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CD10 is associated with refractory HNSCC

Additionally, CSCs are slow-cycling or in the dormant phase of the
cell cycle. For example, CSCs of acute myeloid leukaemia (Guan
et al, 2003) and chronic myeloid leukaemia (Holyoake et al, 1999)
survive in the dormant GO phase of the cell cycle. In the case of
solid tumours, liver CSCs were found to be mainly in the G0/G1
phase (Haraguchi et al, 2010). Thus, we addressed the relevance of
CD10 for the CSC phenotype. We found that the CD10-positive
subpopulation formed spheres in vitro and tumours in vivo more
efficiently than the CD10-negative subpopulation. These results
indicate that CD10 is closely related to tumourigenicity and self-
renewal ability. Thus, it seems likely that CD10 could serve as a
marker of CSCs in HNSCC.

Previously, CD44 (Prince ef al, 2007), CD133 (Chiou et al,
2008) and ALDHI1 (Chen et al, 2009) have been reported as
markers of CSCs in HNSCC. However, whether CD44 and ALDH1
serve as true markers remains controversial. For instance, recent
studies have shown that decreased rather than increased expression
of ALDHI is linked to poor prognosis (Koukourakis et al, 2012),
while CD44 is expressed in normal head and neck squamous
epithelium at an equivalent level to that detected in HNSCC (Chen
et al, 2011). As for therapeutic resistance, CD44 expression was
downregulated in irradiated cells when compared with that of
untreated cells as determined in our cell surface antigen array assay
of the HNSCC cell line BICR6. Moreover, the vast majority of
FaDu and Detroit562 cells were CD44-positive irrespective of
cisplatin or radiation treatment. In the case of CD133, Zhang et al,
(2010) showed that CD133-positive cells possessed resistance to
paclitaxel when compared with CD133-negative cells in oral cancer
cell lines, although CD133 expression was barely detectable, even
after the treatment, in the cell lines used in our study. Together,
these data indicate that neither CD44 nor CD133 have pivotal roles
in the therapeutic resistance of these HNSCC cell lines. Although it
cannot be dismissed that the relevance of CD44 and CD133 in
therapeutic resistance probably depends on the kinds of cells lines
and treatments administered. Thus, further study is needed to
determine the relationship between CSC-related properties and
therapeutic resistant in HNSCC, including investigation into the
effect of combination of CD10 and these markers (CD44, CD133,
ALDHI). Especially, we consider the combination of CD10 and
ALDHI, because we found these interdependent expressions.

Notably, we demonstrated that the CD10-positive subpopulation
of HNSCC cells showed CSC-related properties, such as chemo and
radio resistance, self-renewal capacity and tumourigenicity. To gain
insight into the mechanisms by which CD10 confers CSC-related
properties in HNSCC, we examined the expression of OCT3/4,
which has a critical role in the development and self-renewal of
embryonic stem cells (Nichols et al, 1998), and is linked to
oncogenic processes (Gidekel et al, 2003). Chen et al, (2010, 2011).
have shown that OCT3/4 is upregulated in HNSCC CSCs, defined by
ALDH]1 positive cells, and in spheroid forming HNSCC cells. We
found that OCT3/4 expression was higher in CD10-positive cells
than in CD10-negative cells, but that it was decreased following
knockdown of CD10. These results indicate that increased CD10 is
linked to OCT3/4 expression. Further studies are required to address
the functional relevance of CD10 to OCT3/4 in HNSCC.

In conclusion, we have established that CD10 is associated with
chemo and radio resistance, and that it confers CSC-related
properties in HNSCC, probably through forced overexpression of
OCT3/4. Together these findings suggest that CD10 may serve as a
target molecule in the treatment of refractory HNSCC.
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MicroRNA-1246 expression associated with
CCNG2-mediated chemoresistance and
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Background: Pancreatic cancer has a poor prognosis because of its high refractoriness to chemotherapy and tumour recurrence,
and these properties have been attributed to cancer stem cells (CSCs). MicroRNA (miRNA) regulates various molecular
mechanisms of cancer progression associated with CSCs, This study aimed to identify the candidate miRNA and to characterise
the clinical significance.

Methods: We established gemcitabine-resistant Panci cells, and induced CSC-like properties through sphere formation.
Candidate miRNAs were selected through microarray analysis. The overexpression and knockdown experiments were performed
by evaluating the in vitro cell growth and in vivo tumourigenicity. The expression was studied in 24 pancreatic cancer samples after
faser captured microdissection and by immunohistochemical staining.

Results: The in vitro drug sensitivity of pancreatic cancer cells was altered according to the miR-1246 expression via CCNG2. In
vivo, we found that miR-1246 could increase tumour-initiating potential and induced drug resistance. A high expression level of
miR-1246 was correlated with a worse prognosis and CCNG2 expression was significantly lower in those patients.

Conclusions: miR-1246 expression was associated with chemoresistance and CSC-like properties via CCNG2, and could predict
worse prognosis in pancreatic cancer patients.

Pancreatic cancer has the worst prognosis of any major malignancy
and is the fourth most common cause of cancer death each year in
the United States. Even if it is diagnosed at an operable stage and
curative resection is achieved, there is still a high incidence of
recurrence (Hoyert ef al, 2006). Although gemcitabine (GEM)-
based chemotherapy has formed the core of multimodal therapy
for pancreatic cancer (Oettle et al, 2007), it is rarely curative and

only modestly effective against tumour recurrence. Cancer stem
cells (CSCs) have been implicated in the clinical refractoriness,
metastasis, and tumour recurrence of various types of cancer,
including pancreatic cancer (Hermann et al, 2007; Li et al, 2007).
The molecular mechanisms that link chemoresistance with CSCs
remain unclear, Clarifying these mechanisms could improve
prognosis of patients with pancreatic cancer.
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The miRNAs are endogenous, 18-25-bp, single-stranded, non-
coding modulators of the post-transcriptional process (Bartel,
2009). In the present study, we focused on miRNAs of GEM-
resistant pancreatic cancer cell lines and CSC-like cell populations
using sphere formation assays (Pastrana et al, 2011); pancreatic
CSCs could be enriched as spheroid cells (Hermann et al, 2007).
We performed comprehensive expression profiling of miRNAs in
order to indentify the candidate miRNA and. determine its clinical
significance.

Vector constructs and lentiviral production. The lentiviral
pLenti-IIl-miR-1246 vector and its empty pLenti-IIl vector
(Applied Biological Materials Inc.,, Richmond, Canada) were co-
transfected with pCAG-HIVgp and pCMV-VSV-G-RSV-Rev into
293Ta cells (Gene Copoeia Inc., Rockville, MD, USA). Pancl cells
were infected with lentivirus and selected using 1pgml™!
puromycin for 4 weeks, to establish stable miR-1246 (Pancl-P-1-
OE) and control (Pancl-P-1-C) transfectants. The CCNG2 lacking

miR1246 target sites in 3"UTR were transfected into the Pancl-P-I-
OE cells using FuGENE 6 Reagent (Promega, Madison, W1, USA).

Ethics statement on animals. All animal work was performed
according to Animal Experiments Committee, Osaka University
(the approval number, 24-122-011).

Animal experiments. Four different numbers of Pancl cells,
1x10% 1% 10° 1 x 10%, and 1 x 10°, were injected subcutaneously
in 4- to 6-week-old female non-obese mice with diabetes/severe
combined immunodeficiency (CLEA Japan, Tokyo, Japan). The
mice were administered GEM intraperitoneally three times on days
35, 42, and 49 using the once-a-week protocol as to closely
replicate clinical use. Mice were given 125mgkeg™' GEM, or
phosphate-buffered saline as control (Lonardo et al, 2011). The
tumour volume was calculated as: (longest diameter) X (shortest
diameter)® x 0.5, The therapy was initiated when the tumour
volumes were 60~100 mm”. The tumours were resected on day 53
after the cell injection. Total RNA was extracted from tumours.
Immunohistochemistry was performed using polyclonal goat
anti-human cyclinG2 antibody (Santa Cruz Biotechnology Inc.,
Santa Cruz, CA, USA).
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Figure 1. Features of gemcitabine (GEM)-resistant pancreatic cancer cells (Panc1-GRs) and Panc1 parental CSC-like spheroid cells (Panc1-P (Sp)).
(A} Growth-inhibitory effects of GEM on Panc1 parental (Panc1-P) cells and Panc1-GR (GR1, GR2, GR3, and GR4) cells were assessed by MTT assay.
(B} Growth-inhibitory effects of GEM on normal adherent condition Panc1-P {Ad) and Panc1-P {Sp) cells were assessed by MTT assay. (C) The
representative data of flow cytometry showed the CSC-like cell population of Panc1-P in Panc1-P (Ad) cells (left panel) and Panc1-P (Sp) cells (right
panel). (D) The percentages of the CSC-like cell populations were shown in Pan1-P (Ad) and -P (Sp) cells. This assay was performed three times.
(E) Gene set enrichment analysis (GSEA) of Panc1-P (Sp) cells compared with Panc1-P (Ad) cells was performed. GSEA-extracted representative
gene sets enriched in those cells are shown. Data represent means.d. of more than three experiments; **P<0.01.
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miR-1244 in pancreatic cancer

Ethics statement on clinical samples. The use of resected samples
was approved by the Human Ethics Review Committee of the
Graduate School of Medicine, Osaka University (approval number
08226). Written informed consent was obtained from all patients
included in the study.

Study on primary tumour samples. Between March 2007 and
December 2010, 24 consecutive patients with pancreatic cancer were
treated by histologically curative resection (R0) at Osalka University
Hospital, and no preoperative therapy was given (Supplementary
Table 3). Among 24 patients, 12 patients received adjuvant GEM
chemotherapy. Immunohistochemical staining protocol is shown in
the Supplementary Materials and Methods. To separate epithelial
and mesenchymal parts, laser captured microdissection (LCM;
LMD7000, Leica Microsystems GmbH, Wetzlar, Germany) was
performed as 8-yum-thick sections from formalin-fixed paraffin-
embedded (FFPE) samples. Total RNA was extracted using RNeasy
FFPE Kit (Qiagen, Tokyo, Japan). The relative quantification of
miRNA was studied by qRT-PCR using comparative CT method
(272", Data were normalised using endogenous RNU48 control.

Statistical analysis. The clinicopathological parameters were
compared using the Fisher's exact test, and the continuous
variables were compared using the Student’s t-test. The survival
curves were computed using the Kaplan-Meier method. Statistical

analysis was performed using JMP software version 10.0.2 (SAS
Institute Inc., Cary, NC, USA).

Establishment of GEM-resistant pancreatic cancer cell clones.
We established four independent GEM-resistant clones of Pancl
cells. Compared with the Pancl-P cells, the Pancl-GR cells were
significantly more resistant to GEM (Figure 1A) and showed
significantly more drug resistance to 5-FU at three densities
(Supplementary Figure 1A). Several studies have recently reported
that representative surface markers, such as CD44 4 CD24 -, were
useful to enrich the CSC-like cells from others in pancreatic cancer
cell lines (Hermann ef al, 2007; Li et al, 2007). Flow cytometry
analysis of the CSC population in Pancl-GRs revealed that the
CD44 -+ CD24 4+ population was slightly increased (Figure 1B and
Supplementary Figure 1B).

Establishment of pancreatic CSC-like chemoresistant cells. The
sphere formation and growth assays revealed that Pancl-P (Sp)
was significantly resistant to GEM and 5-FU compared with
Pancl-P (Figure 1B and Supplementary Figure 1D). Note that
Pancl-P (Sp) cells were chemoresistant to GEM and 5-FU,
although not exposed to agents. Flow cytometry analysis revealed
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Figure 2. miRNA microarray analysis and the ranking of candidate miRNAs. (A) The heat map revealed the miRNAs whose expression levels were
altered > 1.5-fold relative to Panc1-P both in Panc1-GRs and -P (Sp) cells. *non-functional miRNA. (B) The list showed the ranking of candidate
miRNAs according to the ratio of the change in expression level. From the above 38 miRNAs {A), 15 miRNAs were selected. (C) Real-time gRT-PCR
showed the expression of miR-1246 in Panc1-P, -GRs, ‘and -P (Sp) cells. Data represent mean £s.d. of more than three experiments; **P<0.01.
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that the CD24 + CD44 + population nearly doubled due to sphere
formation (Figure 1C and D).

Gene sets enriched in spheroid cells and adherent cells. Gene set
enrichment analysis (GSEA) was performed between the coding
gene expression profiles of the spheroid parental Pancl (Panci-P
(Sp)) cells and those of the adherent parental cells (Pancl-P). The
GSEA in spheroid cells revealed upregulation of stem cell pathway

and downregulation of adherent pathway (Figure 1E and
Supplementary Figure 2A and B).

Outstanding expression of miR-1246 revealed by miRNA
microarray analysis. To identify the candidate miRNAs related
to chemoresistance and cancer stemness, we performed miRNA
microarray studies. The data showed that, among the 1719
miRNAs, the miRNA expression levels of 92 in the Pancl-GR
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Figure 3. Association of miR-1246 expression with the resistance to GEM and sphere-forming ability. (A) Real-time gRT-PCR showed the
expression level of miR-1246 in Panc1-P cells transfected with pre-miR-1246 (Panc1-P-OE) and transfected with the negative control (Panc1-P-C).
(B) MTT assay demonstrated relative cell survival ratio of Panc1-P-C and Panc1-P-OE cells to GEM, respectively. (C) The representative data of
Annexin V assay showed the distribution of the early and late apoptotic cells in the Panc1-P-C and Panc1-P-OE cells after GEM exposure for 72 h.
(D) The percentages of early and late apoptotic cells in the Panc1-P-C and Panc1-P-OE cells after GEM exposure for 72h, This assay was
performed three times. (E) Real-time qRT-PCR showed the expression level of miR-1246 in Panc1-GR cells transfected with anti-miR~1246 (Panc1-
GR-KD) and transfected with negative control (Panc1-GR-C). (F) MTT assay demonstrated relative cell survival ratio of Panc1-GR-C and
Panc1-GR-KD to GEM. (G) The representative data of Annexin V assay showed the distribution of the early and late apoptotic cells in Panc1-GR-C
and Panc1-GR-KD cells after GEM exposure for 72 h. {H) The percentages of early and late apoptotic cells in Panc1-GR-C and Panc1-GR-KD cells
after GEM exposure for 72 h., This assay was performed three times. () Sphere formation assay was performed in Panc1-P-C and Panc1-P-OE cells,
The representative image of spheres (left) and the number of spheres (right) were shown. Bar =100 gm. Data represent mean £ s.d. of three
experiments; **F<0,01.
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cells {(Supplementary Table 1) and 216 in the Pancl-P (Sp) cells
(Supplementary Table 2) were altered by an average of > 1.5-fold
relative to the parental levels. The heat map showed 38 common
miRNAs, which included 37 miRNAs (> 1.5-fold) and 1 miRNA
(<0.66-fold) of the parental levels (Figure 2A). By excluding 23
miRNAs that showed undetectable or extremely low expression
and non-functional miRNAs, we found 15 candidate miRNAs were
expressed strongly in both Pancl-GRs and Pancl-P (Sp) cells
(Figure 2B). miR-1246 showed the highest alteration (8.46 average
fold change: 14.13-fold increase in the Pancl-P (Sp) and 2.84-fold
increase in the Pancl-GR). The fold change of the miR-1246
expression level was outstanding in Pancl-P (Sp) cells, The real-
time qRT-PCR confirmed the miR-1246 upregulation in Pancl-
GRs and -P (Sp) cells (Figure 2C). We then assessed miR-1246 for
further analysis.

Association of miR-1246 expression with the resistance to GEM
and sphere-forming ability. To evaluate the effect of miR-1246
on the response to GEM in Pancl cells, pre- or anti-miR-1246 was

introduced into Pancl-P/-GR4. Real-time gRT-PCR confirmed
that the transfection with pre-miR-1246 resulted in the marked
overexpression of mature miR-1246 (Pancl-P-OE; Figure 3A). The
proliferation rate of the Pancl-P-OFE cells was slightly increased
compared with control Pancl-P-C. The MTT assay demonstrated
that transfection of pre-miR-1246 into Pancl-P resulted in
resistance to GEM (Figure 3B). In contrast, anti-miR-1246
transfection into Pancl-GR4, whose endogenous levels of miR-
1246 was 3.5-fold higher than that of Panc1-P (Figure 2C), resulted
in sufficient inhibition of miR-1246 by qRT-PCR (Pancl-GR-KD;
Figure 3E). MTT assay demonstrated a significant reduction of
chemoresistance to GEM in the Pancl-GR-KD cells (Figure 3F).
The proliferation rate of the Pancl-GR-KD cells was not changed
compared with control Pancl-GR-C. These results indicated that
miR-1246 induced GEM-resistance in Pancl cells. We assessed the
sphere-forming ability. The proliferation ratio of spheres in Pancl-
P-OE was significantly higher than that in Pancl-P-C
(Supplementary  Figure 1C). Pancl-P-OE spheres increased
compared to Pancl-P-C (Figure 31). We confirm the results with
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another pancreatic cancer cell line, MiaPaCa2 with endogenous
miR-1246 decreased (40% of Pancl; Supplementary Figure 4A).
The pre-miR-1246 transfection resulted in replenishment of miR-
1246 (Supplementary Figure 4C). The MTT assay demonstrated
that miR-1246 anti-sensitised MiaPaCa2 to GEM treatment
(Supplementary Figure 4E). Although CSC-like cell population
was relatively rare (Supplementary Figure 4B), the miR-1246 OE
(Sp) enriched by sphere assay revealed that the proliferation rate
was higher than control cells (Supplementary Figure 4D). The
miR-1246 OE sphere increased significantly compared to control
(Supplementary Figure 4F).

miR-1246 induced tumourigenicity and refractoriness to GEM,
Although pre-miR-1246 expression continued for a week, it decreased

gradually (Supplementary Figure 3A; the data of anti-miR-1246 in
Supplementary Figure 3B). To assess miR-1246 functions relating to
tumourigenicity and refractoriness to GEM in vivo (Figure 44), we
established Pancl (Pancl-P-1-OF) cells that overexpressed miR-1246
continuously in high level (Supplementary Figure 3C). We confirmed
that the expression level of miR-1246 in Pancl-P-1-OE was ~ 50-fold
higher than that in Pancl-I-C (Figure 4B). The tumourigenicity of
Pancl-P-1-OE was significantly increased compared with Pancl-P-I-
C (at 1% 10% cell injection; Figure 4C). The tumour volume and
weight of Pancl-P-1-C, but not Pancl-P-1-OF, was significantly
inhibited by GEM treatment compared with controls at day 53
(Figure 4D and E). The miR-1246 expression in the Pancl-P-1-OF
tumours was significantly two times higher than the expression in
Pancl-P-1-C at day 53 (Figure 4F).
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expression level in Panc1-P and Panc1-GR cells, Panc1-P-C and Panc1-P-OE cells, Panc1-GR-C and Panc1-GR-KD cells, and Panc1-P (Ad) and
Panc1-P (Sp) cells. (D) MTT assay demonstrated the relative cell survival ratio of Panc1-P cells transfected with siCCNG2 (Panc1-P-siCCNG2-1, -2)
and transfected with negative control (Panc1-P-C). (E) The protein level of CCNGZ in Panc1-P and GR cells, Panc1-P-C and Panc1-P-OE cells, and
Panc1-GR-C and Panc1-GR-KD cells in western blotting. (F) The representative data of Annexin V assay showed the distribution of the early and
late apoptotic cells in Panc1-P-C and Panc1-P-siCCNG2 after GEM exposure for 72h. (G) The percentages of early and late apoptotic cells in
Panc1-P-C and Panc1-P-siCCNG2 after GEM exposure for 72h. This assay was performed three times. (H) MTT assay demonstrated relative cell
survival ratio of Panc1-P--OE cells transfected with ectopic CCNG2 (Panc1-P-FOE-CCNG2-OE) and transfected with control vector (Panc1-P-I-OE-
C) to GEM. (I} Western blotting demonstrated CCNG2 expression level in Panc1-P--OE-CCNG2-OE and Panc1-P-I-OE-C. Data represent
mean £ s.d. of three experiments; **P<0.01.

www.bjcancer.com | DOI:10.1038/bjc.2014.454 1577

145



BRIFISH JOURNAL OF CANCER

miR-1246 in pancreatic cancer

miR-1246 inhibits response to GEM by targeting CCNG2. Few
studies have reported miR-1246 expression in gastrojntestinal
cancers, and little is known about the function, As putative miR-
1246 targets, the TargetScan (http//www.targetscan.org/) predicted
178 genes. Among them, CCNG2, a family of cyclins that is
homologous to CCNG1 (Bates et al, 1996) and is also known as a
tumour suppressor, was selected for further analysis. Western
blotting and gRT-PCR showed that CCNG2 expression was lower
in Pancl-GR cells than in Pancl-P cells (Figure 5A and C).
Western blotting and qRT-PCR confirmed that pre-miR-1246
transfection decreased CCNG2 expression, whereas anti-miR-1246
increased it (Figure 5A and C), suggesting that CCNG2 was one of
the target genes of miR-1246. CCNG2 expression was significantly
lower in Pancl-P (Sp) than in control (Figure 5B). We are
interested in a role of CCNG2 in the resistance to GEM. To this
end, we performed knockdown of CCNG2 by siRNA. Western
blotting confirmed the knockdown (Figure 5E). The MTT assay
demonstrated that transfection of siCCNG2 elicited the resistance
of Pancl-P to GEM (Figure 5D). Given reportedly CCNG2
regulated cell growth and induced apoptosis (Kim et al, 2004),
we studied the involvement of apoptosis in present case. In Pancl-P,
pre-miR-1246 significantly reduced the number of late apoptotic
cells (Figure 3C and D). Similarly, pre-miR-1246 significantly
reduced the early and late apoptosis in MiaPaCa2 cells

(Supplementary Figure 4G and H). In contrast, the anti-miR-
1246 increased the number of early and late apoptotic cells
significantly in Pancl-GR (Figure 3G and H). Also, siCCNG2
significantly reduced late apoptosis (Figure 5F and G). These data
suggested that miR-1246 regulated chemoresistance via CCNG2
expression that was involved in apoptosis, Furthermore, in order to
study whether the ectopic CCNG2 expression can rescue the miR-
1246-driven GEM-resistance, we transfected CCNG2 vector
(lacking miR-1246 target sites) into Pancl-P-1-OE cells. The
MTT assay demonstrated that ectopic CCNG2 significantly
reduced chemoresistance to GEM in the Pancl-P-]-OE cells
(Figure 5H); the elevation of CCNG2 expression was confirmed
with western blotting (Figure 5I).

As for the in vivo experiment mentioned above, qRT-PCR and
immunohistochemistry demonstrated that the CONG2 expression
was decreased in both the mRNA (data not shown) and protein
levels (Figure 4G) in the Pancl-P-J-OE tumours at day 53. This
result supported the conclusion that CCNG2 was one of the target
genes for miR-1246.

miR-1246 and CCNG2 expression in primary pancreatic cancer
samples. To study the clinical significance, we performed LCM to
collect cancer sections from tumour tissues, qRT-PCR, and
immunohistochemistry in 24 patients who underwent R0 resection
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Figure 6. miR-1246 and CCNG2 expression in primary pancreatic cancer samples. (A) The representative image of pre/post (left/right) laser
captured microdissection (LCM). Bar = 200 um. (B) Relationships between miR-1246 expression and disease-free survival, or overall survival. (C~F)
Immunchistochemical staining of CCNGZ in 24 primary tumours. The CCNG2-positive cases show the diffuse (C) or spotted (D) nuclear patterns;
CCNG2-negative ones depict cytoplasmic pattemn (E; not stained in the nucleus) or the negative pattem (F; not stained in the nucleus or

cytoplasm).
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Table 1. The primary pancreatic cancer pa;cie,nts inithe present éﬁt{;;}y -

| miR-1246 expression |

Low (n=19) High (n=5) P-value
Age {<65:3265) 712 0:5 0.14
Sex {male:female) 12:7 2:3 0.33
Histopathological type (well or mod:poor) 17:2 5:0 0.62
Tumour size (mm) 24.4414.4 24,6195 0.48
Tumour location (head:body or tail) 8:11 5:0 0.030
Pathological depth of invasion depth pT (T1 or T2:T3) 6:13 0:5 0.20
Pathological lymph node metastasis pN (negative:positive) 12:7 1:4 0.14
Pathological stage (IA or 1B or UAIB or IV) 12:7 1:4 0.14
Adjuvant therapy (—/+) 9:10 2:3 0.5%9
CCNG2 expression (negative:positive) 5:14 4:1 0.047
Abbreviations: mod = moderately differentiated; poor = poorly differentiated; well ==well differentiated,

(Figure 6A). The expression level of miR-1246 in each sample was
shown in Supplementary Figure 5A. Of the 24 patients, the mean
expression level of miR-1246 was 57.5 (/RNUA48). We divided those
patients into two groups by the mean value of miR-1246 expression
(high or low). Disease-free survival ratio (P=0.0045) and overall
survival ratios (P=0.0102) were significantly lower in the high
miR-1246 expression group (Figure 6B).

Subsequently, immunohistochemical staining for CCNG2 was
performed in the corresponding 24 samples. The nuclei of normal
pancreatic ductal cells were partially stained and the acinar cells
were stained strongly in the cytoplasm and nuclei, which were used
as positive controls (Supplementary Figure 5B and C). With cancer
sections, although CCNG2 had been shown to appear not only in
the nucleus but also in the cytoplasm, the functional CCNG2
protein may localise in the nucleus (Choi et al, 2009). We defined
CCNG2-positive cases as those that showed diffuse or spotted
nuclear patterns (Figure 6C and D), and CCNG2-negative cases as
cytoplasmic pattern (not stained in the nucleus; Figure 6E) or an
absent pattern (not stained in the nucleus or cytoplasm; Figure 6F)
in pancreatic cancer lesions. Among the 24 patients examined, 15
(62.5%) showed positive staining, whereas 9 (37.5%) patients were
negative for CCNG2.

Finally, we evaluated the patient backgrounds in low or high
miR-1246 expression groups (Table 1 and Supplementary Table 3).
The tumour location and CCNG2 expression in other clinico-
pathological factors showed significant difference between the two
groups. The high miR-1246 expression group showed lower
CCNG2 expression, whereas the low miR-1246 expression group
showed high CCNG2 expression, with statistical significance
{P=10.047). This result demonstrated that miR-1246 expression
correlated inversely with CCNG2 expression in clinical samples,
and an especially high expression level of miR-1246 predicted
worse pancreatic cancer prognosis.

Several miRNAs were reported in association with drug resistance
against GEM: miR-15a (Zhang et al, 2010), miR-21 (Ali et al, 2010;
Giovannetti ef al, 2010), miR-200b and miR-200c (Ali et al, 2010;
Li et al, 2009), miR-320c¢ (Iwagami ef al, 2013), and members of the
let7 family (Li et al, 2009). Although these reports studied the bulk
of tumours, we here identified chemoresistance- and cancer
stemness-associated miRNAs. We focused on miR-1246, which
was expressed in. CSC-like spheroid cells. CSC-like spheroids
showed chemoresistance for reagents, and the gene microarray

analysis and GSEA revealed that the stemness-related pathways
were increased, suggesting that the spheroids at least partially
mimicked the CSC-like phenotype.

miR-1246 was reported as a diagnostic biomarker for oesopha-
geal squamous cell carcinoma (Takeshita et al, 2013) and cervical
cancer (Chen ef al, 2014). However, few studies have reported the
miR-1246 function in pancreatic cancer. In the present study, we
demonstrated that miR-1246 induced chemoresistance and was
related to cancer stemness in pancreatic cancer cell lines. Among
miR-1246 targets, we focused on CCNG2Z (Bates et al, 1996), a
tumour suppressor gene. The CCNG2 expression was down-
regulated in the thyroid (Ito et al, 2003), oral (Kim et al, 2004),
breast (Montagner et al, 2012), gastric (Sun et al, 2014a),
oesophageal (Chen et al, 2013), prostate (Cui ef al, 2014a), kidney
(Cui et al, 2014b), and colorectal (Sun et al, 2014b) cancers.
Antitumor agents induced CCNG2 expression and inhibited cancer
(Kasukabe et al, 2008; Padua and Hansen, 2009; Zhao et al, 2011).
We demonstrated that CCNG2 was decreased in pancreatic CSC-
like spheroid cells and induced apoptosis, similarly to oral cancer
(Kim et al, 2004). Given that CCNG2 deeply participated in cancer
proliferation, invasion, chemoresistance, and differentiation, which
characterise CSCs, CCNG2 may be involved at least partially in the
maintenance of CSC-like spheroid cells. The present data showed
CCNG2 expression was correlated inversely with miR-1246
expression, suggesting miR-1246 control CCNG2 function. We
confirmed in vifro data by human primary tumours. Laser
captured microdissection analysis and immunohistochemistry
revealed the high miR-1246 expression and low CCNG2 expression
in patients. The present study suggested that miR-1246-CCNG2
axis is critical for chemoresistance, and shows the candidacy as a
bona fide useful predictive marker.
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Pyruvate kinase M2 (PKM2) is an alternatively spliced variant of
the pyruvate kinase gene that is preferentially expressed during
embryonic development and in cancer cells. PKM2 alters the final
rate-limiting step of glycolysis, resulting in the cancer-specific
Warburg effect (also referred to as aerobic glycolysis). Although
previous reports suggest that PKM2 functions in nonmetabolic
transcriptional regulation, its significance in cancer biology
remains elusive. Here we report that stimulation of epithelial-mes-
enchymal transition (EMT) results in the nuclear translocation of
PKM2 in colon cancer cells, which is pivotal in promoting EMT.
Immunoprecipitation and LC-electrospray ionized TOF MS analyses
revealed that EMT stimulation causes direct interaction of PKM2 in
the nucleus with TGF-g~induced factor homeobox 2 (TGIF2), a tran-
scriptional cofactor repressor of TGF-§ signaling. The binding of
PKM2 with TGIF2 recruits histone deacetylase 3 to the E-cadherin
promoter sequence, with subsequent deacetylation of histone
H3 and suppression of E-cadherin transcription. This previously
unidentified finding of the molecular interaction of PKM2 in the
nucleus sheds light on the significance of PKM2 expression in
cancer cells.

pyruvate kinase M2 | epithelial-mesenchymal transition |
colorectal cancer | invasion | transforming growth factor-g-induced
factor homeobox 2

Colorectal cancer (CRC) is the second most common cancer
in the world, with more than 1.2 million new cases and about
600,000 deaths annually (1). Cancerous cells exploit a cancer-
specific glycolytic system known as the Warburg effect (also re-
ferred to as aerobic glycolysis), which involves rapid glucose up-
take and preferential conversion to lactate, despite an abundance
of oxygen (2, 3). The precise mechanism underpinning aerobic
glycolysis was unclear for a long time. However, in 2008, pyruvate
kinase M2 (PKM2) gained attention when its expression was
shown to be required for the maintenance of aerobic glycolysis (4).
PKM?2 is an alternatively spliced variant of the PKM gene that
regulates the final rate-limiting step of glycolysis. PKM2 is
expressed during embryonic development, but it is generally not
expressed in most adult tissues. However, its counterpart, PKM1,
is exclusively expressed in adult tissues. PKM2 has been shown to
be reactivated in tumor development (5, 6). In cancer cells,
PKM?2 expression allows the diversion of glycolytic flux into the
pentose phosphate pathway associated with attenuated pyruvate
kinase activity, thereby meeting the biosynthetic demands for
rapid proliferation (3).

Investigations about the nuclear function of PKM2 arose after
elucidation of the PKM2 metabolic function. It was identified that
in cancer cells, PKM2 can translocate into the nucleus and func-
tion as a transcriptional cofactor in response to several extracel-
lular signals, including EGF and hypoxia, subsequently activating
CYCLIN D1, C-MYC, or hypoxia-inducible factor 1o (HIF-1a)
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(7, 8). Particularly in the hypoxic condition, PKM?2 interacts with
HIF-1o and participates in a positive feedback loop, thereby en-
hancing HIF-1a transactivation and reprogramming glucose
metabolism by regulating the expression of glycolysis-associated
enzymes (8). This finding suggested that the PKM2 nuclear
function may operate upstream of metabolic regulation and that
the resultant metabolic reprogramming and oncogene activation
by PKM2 work cooperatively to promote cancer cell pro-
liferation and tumor growth.

In addition to proliferation maintenance and growth sup-
pression prevention, invasion and metastasis have also been
targeted as hallmarks of cancer (9). In the invasion process,
cancer cells acquire the ability to dissociate from the bulk of the
tumor and to migrate into the surrounding stroma, which is
regulated by epithelial-mesenchymal transition (EMT) (9, 10).
During EMT, cancer cells lose their cell-to-cell contacts by
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inhibiting epithelial cadherin (E-cadherin; encoded by CDHI)
expression and acquiring mesenchymal markers. This process is
physiologically important during embryogenesis and is required
for in utero development. Given that PKM2 expression and
EMT are common to both tumorigenesis and development, PKM2
may affect EMT within cancer cells. However, the significance of
PKM?2 during EMT or invasion is yet to be investigated.

In the present study, we demonstrate that PKM?2 translocates
into the nucleus during EMT and acts as a transcription cofactor
that inhibits CDHI expression. PKM2 interacts with TGF-
B~induced factor homeobox 2 (TGIF2), which recruits histone
deacetylase 3 (HDAC3) to the promoter sequence of E-cadherin,
thereby promoting histone H3 lysine 9 (H3K9) deacetylation and
CDH]1 expression down-regulation.

Results

EMT Induction Elicits Nuclear Translocation of PKM2. For the in-
duction of EMT, we cultured colon cancer cells in a medium with
TGF-p1 and EGF, as described previously (Fig. 14) (11-14). The
SW480 cells changed morphology from epithelial to fibroblastic-
like and spindle-shaped in a time-dependent manner (Fig. 1B).
Consistent with this observation, CDHI transcript expression
was suppressed, whereas the expression levels of the vimentin
(VIM), zinc finger e-box binding homeobox 1 (ZEBI), and snail
family zinc finger 2 (SNAI2) genes were increased (Fig. 1C). PK
gene expression was induced in the EMT condition, with pref-
erential expression of PKM2 compared with PKM1 (Fig. 1D).
Western blot analysis indicated that the induction of EMT
resulted in decreased CDHI expression, increased VIM expres-
sion, and up-regulated PKM2 (Fig. 1E). We confirmed that the
expression and secretion of endogenous TGF-f1 was minimal in
SW480 (Fig. S1 A and B).

To determine the intracellular localization of proteins, cyto-
plasmic and nuclear fractions were separated from the EMT-
induced cells and Western blot analysis was performed. The data
indicated that, although the EMT condition stimulated an in-
crease in cytoplasmic PKM?2, nuclear PKM2 was augmented
compared with levels in the pre-EMT state (Fig. 1F). Immu-
nocytochemistry and immunofluorescence intensity quantifica-
tion confirmed the increase in nuclear PKM2 (Fig. 52 A-D). In
addition, we confirmed that nuclear PKM?2 was also increased in
HCT116 cells under the same EMT condition (Fig. S2E) and
that the expression of EMT markers was increased in murine
Pkm?2 knock-in, compared with Pkml knock-in, mesencymal
cells, as well as other human cancer cells (Fig. S1 C and D).

Previous studies showed that EGF stimulation increased nu-
clear PKM2 (7) and indicated that cytoplasmic PKM?2 functions
with tetramer formation, whereas nuclear PKM2 functions with
dimer formation. Given that the large hydrophobic hole at the
nucleotide binding site is buried in tetrameric PKM2 structure,
which becomes accessible in dimer form (15), the dimer forma-
tion may provide a protein binding ability. We studied the status
of PKM?2 during EMT and found that simultaneous stimulation
by TGF-p1 and EGF, in comparison with either alone, resulted
in increased expression of an ~120-kDa complex, corresponding
to dimeric PKM2 (Fig. 1G and Fig. §3). The present study demon-
strated that PKM2 nuclear translocation was stimulated in the EMT
condition, suggesting a unique function of PKM?2 in the nucleus.

PKM2 Expression Is Required to Induce EMT. To investigate the
causative role of PKM2 in EMT induction, we cultured cells with
endogenous PKM?2 inhibition by small interfering RNA (siRNA)
knockdown (KD) under EMT conditions. We used the siRNA
targeting system, which reportedly inhibits PKM2 without any off-
target effects on other genes (16), and the results indicate that the
most effective siRNA sequence could inhibit transcriptional and
translational levels of PKM2, whereas those of PKM1 were in-
creased (Fig. $4 4 and B). PKM2 KD failed to induce spindle-
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Fig. 1. PKM2 translocates into the nucleus during EMT. (A) Schematic repre-
sentation of the procedure for EMT induction. The cells incubated for 48 h after
seeding are defined as pre-EMT, and the cells cultured with 2.5 ng/mL TGF-B1
and 10 ng/mL EGF are defined as post-EMT. (B) Photomicrographs of the
morphological change in SW480 cells. The cells were stained using the Diff-Quik
Kit (Sysmex Corp.). The number of hours indicates the period since EMT in-
duction was initiated. (Scale bar, 100 pm.) (C) Relative transcript (mRNA) levels
of CDH1, VIM, ZEBT, and SNAI2 after induction of EMT for 0, 48, and 96 h. The
values at 0 h (pre-EMT) have been normalized to 1, and the data are expressed
as fold. (D) Relative mRNA levels of PKM1, PKM2, and pyruvate kinase (total PK)
after induction of EMT for 0, 48, and 96 h. (E) Western blot assays of E-cadherin,
vimentin, and PKM2 expression in pre-EMT and post-EMT cells. Post-EMT cells
were harvested at 72 h. (F) Western blot assays of PKM1, PKM2, a-tubulin, and
histone H3 in nuclear and cytoplasmic lysates prepared from SW480 cells. With
normalization to cytoplasmic tubulin or nuclear histone H3 blots, the relative
intensities of PKM2 blots are shown in comparison with those in the pre-EMT
condition. (G) SW480 cells were treated with dimethyl suberimidate for 30-60
min, immediately followed by whole cell lysis. The monomer and dimer states
of PKM2 were analyzed by Western blot assay. Columns represent the average
of at least three independent experiments; error bars represent the SD of the
mean from triplicate results. *P < 0.05.

shaped morphological changes under EMT conditions (Fig. 24).
Expression analysis indicated that PKM2 KD prevented CDH1
down-regulation, although VIM expression persisted (Fig. 2B),
suggesting a role for PKM?2 in CDH] transcription. Fifty percent
reductions in glucose or glutamine in the medium did not have
significant effects on EMT marker expression (Fig. S54), sug-
gesting distinct effects on EMT and metabolism.

Western blot analysis indicated that PKM2 KD hindered
CDHI] loss and VIM gain compared with the control (Fig. 2C).
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Fig. 2. PKM2 is required for EMT induction. (A) Phase-contrast photomicro-
graphs of SW480 cells transfected with siControl or siPKM2 after EMT induction
for 48 h. (B) Relative transcript (mRNA) levels of CDHT and VIM after EMT in-
duction in cells transfected with siControl or siPKM2 for 48 h. (C) Western blot
assays of E-cadherin, vimentin, PKM2, and B-actin expression in pre-EMT and
post-EMT cells. Post-EMT cell samples were harvested at 72 h. With normali-
zation to p-actin as a control, the relative intensities of E-cadherin and vimentin
are shown in comparison with those in the control pre-EMT condition. Note
that siPKM2 knockdown works efficiently in post-EMT cells. (D) Invasive be-
havior of SW480 cells treated with siControl or siPKM2. (£) Schematic procedure
for establishing PKM1 OE or PKM2 OE SW480 cells. (F) Western blot assays of
PKM1, PKM2, and B-actin expression in WT SWA480 cells, cells stably expressing
shRNA constructs targeting pyruvate kinase (shPK), and shPK cells over-
expressing either PKM1 or PKM2 constructs. (G) Relative mRNA levels of CDH1,
VIM, and ZEB1 after EMT induction in PKM1 OE or PKM2 OE SwW480 cells for 72
h. (H) Western blot assays of E-cadherin, vimentin, and p-actin expression in
PKM1 OE and PKM2 OE cells. Post-EMT cell samples were harvested at 72 h.
Column values = average of at least three independent experiments; error bars
represent SD from the mean of triplicate experiments. *P < 0.05.

Inhibition of EMT by PKM2 KD resulted in a significant re-
duction in in vitro cellular invasiveness (Fig. 2D). The assessment
of mothers against decapentaplegic homolog 2 (SMAD2) and
ERK, which are downstream effectors of TGF-p1 and EGF
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signaling, indicated that PKM2 KD disturbed the phosphoryla-
tion process (Fig. S5B).

To minimize the effect of an alternative exon and to focus on
the function of PKM2 in the nucleus, we established PKM1- and
PKM2-overexpressing (OE) cell lines (PKM1 and PKM2 OE in
Fig. 2E). In brief, we transfected the cells with a small hairpin
RNA (shRNA) vector targeting the common region in PK and
then introduced an overexpression vector of PKM1 or PKM2
cDNA without a complementary sequence to the sSiRNA (Fig.
2F). We cultured the established cells in EMT-inducing con-
ditions. The results demonstrated a greater decrease in CDH]I
expression and greater increase in VIM and ZEBI expression in
PKM2 OE cells compared with that in PKM1 OE cells (Fig. 2G
and Fig. S4C). Consistent results were obtained by Western blot
analysis (Fig. 2H). These results indicate that PKM2 expression
is necessary for EMT induction.

Nuclear PKM2 Binds to TGIF2 and Represses CHD1 Expression. Nu-
clear PKM2 reportedly binds to and phosphorylates STAT3
through its function as a protein kinase (15). The observation
that nuclear PKM? increased during EMT led us to consider the
possibility that PKM?2 may interact with other transcription fac-
tors. To validate this hypothesis, fractions pulled-down with the
PKM2 antibody were subjected to LC-electrospray ionized TOF
MS analyses. The result showed that nuclear PKM2 was coim-
munoprecipitated with TGIF2 and that this binding was detect-
able when both EGF and TGFp1 were added to the culture (Fig.
3A). These findings were confirmed by immunoprecipitation,
followed by Western blot analysis (Fig. 3B). The EMT stimula-
tion resulted in the significant increase of TGIF2 expression
(Fig. Se4). TGIF2 KD did not show significant alterations of
PKM2 expression regardless of EMT induction (Fig. 3E and Fig.
S6B). We could not detect an association of PKM1 with TGIF2
in the nucleus (Fig. S74), which further supports the cytoplasmic
localization of PKM1 (Fig. 1F).

Melhuish et al. (17) revealed that TGIF2 is a transcriptional
repressor that suppresses TGF-p-responsive gene expression by
binding to TGF-B-activated SMADs. First, we performed TGIF2
KD, followed by EMT induction (Fig. 3C and Fig. S6B). TGIF2
KD enhanced the decrease in both the transcriptional and the
translational levels of CDHI expression (Fig. 3 D and E). To
analyze the difference in the effect of TGIF2 KD in cells
expressing either PKM1 or PKM2, we performed TGIF2 KD on
PKM1 OE and PKM2 OE cells, followed by EMT induction.
Interestingly, the decrease in CDHI expression and increase in
VIM expression were similar at the transcriptional and trans-
lational levels after EMT induction in both cell lines (Fig. 3 F
and G). These results indicate that the augmented sensitivity to
EMT induction in PKM2 OE cells is abrogated under TGIF2
suppression. These data further suggest that nuclear PKM2
responds to EMT stimulation and interacts with TGIF2 to me-
diate EMT induction downstream of PKM2.

PKM2 and TGIF2 Recruit HDAC3 to the CDH7 Promoter to Repress
Transcription. TGIF2 is a transcriptional factor that regulates
TGF-p signal transduction (17). Based on the above findings, we
hypothesized that TGIF2 could bind to the CDHI promoter and
activate CDH1 expression in the epithelial state. To examine this
hypothesis, we performed a ChIP quantitative PCR (qPCR)
assay using two sets of primers located in the CDHI promoter
sequence region (Fig. 44). We found depressed binding of
TGIF2 to the CDHI promoter region during EMT (Fig. 4B).
TGIF2 can control transcription by recruiting HDAC in re-
sponse to TGF-p signaling (17) and PKM2 can associate with
HDACS3 in the nucleus (7). To investigate whether TGIF2 can
bind to HDAC3 during EMT, we performed immunoprecipitation
followed by Western blot analysis and found an association be-
tween TGIF2 and HDAC3 under EMT induction (Fig. 4C and
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Fig. 3. Interaction between nuclear PKM2 and TGIF2 mediates EMT in-
duction. (A) Polyacrylamide gel electrophoresis of proteins immunopreci-
pitated with anti-PKM2 antibody in the nucleic lysate of cells cultured
under normal conditions, with EGF alone, or with TGF-p1 and EGF. The
band detected in samples of cells stimulated with TGF-p1 and EGF was
excised and analyzed by MS. (B) Western blot assays of immunoprecipi-
tated samples of nucleic lysates with anti-PKM2 or anti-TGIF2 antibody.
Samples were harvested after the cells were treated as indicated for 72 h.
(C) Western blot assays of TGIF2 and B-actin expression in cells transfected
with siControl or siTGIF2. (D) Relative transcript (mRNA) levels of CDHT,
VIM, and ZEB1 after induction of EMT in cells transfected with siControl or
siTGIF2 for 72 h. (E) Western blot analysis of TGIF2, E-cadherin, PKM2, and
B-actin expression in pre-EMT and post-EMT cells transfected with siCon-
trol or siTGIF2. Post-EMT samples were harvested at 72 h, when siRNA
inhibition was profound. (F) Relative mRNA levels of CDH7 and VIM after
EMT induction in PKM1 OE and PKM2 OE cells. Post-EMT samples were
harvested at 72 h. (G) Western blot analysis of E-cadherin and B-actin after
EMT induction in PKM1 OE and PKM2 OE cells transfected with siTGIF2.
Post-EMT samples were harvested at 72 h. Column values = average of at
least three independent experiments; error bars represent SD from the
mean of triplicate experiments. *P < 0.05.

Figs. S$7B and S8). To examine the acetylation status of histone
H3 in the CDHI promoter region, we performed ChIP gPCR and
found that binding of acetylated H3K9 to the CDHI pro-
moter was decreased under EMT conditions (Fig. 4D). Fur-
thermore, to understand how the PKM2-TGIF2-HDAC3
complex can bind to the CDHI promoter, additional ChIP gPCR
analysis was performed. The data indicated that similar to the
binding of TGIF2, the binding of PKM2 and HDAC3 to the
CDH] promoter was reduced during EMT (Fig. S9 4 and B).
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Given that the TGIF2 protein bound to PKM2 and HDAC3
during EMT (Figs. 3B and 4C and Fig. S7B), the present study
demonstrates that nuclear PKM2 plays a role in the TGIF2-
dependent control of CHD1 expression and that EGF induces
formation of the PKM2-TGIF2-HDAC3 complex, followed by
histone deacetylation, thus resulting in suppressed CDHI ex-
pression. TGF-p1 may modulate the association of this complex,
although H3K9 was deacetylated (Fig. 5D).

PKM2 Expression in the Deepest Tumor Regions Correlated with CRC
Metastasis. To investigate the clinical significance of PKM2 ex-
pression in cancer metastasis, we immunohistochemically ana-
lyzed clinical CRC samples. Staining was assessed in the deepest
tumor regions where the CRC invasion begins (18, 19). The
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Fig. 4. TGIF2 binds to the CDH promoter and recruits HDAC3 during EMT.
(A) Schematic diagram showing the positions of two sets of primers designed
to cover the promoter region of the CDH7 gene. (B) ChIP assays were per-
formed with IgG and anti-TGIF2 antibody, followed by qPCR (mean +SD, n=
3). ChIP samples were harvested from the nucleic lysate of SW480 cells
treated as indicated for 72 h. (C) Western blot assays of immunoprecipitated
samples of nucleic lysate with anti-TGIF2 antibody. Each sample was har-
vested after the cells were treated as indicated for 72 h. (D) ChiP assays were
performed with 1gG and anti-acetylated H3K9 antibody, followed by qPCR
(mean + SD, n = 3). ChIP samples were harvested from the nucleic lysate of
SW480 cells treated as indicated for 72 h. Column values = average of at
least three independent experiments; error bars represent SD from the mean
of triplicate experiments. *P < 0.05.
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Fig. 5. The immunohistochemistry. (A) Staining at the invasive front, showing
an inverse correlation between PKM2, E-cadherin, and TGIF2 expression. (Scale
bar, 100 pm.) (B) The representative cases are shown for staining for PKM2,
TGIF2, and E-cadherin. Invasive fronts of tumors were stained by anti-PKM2,
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designated as positive, whereas the others were negative. (C) The 10 positive
and 10 negative cases for cellular PKM2 were examined for nuclear TGIF2 and
membranous E-cadherin. (D) Theoretical model illustrating the functional roles
of PKM2 and TGIF2 in regulating CDHT transcription during EMT.

PKM?2 staining intensities were assigned to positive and negative
groups (Fig. 5 A-C). The correlations between PKM?2 expression
and clinicopathological factors are summarized in Table S1.
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PKM2-positive staining was significantly correlated with metastasis
to lymph nodes and distant organs. To further understand the
clinical significance of PKM2 in CRC, we analyzed the GSE17536
database of the gene expression array and patient prognosis. To
study the specific effect of PKM2 in the array database, we analyzed
expression of both PK and its splicing factor hnRNPA2, because
hnRNPAZ2 stimulates the splicing to PKM2 (20, 21). As expected,
cases with high PK and high hnRNPA?2 expression showed a poorer
prognosis than other groups; the difference in prognosis was ap-
parent in stages III and IV with metastasis (Fig. S10 4 and B). The
data confirmed that PKM?2 can enhance the ability of cancer cells to
metastasize in primary cancer tissues.

Discussion

In the present study, we demonstrated that nuclear PKM?2
interacts with TGIF2 during EMT, which is pivotal in promoting
the transition into the mesenchymal cancer cell phenotype.
Consequently, we propose a model for the nuclear PKM2
function in response to EMT stimulation (Fig. 5D). Under epi-
thelial conditions, histone H3 is acetylated on the CDHI pro-
moter region and CDHI is transcribed where TGIF2 should
serve as an active transcription factor. Once the EMT signal
stimulates transformation of the cancer cell, a PKM?2 fraction
enters the nucleus and associates with TGIF2. We assume that
this association will alter the conformation of TGIF2 or its as-
sociated complexes, effectively loosening the binding between
TGIF2 and the CDHI promoter sequence to allow the re-
cruitment of HDAC3 and subsequent histone H3 deacetylation.
CDH1 expression is suppressed as a consequence of the down-
regulated promoter activity. In this context, nuclear PKM2 serves
as a transcriptional cofactor regulating TGIF2 behavior.

Few reports have investigated the significance of TGIF2 in
cancer. In ovarian cancer, TGIF2 is reportedly amplified and
overexpressed (22), whereas a comparison between colorectal ad-
enoma and colorectal carcinoma revealed that TGIF2 expression is
increased only in the latter (23). Further, TGIF2 has been shown to
interact with TGF-p-activated SMADs and be able to repress the
activation of TGF--responsive transcription (17). The present
study demonstrated that TGIF2 affects CDHI expression through
the regulation of promoter activity in which TGIF2 is supposed to
function as an activating transcription factor.

TGF-p1 is a multifunctional cytokine that has dual and op-
posing roles in controlling cell fate. In the early stages of cancer,
TGF-p1 induces growth arrest and apoptosis, exerting tumor-
suppressive effects, whereas in later stages, TGF-p1 enhances tu-
mor progression by provoking a variety of malignancy-related
responses, including EMT (24-26). This paradox remains un-
solved despite numerous studies addressing the issue. However,
based on the results in the present study, we propose that the
interaction between PKM2 and TGIF2 may offer a plausible ex-
planation. In normal cells, PK expression is exclusively shifted to
PKM]1, but on TGF-f signaling, TGIF2 can suppress transcription
downstream of the SMAD signal. Conversely, in cancer cells
abundantly expressing PKM2, PKM?2 translocates and is bound to
TGIF2 in the nucleus, thereby reversing TGF-p signal trans-
duction. Further investigation is necessary to determine the
significance of TGIF2 expression and the precise mechanism
underlying this interaction.

Nuclear PKM2 forms a dimer and functions as a protein ki-
nase, whereas cytoplasmic PKM?2 forms a tetramer and func-
tions as a pyruvate kinase (15). In the present study, the dimeric
form of PKM2 was increased, suggesting that the protein kinase
activity of PKM2 is enhanced during EMT. PKM2 translo-
cates into the nucleus in response to variable signals, of which,
the EGF-ERK pathway is the most investigated (7, 27). In-
terestingly, TGIF2 is phosphorylated in response to EGF sig-
naling (17). Given that EGF induces nuclear translocation of
PKM?2, PKM2 may function as a dimeric protein kinase in the
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nucleus, phosphorylating TGIF2. However, the phosphorylation
status of TGIF2 was not addressed in our study. Gao et al. (15)
demonstrated that PKM2 interacts with STAT3 to control
downstream gene expression in SW480 cells. Thus, it is con-
ceivable that the molecular interaction of PKM2 is highly con-
text dependent, with cell fate determined by how nuclear PKM2
regulates gene expression.

PKM?2 has both metabolic and nonmetabolic functions, which
are essential in the cytoplasm and nucleus, respectively. In-
creasing evidence has suggested that nuclear PKM2 binds to
numerous transcriptional factors, thereby conferring cells with
advanced malignant potential. The present study determined
that PKM2 significantly influences EMT induction by modulat-
ing CDHI expression, thus providing a molecular basis for EMT
acquisition. Future cancer treatments may be able to target the
inhibition of nuclear PKM2.
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< olorectal cancer (CRC) is the second most common can-
cer in the world. Each year, >1.2 million individuals

Although numerous studies have shown the significance of cancer-specific aero-
bic glycolysis, how glycolysis contributes to tumor invasion, a critical phenome-
non in metastasis, remains unclear. With regard to colorectal cancer (CRC), we
studied two critical gate enzymes, hexokinase 2 (HK2), which is involved in gly-
colysis, and phosphorylated pyruvate dehydrogenase-Ela (p-PDH), which is
involved in oxidative phosphorylation (OxPhos). Immunohistochemical analyses
using anti-HK2 and p-PDH antibodies were performed on surgically resected CRC
samples (n = 104), and the expression in invasive front lesions of tumors was
assessed. Positive HK2 expression correlated with extensive tumor diameter
(P = 0.0460), advanced tumor depth (P = 0.0395), and presence of lymph node
metastasis (P = 0.0409). Expression of p-PDH tended to be higher in right-sided
CRCs than in left-sided CRCs (P = 0.0883). In survival analysis, the combined eval-
uation of positive HK2 and negative p-PDH was associated with reduced recur-
rence-free survival (RFS) (P = 0.0169 in all stages and P = 0.0238 in Stage Il and il
patients, respectively). This evaluation could predict RFS more precisely than the
independent evaluation. The present study indicated that high HK2 expression
combined with low p-PDH expression in the invasive front lesions of CRC tumors
is predictive of tumor aggressiveness and survival of CRC cases.

duced in cancer cells, even in the presence of adequate oxygen
in culture, a critical biological phenomenon termed aerobic

develop CRC, and approximately 600 000 deaths occur.)
Although the efficacy of treatment has been gradually improv-
ing because of advances in chemotherapy or surgical technolo-
gies, the prognosis of patients with distant metastases and
recurrence has not improved much. Numerous studies have
shown that the activation of tumor-promoting genes and inacti-
vation of growth-constraint tumor suppressor genes through
genetic and epigenetic alterations contribute to the activation
of biological phenomena, such as cell invasion, movement,
and colonization, in distant organs during the metastatic pro-
cess®?; however, the precise molecular mechanisms involving
biologically active metabolites in cancer are not completely
understood.

Recent studies have indicated that deregulation in intratumor
metabolism is involved in malignant behaviors of cancer
cells.* In glucose metabolism, lactate is preferentially pro-
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glycolysis or the Warburg effect.® Pyruvate kinase M2
(PKM2) was identified as a key molecule involved in the War-
burg effect.” Subsequently, at least three other enzymes,
including phosphofructokinase 1, hexokinase 2 (HK2), and a
phosphorylated form of pyruvate dehydrogenase-Ela (p-PDH),
have been shown to be involved in cancer-associated metabo-
lism, including glycolysis and oxidative phosphorylation
(OxPhos) in the mitochondria.®'® Aerobic glycolysis is
thought to be beneficial for the production of biomass, such as
nucleic acids and lipids, and reduced forms of glutathione,
thereby conferring the advantages of low oxidative stress and
selective growth.

In the initial step of glycolysis, HK converts glucose and
ATP to glucose-6-phosphate and ADP. Four HK isoforms,
HK1, HK2, HK3, and HK4, which are encoded by separate
genes, !V are expressed in mammals. In adult tissues, HK1 is

© 2014 The Authors. Cancer Science published by Wiley Publishing Asia Pty Ltd
on behalf of Japanese Cancer Association.
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ubiquitously expressed, whereas HK2 is expressed in limited
types of tissues, such as adipose tissues, skeletal muscles, and
the heart.*? In cancer cells, HK2 and, to a lesser extent, HK1
are expressed,'” which suggests a preferential role of HK2 in
the glucose flux of cancer cells. Recent studies have indicated
that HK2 is necessary for the tumorigenicity of non-small cell
lung cancer and breast cancer in humans, whereas HK2 dele-
tion results in rapid suppression of tumor growth.”

Pyruvate dehydrogenase has a gate-keeper role in a branch-
ing point that links glycolysis to OxPhos in the citric acid
cycle by converting pyruvate to acetyl-CoA in the mitochon-
dria. The catalyzing activity of PDH is inhibited by phosphory-
lation at serine residue(s) by PDH kinase (PDK), whereas
PDH is activated by PDH phosphatase."*'> Reportedly, the
process of aerobic glycolysis is at least partially maintained by
the attenuation of mitochondrial function through PDH inhibi-
tion."® A melanoma study showed that PDH inactivation by
serine 293-phosphorylation by PDK led to high tumorigenic
activity, whereas PDK depletion resulted in hypophosphoryla-
tion of PDH, regression of tumors, and further eradication of
subpopulations resistant to a specific inhibitor to oncogene
BRAF,VSOEU7 which suggested an exclusive dependency on
aerobic glycolysis of melanoma growth.

In the present study, we immunohistochemically analyzed
the expression of HK2 and p-PDH in the invasive front lesions
of clinical CRC samples and assessed their ability to predict
tumor aggressiveness and survival. We identified an unex-
pected association of p-PDH with improved survival and
showed that combined expression of HK2 and p-PDH was pre-
dictive of patient survival. Furthermore, we induced epithelial—
mesenchymal transition (EMT) to colon cancer cell, followed
by biochemical assays of HK and PDH. These results suggest
a unique role of p-PDH in CRC growth at invasive fronts.

Materials and Methods

Clinical tissue samples. Colorectal tissue samples (n = 104)
were collected during surgery (2007-2009) at the Department of
Surgery, Osaka University. None of the patients had undergone
preoperative chemotherapy or irradiation. Samples were fixed in
buffered formalin at 4°C overnight, processed through graded
ethanol solutions, and embedded in paraffin. The specimens
were appropriately used under the approval of the ethics com-
mittee at the Graduate School of Medicine, Osaka University.

Immunohistochemistry. Tissue sections (3.5 um thick) were
prepared from paraffin-embedded blocks. After antigen retrie-
val treatment in 10 mM citrate buffer (pH 6.0) at 115°C for
15 min using Decloaking Chamber NxGen (Biocare Medical,
Concord, CA, USA), immunostaining was performed using the
Vectastain ABC Peroxidase Kit (Vector Laboratories, Burlin-
game, CA, USA). Antibodies used for immunohistochemistry
were anti-HK2 rabbit antibody (2867; Cell Signaling Technol-
ogy, Danvers, MA, USA), anti-pyruvate dehydrogenase Ela
subunit (PDH-Ela) mouse antibody (ab110330; Abcam, Cam-
bridge, UK), and pSer293 (p-PDH), the anti-phosphorylated
form of PDH-Ela rabbit antibody (AP1062; Millipore, Darm-
stadt, Germany). The specificity of the antibodies was con-
firmed by the data showing that each antibody detected single
band corresponding to the targeted protein in Western blot
analysis (Suppl. Figs S1-3), and additionally, in regard to
HK?2 antibody, the absorption test was carried out in immuno-
histochemical analysis (Suppl. Fig. S4). The slides were incu-
bated overnight at 4°C at the following dilutions: anti-HK2
antibody, 1:200; anti-p-PDH, 1:500; anti-PDH-Ela, 1:200.
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Sections were counterstained with hematoxylin. We rated the
intensity of staining on a scale of 0 to 2: 0, negative; 1, weak;
and 2, strong. We used pancreatic tissue as a positive control of
HK2 according to the previous study,(lg) and a case of Stage I
rectal cancer, the staining of which at the deepest part was
strong as a positive control of p-PDH. Phosphate buffered saline
instead of the antibodies was used as a negative control. We
assigned colorectal tissue stained as intense as the positive con-
trol to “intensity score 27, while unstained colorectal tissue sim-
ilar to the negative control was assigned to “score 0” (Fig. 1).
The tissue stained weaker than the positive control but stronger
than the negative control was categorized into “score 17
(Fig. 1b,c). The intensity at the deepest part of the tumor was
recorded in each sample. The reason why the intensity at the
deepest part of the tumor was assessed was that the cancer cell
was st(iglgil)?ted to invade into surrounding tissues at this
region."

Assessment of tumor budding. Tumor budding was estimated
according to the definition proposed by Ueno et al.*"*» An
isolated cancer cell or a cluster composed of fewer than five
cancer cells was defined as tumor budding. The number of
buddings was counted in the field under a magnification of
%200 in the invasive front area.

Cell lines and culture. Human colon cancer cell line, SW480,
was obtained from the ATCC (Manassas, VA, USA). The cells
were grown in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% FBS, 100 U/mL penicillin, and
100 U/mL streptomycin, and grown at 37°C in a humidified
incubator with 5% CO,.

Induction of EMT. Cells were seeded at the concentration of
5.0 x 10* cells/mL and incubated in a humidified atmosphere
(37°C and 5% CO,) in standard medium for 48 h. After 48 h
incubation, the cells were treated with transforming growth fac-
tor-B1 (TGF-B1) (2.5 ng/mL) and were incubated with MEM
medium supplemented with FBS free, 10 ng/mL epidermal

(a) Negative control Positive control

(b) Negative Positive
Intensity 0 1 2
B
HK2 %
=
(©) Negative Positive
Intensity

Phospho-PDH-Ela

Fig. 1. Immunohistochemical analysis of HK2 and p-PDH in clinical
colorectal cancer samples. (a) Phosphate buffered saline was used as a
negative control and a case of pancreatic cancer tissue was used as a
positive control for HK2. (b) Staining of HK2 and (c) p-PDH at the
invasive front are shown; the intensity was rated in three stages. Scale
bar, 200 pm.

© 2014 The Authors. Cancer Science published by Wiley Publishing Asia Pty Ltd
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growth factor (Sigma-Aldrich, St Louis, MO, USA),
100 x insulin/transferring/selenium (ITS) (Life Technologies,
Carlsbad, CA, USA), and 50 nmol/L hydrocortisone (Tokyo
Kasei, Tokyo, Japan) for 48-72 h.

Biochemical assay. Biochemical activities of SW480 were
analyzed using Hexokinase Colorimetric Assay Kit (ab136957;
Abcam) for hexokinase activity and Pyruvate dehydrogenase
Enzyme Activity Microplate Assay Kit (ab109902; Abcam) for
pyruvate dehydrogenase activity according to the manufac-
turer’s instructions.

Western blot analysis. Total protein was extracted from the
cell lines in radio immunoprecipitation assay (RIPA) buffer
(Thermo Fisher Scientific, Rockford, IL, USA). Aliquots of
protein were electrophoresed on SDS-PAGE, Tris-HCl gels
(Bio-Rad Laboratories, Hercules, CA, USA). The separated
proteins were transferred to PVDF membranes using iBlot
(Life Technologies). Antibodies specific to E-cadherin (3195;
Cell Signaling Technology), Vimentin (5741; Cell Signaling

Table 1. HK 2 expression and clinicopathological features of

colorectal cancer
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Technology), ACTB (A2103, Sigma-Aldrich) were used in
addition to the antibodies used for immunohistochemistry. The
membranes were incubated with primary antibodies overnight
at 4°C, at appropriate concentrations (1:1000 for E-cadherin;
1:1000 for Vimentin; 1:1000 for HK?2; 1:1000 for PDH-Ela;
1:10 000 for p-PDH: 1:2000 for ACTB) followed by the incu-
bation with horseradish-peroxidase-linked anti-rabbit or mouse
IgG (GE Healthcare Biosciences, Piscataway, NJ, USA) at a
dilution of 1:100 00C for 1 h at room temperature. The anti-
gen—antibody complex was detected with the ECL Prime Wes-
tern Blotting Detection Kit (GE Healthcare Biosciences).
Quantitative reverse transcription polymerase chain reac-
tion. Total RNA was extracted from cultured cells using
RNeasy Mini Kit and QIA shredder (Qiagen, Valencia, CA,
USA). Complemetary DNA was synthesized with ReverTra
Ace reverse transcriptase (Toyobo, Osaka, Japan). Real-time
quantitative polymerase chain reactions (QRT-PCR) were con-
ducted with the LightCycler-FastStart DNA Master SYBR

Table 2. p-PDH expression and clinicopathological
colorectal cancer

features of

Hexokinase 2 (F;oitgqe) ngjz;: P-value Phospho-PDH-Ela f:i't;\f) l\(!:gzaglg;e P-value
Patient background Patient background
Gender (Male/Female) 37/24 28/15 0.6436 Gender (Male/Female) 22/12 43/27 0.7461
Age (mean =+ SD) 63.2 + 12.4 66.6 £ 10.6 0.9265 Age (mean =+ SD) 66.0 = 10.4 63.5 + 13.3 0.1669
BMI (kg/m?) 22.2 (20.5, 26.1) 22.4 (20.3, 25.2) 0.9579 BMI (kg/m?) 23.6 (20.6, 25.6) 21.9(20.3, 25.6) 0.4316
CEA (ng/mL) 3(2,9) 3(1,5) 0.5232 CEA (ng/mL) 2.5(1, 6) 3(2.0,7.3) 0.4401
CA19-9 (U/mL) 11 (7, 21) 13 (5, 22) 0.8013 CA19-9 (U/mL) 12.5 (5.0, 23.3) 12.5(7.0, 21.3)  0.8538
Tumor characteristics Tumor characteristics
Tumor diameter (mm) 40 (25, 54) 30 (20, 44) 0.0460* Tumor diameter (mm) 37 (22, 52) 35 (22, 52) 0.6126
Location Location
C/A/T 5/10/7 3/5/7 0.9013 C/A/T 5/6/5 3/9/9 0.0883
D/S/R 2/13/24 2/7/19 D/S/R 3/3/12 1/17/31
Tumor type Tumor type
Type 0 13 13 0.3008 Type O M 15 0.2275
Type 1/2/3/4/5 3/32/12/0/1 3/22/4/0/1 Type 1/2/3/4/5 1/16/4/0/2 5/38/12/0/0
Histological type Histological type
tub1/tub2/pap 17/39/1 13/23/1 0.3118 tub1/tub2/pap 10/18/1 20/44/1 0.2893
por/muc 0/4 4/2 por/muc 2/3 2/3
Depth Depth
TO/T1/T2 5/5/13 3/10/12 0.0395* TO/T1/T2 3/4/7 5/11/18 0.4779
T3/T4 31/7 15/3 T3/T4 16/4 30/6
Lymph node metastasis Lymph node metastasis
NO 35 33 0.0409* NO 23 45 0.7354
N1/N2/N3 16/7/3 7/0/3 N1/N2/N3 5/4/2 18/3/4
Distant metastasis Distant metastasis
MO 53 40 0.5190 MO 29 64 0.3339
M1 8 3 M1 5 6
Lymphatic duct invasion Lymphatic duct invasion
ly0 15 19 0.2321 ly0 12 22 0.6857
ly1/ly2 34/12 21/3 ly1/ly2 15/7 40/8
Venous invasion Venous invasion
v0 48 36 0.6176 v0 26 58 0.4394
v1/v2 9/4 7/0 vi/v2 7/1 9/3
Stage Stage
o/1/71 5/13/15 3/20/9 0.0350* o/1/11 3/9/10 5/24/14 0.7461
lita/Ilb/IV 13/7/8 6/2/3 Ha/lb/1V 4/3/5 15/6/6

*Statistically significant. Data are presented as median (first quartile,
third quartile). A, ascending colon; BMI, body mass index; C, cecum;
D, descending colon; muc, mucinous carcinoma; pap, papillary adeno-
carcinoma; por, poorly differentiated adenocarcinoma; R, rectum; S,
sigmoid colon; T, transverse colon; tub1, well-differentiated adenocar-
cinoma; tub2, moderately differentiated adenocarcinoma.
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Data are presented as median (first quartile, third quartile). A, ascend-
ing colon; BMI, body mass index; C, cecum; D, descending colon; muc,
mucinous carcinoma; pap, papillary adenocarcinoma; por, poorly dif-
ferentiated adenocarcinoma; R, rectum; S, sigmoid colon; T, transverse
colon; tub1, well-differentiated adenocarcinoma; tub2, moderately
differentiated adenocarcinoma.
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