC. OncomiRs: the discovery and progress of microRNAs
in cancers. Mol Cancer. 2007;6:60.

Varambally S, Cao Q, Mani RS, Shankar S, Wang X, Ateeq B,
et al. Genomic Loss of microRNA-101 leads to overexpression of
histone methyltransferase EZH2 in cancer. Science. 2008;322:
1695-9.

Friedman JM, Liang G, Liu CC, Wolff EM, Tsai YC, Ye W, et al.
The putative tumor suppressor microRNA-101 modulates the
cancer epigenome by répressing the polycomb group protein
EZH2. Cancer Res. 2009;69:2623-9.

Cao P, Deng Z, Wan M, Huang W, Cramer SD, Xu J, et al.
MicroRNA-101 negatively regulates Ezh2 and its expression is
modulated by androgen receptor and HIF-1alpha/HIF-1beta. Mol
Cancer. 2010;9:108.

Zhang J, Guo JF, Liu DL, Lin Q, Wang JJ. MicroRNA-101 exerts
tumor-suppressive functions in non-small cell lung cancer
through directly targeting enhancer of Zeste homolog 2. J Tho-
racic Oncol. 2011;6:671-8.

Wang HJ, Ruan HJ, He XJ, Ma YY, Jiang XT, Xia YJ, et al.
MicroRNA-101 is down-regulated in gastric cancer and involved
in cell migration and invasion. Eur J Cancer. 2010;46:2295-303.
Smits M, Mir SE, Nilsson RJ, van der Stoop PM, Niers JM,
Marquez VE, et al. Down-regulation of miR-101 in endothelial
cells promotes blood vessel formation through reduced repression
of EZH2. PLoS One. 2011;6:¢16282.

Cao R, Wang L, Wang H, Xia L, Erdjument-Bromage H, Tempst
P, et al. Role of histone H3 lysine 27 methylation in polycomb-
group silencing. Science. 2002;298:1039-43. '
Czermin B, Melfi R, McCabe D, Seitz V, Imhof A, Pirrotta V.
Drosophila enhancer of Zeste/ESC complexes have a histone H3
methyltransferase activity that marks chromosomal polycomb
sites. Cell. 2002;111:185-96.

Kuzmichev A, Nishioka K, Erdjument-Bromage H, Tempst P,
Reinberg D. Histone methyltransferase activity associated with a
human multiprotein complex containing the Enhancer- of Zeste
protein. Genes Dev. 2002;16:2893-905.

Vire E, Brenner C, Deplus R, Blanchon L, Fraga M, Didelot C,
et al. The polycomb group protein EZH2 directly controls DNA
methylation. Nature. 2006;439:871—4.

Jacobs JJ, van Lohuizen M. Polycomb repression: from cellular
memory to cellular proliferation and cancer. Biochim Biophys
Acta. 2002;1602:151-61.

Cao R, Zhang Y. The functions of E(Z)/EZH2-mediated meth-
ylation of lysine 27 in histone H3. Curr Opin Genet Dev.
2004;14:155-64.

Varambally S, Dhanasekaran SM, Zhou M, Barrette TR, Kumar-
Sinha C, Sanda MG, et al. The polycomb group protein EZH2 is
involved in progression of prostate cancer. Nature.
2002;419:624-9. -

Bachmann IM, Halvorsen OJ, Collett K, Stefansson IM, Straume
O, Haukaas SA, et al. EZH2 expression is associated with high
proliferation rate and aggressive tumor subgroups in cutaneous

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

51.

52.

53.

melanoma and cancers of the endometrium, prostate, and breast.
J Clin Oncol. 2006;24:268-73.

Kleer CG, Cao Q, Varambally S, Shen R, Ota I, Tomlins SA,
et al. EZH2 is a marker of aggressive breast cancer and promotes
neoplastic transformation of breast epithelial cells. Proc Natl
Acad Sci USA. 2003;100:11606-11.

Bracken AP, Pasini D, Capra M, Prosperini E, Colli E, Helin K.
EZH2 is downstream of the pRB-E2F pathway, essential for
proliferation and amplified in cancer. EMBO J. 2003;22:5323-35.
Min J, Zaslavsky A, Fedele G, McLaughlin SK, Reczek EE, De
Raedt T, et al. An oncogene-tumor suppressor cascade drives
metastatic prostate cancer by coordinately activating Ras and
nuclear factor-xB. Nat Med. 2010;16:286-94.

Guo J, Cai J, Yu L, Tang H, Chen C, Wang Z. EZH2 regulates
expression of p57 and contributes to progression of ovarian
cancer in vitro and in vivo. Cancer Sci. 2011;102:530-9.
Karanikolas BDW, Figueiredo ML, Wu L. Polycomb group
protein EZH2 is an oncogene that promotes the neoplastic
transformation of a benign prostatic epithelial cell line. Mol .
Cancer Res. 2009;7:1456-65.

Banerjee R, Mani R-S, Russo N, Scanlon CS, Tsodikov A, Jing
X, et al. The tumor suppressor gene rapl GAP is silenced by miR-
101-mediated EZH2 overexpression in invasive squamous cell
carcinoma. Oncogene. 2011 [Epub ahead of print].

Pfaffi MW. A new mathematical model for relative quantification
in real-time RT-PCR. Nucleic Acids Res. 2001;29:e45.

. Sparmann A, van Lohuizen M. Polycomb silencers control cell

fate, development and cancer. Nat Rev Cancer. 2006;6:846-56.
Raaphorst FM, Otte AP, Meijer CJ. Polycomb-group genes as
regulators of mammalian lymphopoiesis. Trends Immunol.
2001;22:682-90.

Kondo Y, Shen L, Cheng AS, Ahmed S, Boumber Y, Charo C,
et al. Gene silencing in cancer by histone H3 lysine 27 trime-
thylation independent of promoter DNA methylation. Nar Genet.
2008;40:741-50.

Alford SH, Toy K, Merajver SD, Kleer CG. Increased risk for
distant metastasis in patients with familial early-stage breast
cancer and high EZH2 expression. Breast Cancer Res Treat. 2011
[Epub ahead of print].

Valk-Lingbeek ME, Bruggeman SW, van Lohuizen M. Stem
cells and cancer; the polycomb connection. Cell. 2004;118: -
409-18.

Ougolkov AV, Bilim VN, Billadeau DD. Regulation of pancre-
atic tumor cell proliferation and chemoresistance by the histone
methyltransferase enhancer of Zeste homologue 2. Clin Cancer
Res. 2008;14:6790-6.

Habbe N, Koorstra JB, Mendell JT, Offerhaus GJ, Ryu JK,
Feldmann G, et al. MicroRNA miR-155 is a biomarker of early
pancreatic neoplasia. Cancer Biol Ther. 2009;8:340-6.

Kaino M, Kondoh S, Okita S, Hatano S, Shiraishi K, Kaino S,
et al. Detection of K-ras and p53 gene mutations in pancreatic
juice for the diagnosis of intraductal papillary mucinous tumors.
Pancreas. 1999;18:294-9.

Yeh TS, Jan YY, Chiu CT, Ho YB, Chen TC, Lee KF, et al.
Characterisation of oestrogen receptor, progesterone receptor,
trefoil factor 1, and epidermal growth factor and its receptor in
pancreatic cystic neoplasms and pancreatic ductal adenocarci-
noma. Gut. 2002;51:712-6.

Tachezy M, Reichelt U, Melenberg T, Gebauer F, Izbicki JR, Kaifi
JT. Angiogenesis index CD105 (endoglin)/CD31 (PECAM-1)
as a predictive factor for invasion and proliferation in intraductal
papillary mucinous neoplasm (IPMN) of the pancreas. Histol
Histopathol. 2010;25:1239-46.



J Hepatobiliary Pancreat Sci (2011) 18:559-566
DOI 10.1007/s00534-011-0372-y

Surgical treatment of lymph node metastases from hepatocellular

carcinoma

Shin Kobayashi + Shinichire Takahashi -
Yuichiro Kato + Naoto Gotohda - Toshio Nakagohri *
Masaru Konishi - Taira Kinoshita

Published online: 18 February 2011

© Japanese Society of Hepato-Biliary-Pancreatic Surgery and Springer 2011

Abstract !

Background No consensus has been reached on the fea-
sibility and efficacy of surgery for lymph node metastases
(LNM) from hepatocellular carcinoma (HCC).

Methods Of 2189 patients with HCC treated at our hos-
pital between July 1992 and March 2008, we retrospec-
tively reviewed the medical dossiers of the 18 patients
(0.8%) who underwent lymph node resection and were
pathologically diagnosed to have LNM from HCC. The
surgical procedure for LNM was selective lymphadenec-
tomy of those lymph nodes suspected to harbor metastasis.
The feasibility and efficacy of selective lymphadenectomy
was examined, and clinicopathological factors were ana-
-lyzed with the aim of determining which patients would
most benefit from surgery.

Results Eighteen patients underwent surgery without
mortality or liver failure. Morbidities were found in four
patients (22.2%). The median survival time (MST) after
surgery was 29 months [95% confidence interval (CI)
21-38 months). The 1-, 3-, and 5-year overall survival rates
were 85, 42, 21%. The median progression-free survival
(PFS) after surgery was 6 months (95% CI 1-11 months),
and the median extrahepatic PFS was 16 months (95% CI
13-18 months). Single LNM was the only favorable prog-
nostic factor after surgery (Hazard ratio 0.082, 95% CI
0.008-0.83).

Conclusion  Selective lymphadenectomy of LNM from
HCC was a feasible and efficacious procedure. Survival
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rates can be expected to improve after selective lymphad-
enectomy of single LNM.

Keywords Hepatocellular carcinoma - Lymph node
metastases - Surgery

Introduction

Lymph node metastases (LNM) are rare and generally
associated with poor prognosis in hepatocellular carci-
noma (HCC) [1, 2]. No consensus has yet been reached
on the treatment strategy for LNM from HCC [3-5]. A
few case reports have been published on the surgical
treatment of LNM from HCC. Abe et al. [6] described
two patients who survived for more than 4 years after
the resection of an isolated metastatic lymph node fol-
lowed by transarterial embolization (TAE). Togo et al.
[7] also described a patient who survived for 7 years
without recurrence after single node resection and
simultaneous hepatectomy. In contrast, Uenishi et al. [8]
reported that the resection of multiple LNM led to a
poor prognosis, and they questioned the efficacy of
regional lymphadenectomy in HCC. Their poor results
are partly attributable to the deterioration of cirrhotic
liver function due to altered portal or lymphatic drainage
caused by extensive LN dissection [9]. Based on these
findings, it is possible that selective lymphadenectomy of
suspected metastatic lymph nodes instead of regional
lymphadenectomy would be an effective treatment for
LNM from HCC.

The aims of this study were to present our surgical
experiences on LNM from HCC and to discuss the feasi-
bility and efficacy of selective lymphadenectomy. We also
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