mTOR Signal Activation in Sorafenib-resistant HCC

The phosphorylation of RPS6 S235/236 in JHH-2, SNU-
423, and SNU-387 cells was insensitive to sorafenib (Fig. 3C).
However, the active MAPK pathway in these cell lines seems
to lie downstream of RAF kinases. An MEK inhibitor, CI-1040
(Fig. 3B), enhanced the attenuation of p-RPS6 S235/236 by
everolimus in JHH-2 and SNU-423 cells (Fig. 4B), and an RSK
inhibitor, SL0O101, enhanced the attenuation of p-RPS6 S235/
236 by everolimus in JHH-2 and SNU-387 cells (Fig. 4B).

Marked inhibition of p-RPS6 $235/236 by combined block-
ade of the MAPK pathway downstream of RAF and the mTOR
pathway prompted us to examine the effect of this drug
combination on HCC cell growth. CI-1040 had no inhibitory
effect on the growth of SNU-423 cells at a concentration of
0.1 um (Fig. 4C), but it was able to enhance the growth-
inhibitory effect of AZD8055 (Fig. 4D). Synergy between
AZDB8055 and CI-1040 was confirmed via Chou-Talalay me-
dian dose effect analysis (17) (supplemental Table S8). The
combination index values at 50%, 75%, and 90% growth
inhibition were 0.783, 0.804, and 0.827, respectively (values of
<1 are defined as representative of synergistic effects). These
results suggest that HCC patients refractory to sorafenib with
a high level of p-RPS6 $235/236 might be treatable with an
mTOR inhibitor in combination with drugs that block the
MAPK signaling pathway.

To further provide a rational basis for synergistic targeting
of the mTOR and MAPK pathways in HCC, we performed
unsupervised hierarchical cluster analysis of 23 HCC cell lines
based on their phosphorylation status of signaling compo-
nents in the MTOR and MAPK pathways listed in supplemen-
tal Table $9. Clustering analysis stratified the cell lines into
two major groups, A and B (supplemental Fig. S1). In com-
parison with group A, group B showed higher levels of phos-
phorylated MAPK signaling components including p-PDGF
receptor-p(Thr751), p-Raf-A(Ser299), and phosphorylated
signaling modules of the JNK and p38 MAPK pathways (sup-
plemental Fig. S1, C1). Among them, the levels of p-p53 at
Ser392, Ser37, and Ser6 differed substantially between
groups A (low) and B (high) (supplemental Fig. S1). In addition,
cell lines clustered into group A tended to have simultaneous
phosphorylation of the mTOR signaling components C2,
RPS6(Ser235/236), RPS6(Ser240/244), and elF4G(Ser1108)
(supplemental Fig. S1). With some notable exceptions,
sorafenib-insensitive cell lines (high 1C5, values for sorafenib)
and sorafenib-sensitive cell lines (low ICs, values for
sorafenib) were clustered into group A and group B, respec-
tively. Although sorafenib-insensitive SNU-387, JHH-1, and
KIM-1 cells were classified into the sorafenib-sensitive group
B, their phosphorylation levels of mTOR signaling compo-
nents C2 were higher than those in the other cell lines in group
B, suggesting that activation of mTOR signaling might be
responsible for the resistance to sorafenib in these cell lines.
Some of the sorafenib-insensitive cell lines (e.g. Alexander,
JHH-2, and SNU-475 cells) partitioned into subtype Ab (sup-
plemental Fig. $1) were characterized by prominent activation

of mTOR signaling components C2 and MAPK signaling com-
ponents C1. Together, these findings imply that there is a
certain population of HCC cells showing up-regulation of both
mTOR and MAPK signaling. Such an HCC subtype might
respond better to combination treatment with mTOR and
MAPK inhibitors. When we compared the phosphorylation
status of the mTOR and MAPK signaling nodes in 95 cell lines
by means of unsupervised hierarchical clustering, HCC cell
lines were significantly clustered together (p = 0.011 by Fish-
er's exact test) in group A (supplemental Fig. 82), character-
ized by high levels of phosphorylation of the signaling com-
ponents C1 and C2, in comparison to cell lines derived from
seven other cancer types (supplemental Table S10). The
signaling components C1 included previously reported tar-
gets of sorafenib such as b-RAF and PDGF receptor-8, as
well as the upstream modules of the mTOR pathway (e.g. Akt
and PDK). The components C2 comprised RPS6(Ser235/
236), RPS6(Ser240/244), elF4G(Ser1108), and the signaling
modules of the JNK and p38 MAPK pathways. These obser-
vations may reflect the fact that the activation of MAPK sig-
naling by itself, or in combination with mTOR signaling, is a
unique feature of HCC.

It is noteworthy that some sorafenib-sensitive and -insen-
sitive cell lines were clustered together into subgroup Aa
(supplemental Fig. S1). Although this subgroup was charac-
terized by relatively low levels of both mTOR and MAPK
signaling activation, the most sorafenib-sensitive cell line,
SNU-449, was classified into this subgroup. It is therefore
plausible that some other signaling pathway, in addition to the
mTOR and MAPK pathways, may be involved in defining the
marked sensitivity of SNU-449 cells to sorafenib.

DISCUSSION

Derangements in the phosphorylation of signaling mole-
cules are hallmarks of cancers, and are often considered as
targets of molecular therapies. By profiling the phosphoryla-
tion status of multiple signaling components, it is possible to
derive important clues for understanding the pathogenesis
and classification of cancers. In this study, a high level of
p-RPS6 $235/236 was detected in sorafenib-resistant HCC
cells. Consistent with this in vitro observation, such high ex-
pression of p-RPS6 S235/236 was detected in pretreatment
biopsy specimens from HCC patients who had shown early
radiographically evident disease progression after starting
sorafenib therapy. The number of patient samples analyzed in
this study was small and insufficient for providing conclusive
evidence, but the present findings warrant future clinical stud-
ies to evaluate the significance of p-RPS6 $235/236 as a
predictor of response to sorafenib. In order to ensure accurate
validation of the utility of p-RPS6 $235/236 as a predictor in
future studies, standardized guidelines of immunohistochem-
istry for detecting p-RPS6 (Ser235/236) need to be devel-
oped, including tissue preparation, fixation, staining methods,
scoring system, and the definition of a “positive” result.
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p-RPS6 has been used as a molecular surrogate for mTOR
activation. Villanueva et al. (22) assessed 314 surgical speci-
mens of HCC immunohistochemically using an anti-p-RPS6
$240/244 antibody. They detected p-RPS6 5240/244 in half
of the cases examined, and positive staining was correlated
with HCC recurrence (22). Although antibodies against p-
RPS6 S$235/236 and p-RPS6 S240/244 have been used
equivalently in many studies to evaluate mTOR activation (22,
23), the phosphorylation of these serine residues was found to
be differentially regulated (Fig. 24). An earlier study demon-
strated persistent phosphorylation of RPS6 S235/236 in cells
derived from S6K1~/~/S6K2™~/~ double-knockout mice, and it
was concluded that this paradoxical phosphorylation was
caused by MAPK signaling. A later study revealed that RSK
(MAPK pathway) predominantly phosphorylated the serine
235 and 236 residues of RPS6, whereas S6K (mTOR pathway)
broadly phosphorylated the serine 235, 236, 240, 244, and
247 residues. Therefore, use of an antibody against p-RPS6
S$240/244 would seem more appropriate for specific detection
of the mTOR pathway activation status (20). In the present
study, however, we found that phosphorylation of the serine
235 and 236 residues of RPS6 reflected cross-talk between
the mTOR and MAPK pathways (Fig. 3C) and served as a
predictive biomarker of sorafenib sensitivity. Although RAF
kinases (MAPK pathway) are one of the main molecular types
targeted by sorafenib, intervention of active mTOR signaling
in the MAPK pathway seems to be one of the molecular
mechanisms responsible for the resistance of HCC to
sorafenib.

it is therefore conceivable that HCC patients with tumors
having high levels of p-RPS6 S235/236 could benefit from
inhibition of mTOR signaling. We found that mTOR inhibitors
showed greater antitumor activity against sorafenib-resisntant
HCC cells (Fig. 3E). A recent phase I/l study of everolimus
given daily as a single agent in patients with advanced HCC
showed that the drug was well tolerated and exerted prelim-
inary antitumor activity in some patients (24). A phase llI
EVOLVE-1 randomized trial is now ongoing to evaluate the
efficacy of everolimus in HCC patients whose disease pro-
gressed during or after sorafenib treatment or who were in-
tolerant to sorafenib (25). This clinical trial is designed to
reveal the efficacy of mTOR pathway inhibition for control of
sorafenib-resistant HCC and is expected to clarify the signif-
icance of our present findings.

Clustering analysis of RPPA data revealed that 6 out of 23
HCC cell lines (Alexander, JHH-2, SNU-475, Huh-7, KIM-1,
and JHH-1) had prominent activation of both the MAPK and
mTOR pathways, indicating a possible subset of HCC pa-
tients who might benefit from a combination of MAPK and
mTOR inhibitors (supplemental Fig. S1). We also found syn-
ergy between MAPK and mTOR pathway inhibitors in
sorafenib-resistant cell lines (Fig. 4). However, there is a need
for caution before this can be applied clinically. Activation of
MAPK signaling occurred at various levels of RAF/MEK/ERK/

RSK in sorafenib-resistant cells (Fig. 3C). in addition, cluster-
ing analysis showed activation of two other major MAPK
pathways, the Jun N-terminal kinase (JNK) and p38 MAPK
pathways, in more than half the HCC cell lines (supplemental
Fig. 51). Cross-talk among three major MAPK pathways (RAF/
MEK/ERK, JNK, and p38MAPK) has been reported previously
(26). Together, these findings suggest that careful assessment
is vital when selecting an appropriate MAPK inhibitor for each
individual HCC patient. Despite extensive sequencing of ki-
nase genes, we were unable to identify any alterations in the
pathway that might be responsible, indicating the need to
expedite pharmacoproteomics for therapy personalization.

The present study highlighted the potential power of the
RPPA platform for pathway profiling. We have provided proof-
of-principle support for the utility of the highly sensitive, high-
throughput RPPA platform by identifying a practical bio-
marker with potential clinical applicability. In this study, we
used only well-characterized antibodies with high specificity.
The Human Antibody Initiative is an ongoing project to raise at
least one monospecific antibody against all >20,000 proteins
encoded by the human genome (27). It is anticipated that
the completion of this project will greatly accelerate the ca-
pability of RPPA. The majority of current molecular targeting
drugs are designed to target a particular signaling pathway
(28). Precise determination of signaling pathways that are
activated in individual patients seems 1o be essential for ob-
taining maximum benefit from any given treatment. RPPA
requires only a minuscule specimen quantity (e.g. less than 1
ng of protein per array) and is applicable even to small biopsy
samples. The potential clinical utility of RPPA for decision-
making and monitoring of cancer therapeutics is thus
€normous.
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OBJECTIVES: Fatty infiltration (Fl) in the pancreas is positively correlated with high body mass index (BMI) or obesity, and the
prevalence of diabetes mellitus (DM), which are well-known risk factors of pancreatic cancer. However, the association of Fl in
the pancreas with pancreatic cancer is unclear. Recently, we have shown that Syrian golden hamsters feature Fl of the pancreas,
the severity of which increases along with the progression of carcinogenesis induced by a chemical carcinogen. To translate the
results to a clinical setting, we investigated whether Fl in the pancreas is associated with pancreatic cancer in a series of patients
who had undergone pancreatoduodenectomy.

METHODS: In the series, we identified 102 cases with pancreatic ductal adenocarcinoma (PDAC) and 85 controls with cancers
except for PDAC. The degree of Fl was evaluated histopathologically from the area occupied by adipocytes in pancreas sections,
and was compared between the cases and controls.

RESULTS: The degree of Fi in the pancreas was significantly higher in cases than in controls (median 26 vs. 15%, P<0.001) and
positively associated with PDAC, even after adjustment for BMI, prevalence of DM and other confounding factors (odds ratio

(OR), 6.1; P<0.001). BMI was identified as the most significantly associated factor with Fl in the pancreas.
CONCLUSIONS: There is a positive correlation between Fl in the pancreas and pancreatic cancer.
Clinical and Translational Gastroenterology (2014) 5, €53; doi:10.1038/ctg.2014.5; published online 13 March 2014

Subject Category: Pancreas and Biliary Tract

INTRODUCTION

Pancreatic cancer is one of the most lethal human cancers
with a 5-year survival rate of <5% in both Japan and the
United States.! Thus, the development of useful predictive
markers for individuals with a high risk of pancreatic cancer
would be of great help in detecting pancreatic cancer at its
early stages, and might contribute to a significant reduction of
mortality. Epidemiological studies have shown that a family
history of pancreatic cancer, cigarette smoking, age, obesity,
and diseases such as chronic pancreatitis and diabetes
mellitus (DM) increase the risk of pancreatic cancer.?™ A few
pathologic studies of patients with pancreatic cancer have
demonstrated fatty infiltraton (FI) in the pancreas parench-
yma.>® Fl in the pancreas is positively correlated with age,
body mass index (BMI), and a history of DM.”™®

Recently, we have shown that in Syrian golden hamsters,
which exhibit a substantial age-related increase of hyper-
triglyceridemia and FI in the pancreas, there is further
progression of pancreatic FI and carcinogenesis upon
treatment with a carcinogen, N-nitrosobis (2-oxopropyl) amine
(BOP), while the animals are fed a high-fat diet (HFD)."
Therefore, we hypothesized that Fl in the pancreas accom-
panied by hypertriglyceridemia might be associated with
pancreatic cancer in both humans and experimental animals.

In the present case—control study, we examined whether
FI in the pancreas is associated with pancreatic ductal
adenocarcinoma (PDAC) in humans, independently of sev-
eral other suggested risk factors for pancreatic cancer, such
as obesity and DM.

METHODS

Patients and samples. Between January 2004 and Decem-
ber 2010, 367 patients underwent pancreatoduodenectomy
for PDAC at the National Cancer Center Hospital, Japan.
Among them, 102 were considered to be appropriate
for the present study on the basis of the criteria detailed
later. As controls, we used non-cancerous pancreas
tissues from 85 patients who had undergone pancreatoduo-
denectomy for cancer, except for PDAC; these included 46
patients with distal bile duct cancer, 33 with cancer of the
ampulla of Vater, 4 with gallbladder cancer, and 2 with
duodenal cancer. DM was clinically diagnosed at the
referring hospitals, using criteria of fasting blood glucose
level =126 mg/dl and HbA1c =6.1%, before the patients
visited our hospital to resect pancreatic cancer. BMI was
calculated when the patients were admitted to our hospital.
The use of each individual's material for analysis in the
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present study was approved by the Ethics Review Commit-
tee of the National Cancer Center (2010-088). The materials
are from patients who had given general consent for the
research use of their leftover samples, and all clinical
investigations were conducted in accordance with the
principles of the Declaration of Helsinki.

Pathological examination. PDACs were examined patho-
logically and classified according to the World Health
Organization classification and TNM classification.'"? Surgi-
cally resected specimens were fixed in 10% formalin, and the
pancreas heads were cut horizontally into serial slices 5mm
thick. In order to evaluate F| appropriately, we conducted a
preliminary study to select a target area of pancreas
parenchyma in 16 cases of PDAC. As Fl is easily affected
by any type of pancreatitis associated with cancer infiltration,

including obstructive pancreatitis, we selected the FI area for

measurement, avoiding any primary and/or secondary effect
caused by cancer infiltration (Supplementary Figure S1 online).
Thus, pancreatitis patients were ruled out from the FI
evaluation. First, we selected anterior and cranial areas of
the pancreas near the duodenum that correspond to the dorsal
pancreas during organogenesis. Second, we chose areas of
the pancreas near the ampulla of Vater if the former area was
affected by cancer infiltration. If both of these areas were
affected by cancer infiltration, such cases were excluded from
the study. Thus, we selected one section containing non-
tumorous pancreatic tissue and confirmed whether it fulfilled
the above conditions. Then, Fl areas were measured guantita-
tively as the percentage of area infiltrated by adipocytes
relative to the total area on the section was calculated using
the WinROOF image analysis software package (Mitani Corp,
Tokyo, Japan). The reproducibility of this quantitation method
was checked preliminarily by comparing the Fl area of one
section with another section derived from tissue immediately
adjacent to the former. The difference between the two Fl area
values measured in 16 pairs of sections was 5.6% on average.

Serum sample collection and assays. Peripheral blood
was collected from each patient at the time of the hospital
visit prior to treatment, and blood sugar, HbA1c, and serum
levels of total cholesterol (TC), high-density lipoprotein (HDL),
amylase, CEA, and CA19-9 were measured by participants
at the National Cancer Center Hospital. For further examina-
tion, serum provided by the National Cancer Center Biobank,
Japan, was stored at —20°C. Serum adiponectin, leptin and
insulin growth factor-1 (IGF-I) (R&D Systems, Inc., Minnea-
polis, MN, USA), apolipoprotein A-Il (apoA-Il) (Assay pro, St
Charles, MO, USA), insulin (Millipore, Billerica, MA, USA),
and serum amyloid A (SAA; Invitrogen, Camarillo, CA, USA)
were measured using enzyme-linked immunosorbent assay
kits in accordance with the manufacturers’ instructions. The
levels of serum triglycerides (TGs), HDL, and gamma-
glutamyltransferase (GGT) were analyzed using the FUJI
Dri-Chem system (Fuji Film, Tokyo, Japan).

Statistical analysis. The cases and controls were classified
into three subgroups, <10%, 10-20%, and >20%, accord-
ing to the area of Fl. The cutoff points of 10 and 20 were
nearly equal to the tertile cutoff points in the controls, namely
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9.5 and 20.4. An unconditional logistic regression model was
used to estimate odds ratios (ORs) and their 95% confidence
intervals (Cls) of PDAC according to the three categories of
Fl in the pancreas, the lowest value being used as a
reference. Two-sided P values <0.05 were considered to
indicate statistical significance. All statistical analyses were
carried out using the Statistical Analysis System (SAS),
version 9.1 software package (SAS Institute, Cary, NC, USA)
by a statistician (T.Y.).

RESULTS

Patient characteristics. Among 102 cases, one was classi-
fied as stage IB, 27 as stage llA, 65 as stage IIB, and 9 as
stage V. The characteristics of the case and control patients
are summarized in Table 1. Controls were older than cases
(P=0.001), and there was a male predominance in both
groups. The known risk factors for PDAC were compared
between cases and controls. The prevalence of DM (P=0.03)
and family history of pancreatic cancer (P=0.007) in cases
was higher than in controls. The values of blood sugar (P=
0.002) and HbA1c (P<0.001) in cases were also significantly
higher than in the controls. The serum apoA-Il level was shown
to be lower in cases than in controls (P=0.02), as reported
previously, in comparison with healthy subjects. CEA (P=0.04)
and CA19-9 (P<0.001), serum tumor markers for PDAC, were
also significantly higher in cases than in controls. Meanwhile,
serum levels of GGT (P<0.001), which are associated with
liver and biliary disorders, were higher in controls than in cases.

Association of Fl in the pancreas with PDAC. In the
human pancreas, adipocytes were observed to accumulate
in the area between pancreatic lobules (interlobular fat),
especially around great vessels, or to be scattered in the
lobules (intralobular fat), as shown in Figure 1. The
distribution pattern of FI in some patients was similar to that
observed in hamster pancreas.'® In this study, FI in the
pancreas was defined as the sum of the areas showing any
types of Fl in the pancreas parenchyma. Table 1 shows that
the area of Fl in the pancreas was significantly greater in
cases than in controls (median 26 vs. 15%, P<0.001). Types
of differentiation and stages of PDACs were not associated
with the degree of Fl (data not shown).

Table 2 shows the association between the area of Fl in the
pancreas and PDAC. A significantly higher OR for PDAC was
observed according to the area of Fl in the pancreas
(P<0.001). Adjusted for sex, age, BMI, history of DM, and
family history of pancreatic cancer, confounding factors for
pancreatic cancer, ORs for PDAC showed an increasing trend
according to the area of FI (P<0.001). Even when patients
with a BMI > 25 kg/m?, a history of DM, and a family history of
pancreatic cancer were excluded, positive associations
between the degree of Fl in the pancreas and PDAC were
observed (P<0.001 overall).

The factors associated with Fl. The characteristics of the
study participants were examined in relation to the degree of
FI of the pancreas in controls and cases and are shown in
Supplementary Tables 1 and 2, respectively. BMI and age
were positively correlated with the area of Fl of the pancreas



Table 1 Selected characteristics of study subjects
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Characteristic Cases (n=102) Controls (n=85) P

Categorical variables, n (%)
Fl in the pancreas > 20% 64 (62.7) 30 (35.2) <0.001
Male 60 (58.8) 60 (70.5) 0.12
Ever smoking 53 (51.9) 42 (49.4) 0.77
Frequent drinking (5-7 times/week) 34 (33.3) 31 (36.9) 0.85
DM 30 (29.4) 14 (16.4) 0.03
Hypertension 36 (35.2) 27 (31.7) 0.64
Hyperlipidemia 7 (6.8) 10 (11.7) 0.30
Family history of PC 11 (10.7) 1(1.1) 0.007

Continuous variables, median (IQR)
Flin the pancreas, % 25.8 (14.2-40.9) .0 (7.7-24.8) <0.001
Age, years 63.5 (56-69) 0 (63-73) 0.001
BMI, kg/m 22.4 (20.3-24.3) 22 7 (20.7-24.2) 0.95
Blood sugar, mg/d 114.0 (100-141) 106.0 (93-119) 0.002
HbA1c, % 5.5(5.1-6.4) 5.1 (4.7-5.5) <0.001
TC, mg/di 189.0 (162-221) 195.0 (169-227) 0.31
HDL, mg/di 52.0 (43-62) 52.0 (42-67) 0.47
TG, mg/di 149.0 (109-209) 155.0 (117-210) 0.38
Apo A-ll, ug/ml 219.3 (136.7-397.5) 327.3 (174.0-444.4) 0.02
Adiponectin, pg/mi 5.4 (3.0-9.6) 6.3 (3.2-12.3) 0.37
Leptin, ng/ml 3.2 (2.2-4.6) 3.1 (2.4-3.8) 0.57
Insulin, mU/I 3.5 (2.5-5.8) 3.7 (2.8-6.4) 0.41
IGF-l, ng/ml 69.7 (53.2-93.5) 74.1 (54.4-96.4) 0.69
Amylase, 1U/l 107.0 (75-182) 105.0 (83-141) 0.55
CEA, ng/ml 2.6 (1.6-4.1) 2.0 (1.3-3.4) 0.04
CA19-9, U/ml 96.0 (46—400) 30.0 (16-121 <0.001
SAA, ug/mi 22.1 (8.93-54.3) 35.8 (12.7-89.8) 0.06
GGT, ng/ml 105.0 (33-311) 339.0 (101-673) <0.001

Apo A-ll, apolipoprotein A-1l; BMI, body mass index; DM, diabetes mellitus; Fl, fatty infiltration; GGT, gamma-glutamyltransferase; HDL, high density lipoprotein;

IGF-1, insulin growth factor-1; IQR, interquartile range; PC, pancreatic cancer; SAA, serum amyloid A; TC, total cholesterol; TG, triglyceride.

2Based on the Fisher’'s exact test for percentage difference and the Wilcoxon rank-sum test for median difference.

Figure 1 Histology of the human pancreas with fatty infiltration. (a, b) Pancreas tissue with moderate to severe FI. Most of the pancreas parenchyma has been replaced by
adipocytes, and the remaining pancreas lobules resemble islets surrounded by a fatty lake. Most adipocytes have accumulated interlobularly (arrow in b), but some are
scattered within the lobules (arrowhead in b). (c) Pancreas tissue with mild Fl. Adipocytes have accumulated around arterioles (arrow), and several adipocytes are scattered
within the lobules (arrowhead). (d) Pancreas tissue with minimal Fl. Super-low magnification in a, and low magnification in (b to d).
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Table 2 Association of the degree of Fl in the pancreas with pancreatic ductal adenocarcinoma

Fl in the pancreas

<10% >10%, <20% >20%

Population OR 95% CI OR 95% Cl OR 95% Cl P
All subjects

Cases/controls 17/30 21/25 64/30

Crude estimate 1 Reference 1.4 (0.6-3.4) 3.7 (1.8-7.8) <0.001

Adjusted estimate® 1 Reference 2.3 (0.8-6.2) 6.1 (2.4-15.2) <0.001
Excluding those with BMI of > 25 kg/m?

Cases/controls 17/28 18/22 49/24

Adjusted estimate® 1 Reference 2.1 (0.7-5.9) 6.3 (2.4-16.5) <0.001
Excluding those with past history of DM

Cases/controls 14/28 18/21 40/22

Adjusted estimate® 1 Reference 3.1 (1.0-9.3) 7.5 (2.6-21.3) <0.001
Excluding those with family history of PC

Cases/controls 15/29 17/25 59/30

Adjusted estimate® 1 Reference 2.0 (0.7-5.5) 5.4 (2.2-13.6) <0.001

BMI, body mass index; Cl, confidence interval; DM, diabetes mellitus; Fl, fatty infiltration; OR, odds ratio; PC, pancreatic cancer.
Statistical tests for trend (two-sided) were assessed by assigning ordinal values to the degree of Fl in the pancreas.

bAdjusted for sex, age (<60, 61-70 and >70), BMI (<25, >25), past history of DM (yes or no) and family history of PC (yes or no).
°Adjusted for sex, age (<60, 61-70 and >70), past history of DM (yes or no), and family history of PC (yes or no).

dAdjusted for sex, age (<60, 61—70 and >70), BMI (<25, >25), and family history of PC (yes or no).

®Adjusted for sex, age (<60, 61-70 and >70), BM! (<25, >25), and past history of DM (yes or no).

in both cases and controls. In control patients, the serum TG
and amylase values were also positively correlated with the
area of Fl in the pancreas. Meanwhile, the levels of the
serum insulin, HbA1c and blood sugar in case patients were
positively correlated with the area of Fl in the pancreas. To
further investigate an association with Fl in the pancreas, we
conducted a multivariable linear regression analysis in each
group, in which the above variables (BMI, serum TG, and
amylase for controls; BMI, serum insulin, HbA1c, and blood
sugar for cases), as well as age and sex, were included in
one model. After mutual adjustment, a statistically significant
association was noted only for BMI (controls, P=0.001;
cases, P=0.01).

DISCUSSION

Based on epidemiological observation of human pancreatic
cancers, Fl in the pancreas was suggested to associate with
PDAC, independently of known risk factors such as obesity
and DM (Supplementary Figure S2). Although we identified
BMI, a measurement of obesity, as the most significantly
associated factor among several factors related to Fl in the
pancreas, Fl in the pancreas was likely to increase the risk of
pancreatic cancer beyond the effect of obesity alone. Some
previous studies have evaluated pancreatic Flin humans using
diagnostic modalities such as ultrasound, magnetic resonance
imaging, or magnetic resonance spectroscopy.®'®'® Fl in the
pancreas has been suggested to promote dissemination and
lethality of PDAC and to increase the risk of postoperative
pancreatic fistula.’'® Here we demonstrated that the area of
Flin histopathological sections of PDAC resected can be used
as a quantitative indicator of the degree of Fl. This is the first
report to indicate an association between the area of Fl and the
development of PDAC.
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Although mechanistic insights into how PDAC could
develop from such an adipocyte-rich microenvironment are
not clear, recent evidence suggests that ectopic fat accumu-
lation produces certain adipocytokines that induce cell
proliferation.'®2° Serum adipocytokine levels were not clearly
correlated with the area of Fl in the present study, but the level
of leptin expression was high in the pancreas of BOP-treated
hamsters fed a HFD.'® Thus, local release of adipocytokines
from adipocytes in an adipocyte-rich microenvironment
appeared to be correlated with PDAC development.

In the present study, serum insulin levels in cases were
positively correlated with Fl in the pancreas. It has also been
reported that HOMA-IR is strongly correlated with FI of the
pancreas except in subjects with a history of DM, pancreatic
diseases and liver diseases.® In an in vitro setting, it has been
shown that glucose-dependent insulinotropic polypeptide acti-
vates lipoprotein lipase, leading to TG accumulation in differen-
tiated 3T3-L1 adipocytes in the presence of insulin.2! Therefore,
it is conceivable that induction of high glucose and insulin levels
by hyperphagia could be associated with Fl through activation of
lipoprotein lipase in the pancreas. Conversely, it has also been
suggested that increased pancreatic Fl is related to B-cell
dysfunction in the absence of type 2 DM,?2 and that this can lead
to subsequent development of type 2 DM.2%2* The hyperinsu-
linemia seen in human obesity, including the early phase of type
2 DM, may be closely related to Fl in the pancreas.

Several possible mechanisms underlying the development
of Fl in the pancreas can be speculated. It has been shown in
experimental animal models that Fl can be induced in the
pancreas by obstruction of the pancreatic duct or vascula-
ture.?>2% Smits and van Geenen®” have showed that Fl or
non-alcoholic fatty pancreas disease represents fat accumuia-
tion induced by obesity and metabolic syndrome, while faity
replacement represents replacement of adipocytes induced by



death of acinar cells. We agree with their statements that
pancreatic fat accumulation is mainly induced by these two
factors. In this study, pancreatic Fl in cases represents any type
of fat accumulation caused by any type of etiology. It has been
reported that lipotoxicity caused by a high TG content induces
inflammatory responses and necrosis in pancreatic acinar cells
in vitro2®2° |t has also been shown that c-Myc activity is
required for growth and maturation of the exocrine pancreas
and for the transdifferentiation of acinar cells into adipocytes in
mice.®° Thus, pancreas containing scattered adipocytes might
be more sensitive to acinar cell damage due to lipotoxity and
other genetic factors, and scattered Fl may reflect the acinar
cell death or transdifferentiation after the damage.

Some limitations could be pointed out in this study. The
major limitation is that it lacked normal healthy controls
because pancreatic sections could be obtained only from
patients who had undergone pancreatoduodenectomy. A
second limitation is that we could not measure F! in more than
one pancreatic section, as areas for measuring Fl were limited
and small because the areas of tumor and secondary
inflammation were avoided. Therefore, a future study using
anon-invasive method will be required to evaluate Flin a large
area/volume of pancreas from healthy and case subjects.
Previously, we have reported a case of PDAC that was
associated with marked Fl in the pancreas, as seen on
computed tomography images.®’ Computed tomography
imaging of the pancreas would be a useful approach for
accurate evaluation and follow-up of pancreatic Fl in normal
subjects, as well as in cohort studies. The third limitation is
that we did not exclude the areas of pancreas with PanINs
from the sections for measuring Fl because it is known that
PanINs are sometimes found in pancreatic tissue of the
elderly, and also that a large number of PanINs with various
grades are found in the pancreas of the patients with PDAC.
Therefore, it is extremely difficult to measure Fl in the
pancreas tissue without PaniNs, especially in the limited area
for measuring Fl. The fourth limitation is that BMI could be
underestimated in the cases, because weight loss is a very
common symptom of patients suffering from pancreatic
cancer even though most cases were classified as stage I1A
or lIB. The fifth limitation is that there is no validation study. To
confirm the observation in the present study, the same study
should be repeated with the same methods in another center
(hospital/institution). The final limitation is that we cannot
distinguish whether Fl was a risk factor or a consequence of
the cancer. The only way to demonstrate that Fl is a risk factor
for PDAC is to perform a prospective cohort study to observe
whether individuals with fatty pancreas could develop PDAC.
For this purpose, we are now trying to establish the methods
to evaluate Fl in a large area/volume of pancreas by non-
invasive method, using computed tomography and magnetic
resonance imaging. In addition, studies on pancreatic
carcinogenesis using animal models of fatty pancreas would
be helpful to elucidate underlying mechanisms.

In conclusion, there is a positive correlation between Fl in
the pancreas and pancreatic cancer. The development of
effective detection methods and/or markers of Fl, especially
“fatty pancreas” with severe Fl, is warranted for mass
screening of individuals at high risk of pancreatic cancer at
health examinations.
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Abstract

Objective: Osteosarcoma (OS) is the most frequent primary
malignant bone tumor in children and young adults. Al-
though the introduction of combined neoadjuvant chemo-
therapy has significantly prolonged survival, the outcome
for OS patients showing a poor response to chemotherapy
is still unfavorable. In order to develop new therapeutic ap-
proaches, elucidation of the entire molecular pathway regu-
lating OS cell proliferation would be desirable. Methods:
MicroRNA (miRNA) are highly conserved noncoding RNA
that play important roles in the development and progres-
sion of various other cancers. Using miRNA microarrays
capable of detecting a known number of 933 miRNA, 108
miRNA were found to be commonly expressed in 24 sam-
ples of OS tissue and subjected to a cell proliferation assay.
Results: We found that inhibition of 5 let-7 family miRNA
(hsa-let-7a, b, f, g and i) significantly suppressed the prolif-
eration of OS cells. Using a quantitative shotgun proteomics

approach, we also found that the let-7 family miRNA regu-
lated the expression of vimentin and serpin H1 proteins.
Conclusions: Our present results indicate the involvement
of let-7 family miRNA in regulation of the cell proliferation
as well as epithelial-mesenchymal transition of OS. Thus, let-
7 family miRNA may potentially provide novel targets for
the development of therapeutic strategies against OS.

© 2014 S. Karger AG, Basel

Introduction

Osteosarcoma (OS), although rare, is the most fre-
quently occurring primary malignant bone tumor, affect-
ing mainly the metaphysis of long bones in children and
adolescents. Although the introduction of combination
chemotherapy over the last 3 decades has greatly im-
proved the 5-year survival rate of OS patients [1, 2], a sig-
nificant proportion of them respond poorly to chemo-
therapy and have a high risk of local relapse or distant
metastasis even after intensive chemotherapy and cura-
tive resection of the primary site [2]. Moreover, conven-
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tional cytotoxic chemotherapeutic agents often cause
nonspecific adverse events [3, 4]. To improve the out-
come for OS patients, it is necessary to develop new ther-
apeutics that target the molecular pathway regulating the
proliferation of OS cells.

MicroRNA (miRNA) are small, noncoding RNA 21-
25 nucleotides in length involved in various critical bio-
logical processes including development, differentiation,
apoptosis and proliferation [5-7]. miRNA manipulate
the function of genes through mRNA degradation and/or
suppression of protein translation by binding to the
3'-untranslational region of RNA transcripts [6]. It is pre-
dicted that as many as 1,000 miRNA exist in the human
genome [8], and thousands of human protein-encoding
genes are collectively regulated by miRNA [9, 10]. Thus,
the biological properties of miRNA may facilitate poten-
tial access to several human cancers, including rare sar-
comas. In fact, it has been reported that miRNA play im-
portant roles as either tumor suppressor genes or onco-
genes in several human cancers [7, 11].

To our knowledge, however, little is known about the
expression and function of miRNA in OS [12-15]. Here
we report, for the first time, the comprehensive profiling
of miRNA expression in clinical OS samples. We also
performed systemic functional screening to identify
miRNA that are essential for the proliferation of OS cells,
and found that inhibition of let-7 family miRNA exerted
a significant suppressive effect on OS cell proliferation.
In other malignancies, let-7 family miRNA have gener-
ally been considered to act as tumor suppressors. There-
fore, let-7 family miRNA may provide potential targets
for the development of novel therapeutic strategies
against OS.

Patients and Methods

Patients and Tumor Samples

A total of 24 fresh frozen tissue samples from patients with OS
were used in this study (table 1). All the tumor samples were ob-
tained by diagnostic incisional biopsy from their primary sites pri-
or to preoperative chemotherapy at the National Cancer Center
Hospital (Tokyo, Japan) between 1996 and 2007, as described pre-
viously [16]. All of the patients concerned provided their written
informed consent, authorizing the collection and use of their sam-
ples for research purposes. The study protocol for collection of
samples was approved by the institutional review board of the Na-
tional Cancer Center (Tokyo, Japan).

Cell Lines

U-2 08, Saos-2, MNNG/HOS and MG-63 cell lines were pur-
chased from the American Tissue Culture Collection (Manassas,
Va., USA). HsOS-1, NOS-1, HuO-3N1, and HuO-9N2 cell lines
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Table 1. Clinicopathological characteristics of 24 OS patients

Number of %
patients

All 24 100
Gender

Male 14 58.3

Female 10 41.7
Age

<10 years 4 16.7

10-19 years 13 54.2
20-29 years 4 16.7

>30 years 3 12.5
Location

Lower extremity 20 83.3

Upper extremity 2 8.3

Axial 2 8.3
Histological subtype

Osteoblastic 19 79.2

Chondroblastic 2 8.3

Fibroblastic 2 8.3

Telangiectatic 1 4.2
Metastasis at diagnosis

Absent 4 16.7

Present 20 83.3
Response to neoadjuvant chemotherapy

Good 8 333

Poor 15 62.5

Not done 1 4.2
Local recurrence or distal metastasis

Yes 9 37.5

No 15 62.5
Disease status

CDF 12 50.0

NED 4 16.7

DOD 8 333

CDF = Chronic disease free; NED = no evidence of disease;
DOD = dead of disease.

were purchased from the Riken Bioresource Center Cell Bank
(Tsukuba, Japan). All of the OS cell lines were cultured as recom-
mended by the suppliers.

miRNA Microarray Analysis

Total RNA was isolated using ISOGEN (Nippon Gene, Tokyo,
Japan) in accordance with the manufacturer’s protocol. The qual-
ity of total RNA was assessed using an Agilent 2100 Bioanalyzer
(Agilent Technologies, Palo Alto, Calif., USA). miRNA expres-
sion was profiled using 3D-Gene™ Human microRNA Oligo
chips (Toray, Tokyo, Japan), onto which 939 probes and 3 nega-
tive controls were spotted in duplicate. The 939 probes represent-
ed 866 known human miRNA and 73 virus-originating miRNA
(39 miRNA from Epstein-Barr virus, 17 miRNA from human cy-
tomegalovirus and 17 miRNA from Kaposi’s sarcoma-associated
herpesvirus).
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Real-Time RT-PCR

The relative expression level of selected miRNA was quantified
by real-time RT-PCR. cDNA was obtained from 2 ng of total RNA
using a TagMan MicroRNA Reverse Transcription kit (Applied
Biosystems, Foster City, Calif., USA). The TagMan primer and
probe set specific to each miRNA were designed by Applied Bio-
systems. Amplification data measured in triplicate as an increase
in reporter fluorescence were collected using the ABI PRISM 7000
Sequence Detection System (Applied Biosystems). The values
from the triplicate reactions were averaged and normalized to the
level of RNUG6B [17]. The relative expression levels of miRNA were
calculated by the comparative threshold cycle method [18].

Anti-miR miRNA Inhibitor Screening

We designed and synthesized a library of anti-miR inhibitors
for 108 miRNA commonly expressed in the 24 OS samples. Each
cell line was seeded at 6,000 cells per well into opaque-walled 96-
well plates in triplicate on the day before transfection to obtain 70%
confluency. The cells were transfected with 9 pmol of anti-miR
miRNA inhibitor per well using Lipofectamine 2000 (Invitrogen,
Carlsbad, Calif., USA). Anti-miR Negative Control No. 1 (Applied
Biosystems) was included in each assay plate to serve as a baseline.
At 72 h after transfection, cell viability was measured using the
CellTiter-Glo Luminescent Cell Viability Assay (Promega, Madi-
son, Wisc., USA), and luminescence activity was measured with a
GloMax 96 Microplate Luminometer (Promega), as described pre-
viously [19]. A 10-fold serial dilution of standard adenosine tri-
phosphate (ATP) was included in each assay plate to calculate a
standard curve. The mean ATP levels in triplicate wells were nor-
malized to those of serjally diluted standard ATP and nontargeting
miRNA inhibitor (negative control) included in the same 96-well
assay plates.

miRNA Transfection and Protein Extraction

U-2 OS cells were transfected with the let-7 family (7a, f, g or i)
or Negative Control (No. 1 or 2) Pre-miR™ miRNA Precursor
Molecule (Applied Biosystems) using Lipofectamine 2000 (Invit-
rogen). At 72 h after transfection, cell viability was quantified by
the CellTiter-Glo Luminescent Cell Viability Assay, as described
above. The attached cells were scraped out in ice-cold PBS, and
centrifuged at 15,000 rpm for 10 min at 4°C to remove the super-
natant. The resulting cell pellets were supplemented with 100 ul of
2% sodium deoxycholate (Wako Pure Chemical, Osaka, Japan)
and vortexed [20, 21]. To 200 pl of the dissolved sample, 40 pl of
5 M urea, 10 pl of 1 M NH4CO; and 1 ug of Sequencing Grade
Modified Trypsin (Promega) were added. After incubation at
37°Cfor 20 h, this mixture was supplemented with 5% formic acid,
vortexed and centrifuged at 15,000 rpm for 5 min at room tem-
perature. The collected supernatant was treated with 240 ul of eth-
yl acetate, vortexed and centrifuged at 15,000 rpm for 5 min at
room temperature again. After collecting 200 pl of the lower layer,
the peptides it contained were dried with a SpeedVac Concentrator
(Thermo Electron, Holbrook, N.Y., USA) and then dissolved in
40 pl 0f 0.1% formic acid. The protein concentrations of all protein
samples were determined by Quant-iT™ Assay (Invitrogen).

Liquid Chromatography and Mass Spectrometry

Samples were randomized and measured in duplicate with a
linear gradient of 0-80% acetonitrile in 0.1% formic acid ata speed
200 nl/min for 60 min using a nanoflow high-performance liquid
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chromatography system (NanoFrontier nLC; Hitachi High Tech-
nologies, Tokyo, Japan) connected to an electrospray ionization
quadrupole time-of-flight mass spectrometer (Q-Tof Ultima; Wa-
ters, Milford, Mass., USA). Mass spectrometry (MS) peaks were
detected, normalized and quantified, using the in-house 2-dimen-
sional image-converted analysis of liquid chromatography and MS
(2DICAL) software package, as described previously [22]. A serial
identification (ID) number was applied to each MS peak detected
(ID1-1D47,203).

Protein Identification by Tandem MS (MS/MS)

Peak lists were generated by the Mass Navigator software pack-
age version 1.2 (Mitsui Knowledge Industry, Tokyo, Japan) and
searched against the Swiss-Prot database, release 57.5, using the
Mascot software package version 2.2.1 (Matrix Science, London,
UK). Trypsin was designated as the enzyme, and up to 1 missed
cleavage was allowed. Initial peptide tolerances for precursor and
fragment ions were +0.8 and £1.2 Da, respectively. To achieve p <
0.05, the score threshold was set by the Mascot algorithm, based
on the size of the database used in this search. If a peptide was
matched to multiple proteins, the protein name with the highest
Mascot score was chosen.

Immunoblot Analysis

Anti-B-actin mouse monoclonal antibody (AC-74) was pur-
chased from Sigma-Aldrich. Anti-vimentin (9E7E7) and serpin
H1 (E1) mouse monoclonal antibodies were purchased from San-
ta Cruz Biotechnology (Santa Cruz, Calif., USA). The protein sam-
ples were subjected to SDS-PAGE and transferred to Immobilon-P
membranes (Millipore, Billerica, Mass., USA). After 2 h of incuba-
tion with primary antibodies at room temperature and with the
relevant secondary antibodies at room temperature for 1 h, blots
were detected using enhanced chemiluminescence Western blot-
ting detection reagents (GE Healthcare, Buckinghamshire, UK)
[23].

Statistical Analysis
Statistical significance between subgroups was assessed using
Welch’s t test and the paired t test.

Results

miRNA Expression Profiles of OS

Global miRNA expression profiles were obtained
from 24 OS samples and 8 OS cell lines. The clinicopath-
ological features of the patients with OS are summarized
in table 1. We found that 108 human-originated (online
suppl. table S1; for all online suppl. material, see www.
karger.com/doi/10.1159/000357408) and 2 virus-origi-
nated (hcmv-miR-UL70-3p and kshv-miR-K12-10a)
miRNA were commonly expressed (>20 microarray-
based arbitrary units) in all of the 24 OS samples exam-
ined, whereas 515 miRNA were not expressed (<20 units)
in any of the OS samples (fig. 1a). miR-1826, miR-923,
miR-1308, miR-451, miR-23a, let-7a, miR-23b, let-7c,
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Fig. 1. Global expression of miRNA in OS. a The expression of 939
miRNA was examined in 24 clinical samples (range: OS03-67) us-
ing 3D-Gene miRNA microarrays. The 110 miRNA indicated by a
red arrow were expressed in all the OS samples examined (>20
microarray-based arbitrary units, indicated in red columns),
whereas the 515 miRNA indicated by a blue arrow were not ex-

let-7d and miR-26a showed the highest levels of expres-
sion. The expression data on representative miRNA were
also verified by real-time RT-PCR (fig. 1b and data not
shown).

It was noticed that the overall profiles of miRNA ex-
pression were largely invariable among the 24 OS sam-
ples, but highly different from those of other sarcomas
reported previously (data not shown), indicating that OS
has an intrinsic and characteristic miRNA profile. We
compared various clinicopathological characteristics,
such as metastasis and prognosis, with the miRNA ex-
pression profiles. However, no definite miRNA was found
to be significantly associated with the clinical behavior of
the disease (data not shown), supporting the notion that
OS acquires a unique miRNA expression pattern during
its development.
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pressed in any of them (<20 units, indicated in blue columns).
b Correlation of miR-223 expression levels determined by micro-
array (x-axis, in microarray-based arbitrary units) and by quanti-
tative real-time RT-PCR (y-axis, in arbitrary units normalized to
RNUBS6B) in 22 OS. R = Correlation coefficient.

Screening of miRNA Essential for OS Cell Proliferation

To identify miRNA essential for OS cell proliferation,
we next transfected the 8 OS cell lines with synthetic in-
hibitors directed against the 108 miRNA of human ori-
gin, and the relative abundance of metabolically active
cells was determined 72 h after transfection. The expres-
sion of the 108 miRNA and the ATP production (in per-
cent) of the 8 OS cells transfected with these miRNA rel-
ative to control RNA are summarized in online supple-
mentary table S1. We found that the inhibitors of 5 let-7
family miRNA (let-7a, b, f, g and i) significantly down-
regulated the viability of OS cells in comparison with the
negative controls (fig. 2a). Conversely, the inhibitors of
miR-1274a, miR-1826, miR-296-5p and miR-342-3p in-
creased the viability of the cells. Among the 9 miRNA, the
inhibitor of miR-1274a increased the average ATP pro-
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duction of 8 OS cell lines (U-2, NOS-1, MNNG/HQOS, Saos-2, 9N2,
HsOS-1, 3N1 and MG-63) transfected with synthetic inhibitors let-7g *
against miRNA. The average value of the negative control (anti- .
miR Negative Control No. 1) was set as 0. b Percent increment in let-7i : *p <001
ATP production in U-2 OS cells with let-7 family miRNA. The **p <005
average value of the negative controls (Pre-miR miRNA Precursor b (paired ttest)
Molecules, Negative Controls No. 1 and 2) was set as 0.

duction of the 8 OS cell lines (20.7-39.5% increase) and
the inhibitor of let-7g reduced it (6.1-25.9% decrease; on-
line suppl. table S1) to the maximal extent.

Transfection with let-7 Family miRNA Promotes OS

Cell Proliferation

Generally, let-7 family miRNA have been considered
to have tumor-suppressive functions [24]. The K-ras on-
cogene is one of the targets of let-7, and inhibition of let-
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7 increased the rate of cancer cell division, whereas over-
expression of let-7 induced cell cycle arrest in the cancer
cell lines [24]. However, we found that 5 of the let-7 fam-
ily miRNA were commonly expressed in OS samples, and
that their inhibition suppressed the viability of OS cells.
To confirm these oncogenic characteristics of let-7 fam-
ily miRNA in OS cells, we transfected U-2 OS cells with
chemically modified, double-stranded RNA molecules
designed to mimic endogenous mature miRNA of let-7a,
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Table 2. Proteins regulated by let-7 family miRNA

D m/z RT  Charge Protein description Mascot  Peptide sequence let-7 family Controls p!
. score

4,893 8510 637 3 serpin H1 93.14  DQAVENILVSPVVVASSLGLVSLGGK 15.24+1.96 33.31%4.41  1.71E-17
106 1,093.9 496 2 vimentin 73.93 EMEENFAVEAANYQDTIGR 212.34+13.97 151.14%6.40  4.30E-16
515 6654 557 2 small nuclear ribonucleoprotein E 47.28 VMVQPINLIFR 86.80+5.90 62.75£2.39  3.22E-15
30,968 980.1 641 3 protein disulfide-isomerase 59.21 TGPAATTLPDGAAAESLVESSEVAVIGFFK  10.85+1.11 16.00£1.16 1.06E-14
324 8244 466 2 heterogeneous nuclear ribonucleoprotein U 93.36 NFILDQTNVSAAAQR 114.74+9.03 75.94+8.39  3.38E-14
60 8349 457 2 vimentin 54.46 ETNLDSLPLVDTHSK 267.56+19.44 195.12£7.69  3.96E-14
419 774.8 370 2 14-3-3 protein zeta/delta 81.66 SVTEQGAELSNEER 57.27£7.23 95.02£11.60 8.58E-14
84 867.9 440 2 vimentin 47.82 LQDEIQNMKEEMAR 222.70+17.28 161.62x8.15  2.53E-13
66 7674 501 2 vimentin 65.19 KVESLQEEIAFLK 253.42+17.99 193.21%6.18  5.93E-13
58 7944 399 2 vimentin 76.19 TNEKVELQELNDR 270.28+18.55 209.47+7.03  1.21E-12
4,771 5859 629 2 vimentin 60.12 ILLAELEQLK 33.29+3.01 23.22+1.46  1.21E-12
997 759.4 559 3 polypyrimidine tract-binding protein 1 57.6 TAIPGLAGAGNSVLLVSNLNPER 65.10+4.57 49.00£3.38  1.57E-12
153 8449 462 2 vimentin 47.24 VEVERDNLAEDIMR 171.02+14.66 124.21+5.18  2.16E-12
136 561.3 457 2 vimentin 52.47 EYQDLLNVK 156.93+£19.07 100.58+5.15  1.20E-11
1,298 8234 493 2 stress-70 protein, mitochondrial 82.19 VINEPTAAALAYGLDK 56.36+5.96 39.29£1.29  2.28E-11

Values for let-7 family and controls denote means * SD. RT = Retention time.
! Welch’s t test.

let-7b, let-71, let-7g and let-7i. Again, we observed that the
let-7 family miRNA significantly increased the metabolic
activity of the OS cells (p < 0.05; fig. 2b).

Identification of Targets of let-7 Family miRNA in OS

Using a Proteomics Approach

miRNA regulate the expression of target genes at the
posttranscriptional level through translational inhibition
as well as mRNA destabilization. One miRNA can repress
the translation of hundreds of human protein-coding
genes, thus exerting its distinct function. These target
genes can be practically predicted, using bioinformatic
approaches [10, 25, 26], but due to their relatively high
rates of false positivity and negativity [6], we searched for
proteins whose expression would be commonly affected
by transfection with let-7 family miRNA (let-7a, let-7f,
let-7g and let-71), using an originally developed label-free
quantitative MS platform: 2DICAL [22, 27].

Among a total of 47,203 independent MS peaks de-
tected within the range of 250-1,600 m/z and within a
retention time of 30-70 min, we found 253 MS peaks
whose average intensity differed significantly (p < 0.001;
Welch’s t test). The intensity of 48 MS peaks was de-
creased in OS cells transfected with let-7 family miRNA,

miRNA Expression and Functional
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and that of the remaining 205 was increased. Tandem
MS (MS/MS) analysis revealed that an MS peak with the
highest statistical significance was derived from the
SERPINH] (serpin H1) gene product, and the VIM (vi-
mentin) gene products were detected most repeatedly (48
times) among the 253 differentially expressed MS peaks.
Table 2 lists 15 MS peaks with the statistical significance
of p < 1 x 1071% The expression of serpin H1 was in-
creased and that of vimentin was decreased after transfec-
tion with let-7 family miRNA. Figure 3a shows the distri-
bution of representative serpin H1-derived and vimen-
tin-derived MS peaks [ID 4,893 (at 851 m/z and 63.5 min)
and ID 106 (at 1,094 m/z and 49.5 min), respectively] in
U-2 OS cells transfected with let-7 family miRNA and
controls. The differential expression and identification of
serpin HI and vimentin proteins were confirmed by im-
munoblotting (fig. 3b).

Discussion
Dysregulation of various miRNA has been implicat-

ed in the development and progression of human can-
cers. miRNA control hundreds of gene targets and play

Oncology 2014;86:94-103 99
DOI: 10.1159/000357408

2445 - 2772015 1A41:00 AW



Peak ID: 106
Vimentin

1,093.9 m/z (49.6 min)
45 46 47 48 49 50 51 52 53 54 55

225 4
200 ~
175
150
125
100

Intensity

U~
v O w»
i ! L

<
L

0.25
0.20
0.15

0.10

VIM/ACTB

0.05

O .
let-7a let-7f let-7g let-7i NC1 NC2

VIMENTIN — e e e i s S0t

B-Actin
b

Peak ID: 4,893
Serpin H1

851.0 m/z (63.7 min)

59 60 61 62 63 64 65 66 67 68 69
P )

Intensity

- NN W W D
o Ul O Lt o O Ut O
L i i 1 1 1 1 ! 1

1.2
1.0
0.8
0.6
0.4
0.2

SERPINH1/ACTB

O -
let-7a let-7f let-7g let-7i NC1 NC2

Serpin H1 »

B-Actin -

Fig. 3. Identification of proteins regulated by let-7 family miRNA.
a Representative vimentin-derived and serpin H1-derived MS
peaks detected in U-2 cells transfected with let-7 family miRNA
(7a, 7f, 7g and 7i) and control RNA (NC1 and NC2). MS peaks are
aligned along the retention time of liquid chromatography (in
minutes). Columns: intensity (in arbitrary units) of sextuple MS
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peaks. b Detection of vimentin, serpin H1 and B-actin (loading
control) in U-2 cells transfected with let-7 family miRNA (7a, 7f,
7g and 7i) and control RNA (NC1 and NC2) by immunoblotting.
Columns represent the relative quantification (in arbitrary units)
of vimentin (VIM) and serpin H1 (SERPINHI) normalized to
B-actin (ACTB).
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important roles in homeostatic processes such as cell
differentiation, proliferation and apoptosis [5-7].
miRNA, therefore, could be attractive candidates for the
development of novel prognostic markers and/or thera-
peutic targets. The significance of miRNA expression
has been extensively studied in various human epithe-
lial tumors to elucidate the molecular mechanisms un-
derlying carcinogenesis, and to identify therapeutic tar-
gets [28, 29]. However, the expression and function of
miRNA in mesenchymal tumors have remained largely
unknown. Subramanian et al. [30] obtained miRNA ex-
pression profiles for a series of 27 sarcomas and found
distinct miRNA expression patterns for specific histo-
pathological types, but no case of OS was included in
their study. Sarver et al. [31] performed an unsuper-
vised clustering analysis of miRNA expression in vari-
ous sarcomas, including 15 cases of OS, and found that
OS formed a single cluster that was distinct from other
sarcomas. OS often shows a highly aggressive pheno-
type and lacks apparent histological differentiation, but
the tissue lineage-specific regulation of miRNA expres-
sion seems to be maintained. We observed that the ex-
pression of miRNA was relatively invariable among the
24 cases of OS, regardless of their differing histological
subtypes (fig. 1a). In fact we were unable to find any
miRNA whose expression was significantly correlated
with the clinicopathological characteristics of OS (ta-
ble 1), indicating that the 108 miRNA listed in online
supplementary table S1 play important roles in the de-
velopment of OS.

In this study we performed an unbiased functional
screening of miRNA to identify those essential for OS cell
proliferation. We transfected 8 OS cell lines with miRNA
inhibitors specific to the 108 miRNA commonly ex-
pressed in the 24 clinical samples, and evaluated the ef-
fects of these inhibitors on cell viability. One of the most
remarkable findings was that the inhibitors of 5let-7 fam-
ily miRNA (let-7a, b, f, gand i) commonly suppressed the
growth of OS cells (fig. 2a). We further confirmed these
results by transfecting OS cells with let-7 family miRNA
(fig. 2b). The let-7 family miRNA was originally discov-
ered in Caenorhabditis elegans, and was subsequently
found to be conserved in humans [32, 33]. The expression
of let-7 family miRNA was reduced in various human
malignancies including lung cancer, hepatocellular carci-
noma, melanoma and prostate cancer [33], and the re-
duction in let-7 expression was associated with poor out-
come in patients with lung cancer [34]. Forced expression
oflet-7 inhibited cell growth and downregulated multiple
oncogenic proteins such as K-ras, c-Myc and HMGA2
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[33,35]. Based on these observations, let-7 family miRNA
have been considered to function as tumor suppressors.
However, let-7 family miRNA function differently in OS,
indicating that their diverse effects are dependent on tis-
sue lineage.

miRNA govern the expression of target proteins
through mRNA degradation and suppression of protein
translation [6]. Proteomics technologies have increasing-
ly been applied for identifying the downstream targets of
miRNA [36, 37]. However, the levels of alteration are of-
ten subtle and cannot be detected by conventional pro-
teomics methods. To identify the proteins targeted by let-
7 family miRNA in OS cells, we performed quantitative
shotgun proteomics analysis (fig. 3a; table 2). Using the
2DICAL platform, we identified 2 let-7-responsive pro-
teins in OS - serpin H1 and vimentin — whose expression
was downregulated or upregulated, respectively, by let-7
family miRNA. In 2DICAL, whole proteins are enzymat-
ically digested into a large array of small peptide frag-
ments having uniform physical and chemical character-
istics, and these are quantified directly by high-speed MS
[22]. The 2DICAL platform is highly advantageous for
clinical proteomics studies, and several cancer biomark-
ers have been successfully identified using this approach
(27, 38, 39].

It is generally accepted that the expression of vimen-
tin represents the mesenchymal phenotypes of various
tumors, indicating that the expression of let-7 family
miRNA induces OS cells to acquire mesenchymal prop-
erties, leading to an increase in tumor aggressiveness. In
osteoblasts, vimentin inhibits the transactivation activ-
ity of an osteoblast-enriched transcription factor, ATF4
(activating transcription factor 4), and thus ATF4-me-
diated osteoblast terminal differentiation [40]. The ex-
pression of let-7 family miRNA is therefore considered
to suppress the differentiation of osteoblasts and con-
tribute to carcinogenesis. Through this osteoblast lin-
eage-specific molecular pathway, let-7 family miRNA
may exert an oncogenic function in OS cells, but not in
other tumors.

Another protein that we identified as a target of let-7
family miRNA was serpin H1 (also called ‘heat shock pro-
tein 47°, HSP47). HSP47 is a stress-inducible collagen-
binding protein that acts as a collagen-specific chaperone
promoting the expression of type I collagen, which is es-
sential for the differentiation of osteoblasts [41, 42]. Our
data showed that OS cells transfected with let-7 family
miRNA had reduced HSP47 expression, suggesting that
this suppression of HSP47 may induce OS cells to dedif-
ferentiate.
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Conclusions

We have conducted a comprehensive functional sur-
vey of miRNA involved in the development of OS. We
found that let-7 family miRNA are invariably expressed
in OS and potentially contribute to OS cell proliferation
and dedifferentiation. The osteoblast lineage-specific
molecular pathway regulated by let-7 family miRNA
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could provide a novel therapeutic target for OS.
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The molecular mechanisms underlying the development of pancre-
atic neuroendocrine tumors (PanNETs) have not been well defined.
We report here that the genomic region of the PHLDA3 gene
undergoes loss of heterozygosity (LOH) at a remarkably high fre-
quency in human PanNETs, and this genetic change is correlated
with disease progression and poor prognosis. We also show that
the PHLDA3 locus undergoes methylation in addition to LOH, sug-
gesting that a two-hit inactivation of the PHLDA3 gene is required
for PanNET development. We demonstrate that PHLDA3 represses
Akt activity and Akt-regulated biological processes in pancre-
atic endocrine tissues, and that PHLDA3-deficient mice develop
islet hyperplasia. In addition, we show that the tumor-suppressing
pathway mediated by MEN1, a well-known tumor suppressor of
PanNETs, is dependent on the pathway mediated by PHLDA3,
and inactivation of PHLDA3 and MEN1 cooperatively contribute
to PanNET development. Collectively, these results indicate the
existence of a novel PHLDA3-mediated pathway of tumor suppres-
sion that is important in the development of PanNETs.

p53 | PH domain | everolimus | p53 target gene | mTOR

euroendocrine tumors (NETs) arise from cells of the en-

docrine and nervous systems, and are found in tissues such
as lung, pancreas and pituitary (1-3). NETSs often produce, store
and release biogenic amines and polypeptide hormones, and
secretary granules containing these products provide a diagnostic
marker for NETs. The mechanisms underlying the development
of NETs remain unclear to date, due to the low incidence of
these tumors and due to the lack of suitable experimental model
systems, including genetically engineered mouse models. Pan-
creatic NET (PanNET), which is probably the best-studied NET,
is the second-most common pancreatic tumor, having an in-
cidence of ~1 per 100,000 individuals. Patients having late-stage
PanNET often harbor tumors that are unresectable or metastatic
and face limited treatment options. Accordingly, the prognosis
of patients having metastatic PanNET is the worst among the
NET subtypes, with a 5-y survival rate of 27-43% (1). Recently, the
drug Everolimus has shown promise in the treatment of PanNETs
(4), providing a significant improvement in progression-free
survival. Everolimus is an inhibitor of mammalian target of
rapamycin (mTOR), a downstream mediator of the phosphoi-
nositide 3-kinase (PI3K)/protein kinase B (AKT) pathway. The
striking efficacy of Everolimus demonstrates the importance of
the PI3K/Akt pathway in the pathology of PanNETS.

In agreement with these clinical results, studies on pancreatic
endocrine cell lines have identified the PI3K/Akt signaling
pathway as a major proliferation and survival pathway in these
cells (5). Activated Akt phosphorylates substrates such as mTOR
and controls various biological processes, including protein syn-
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thesis, proliferation, cell growth, and survival. Regulation of
pancreatic islet B-cell proliferation, cell size, and apoptosis by
Akt has been demonstrated using various mouse models. For
example, transgenic mice overexpressing constitutively active
Akt in p-cells exhibit increased B-cell proliferation and cell size
and decreased induction of apoptosis (6).

Recently, the results of whole exomic sequencing of 10 Pan-
NET specimens were published, revealing several key genetic
alterations (7). In particular, genes in the PI3K/Akt pathway, i.e.,
TSC2, PTEN, and PIK3CA, were mutated in 15% of PanNETs.
However, this represents only a subset of PanNETs, and may not
fully explain the remarkable clinical results achieved by Ever-
olimus in the majority of PanNET patients.

Previously, we have shown that Pleckstrin homology-like
domain family A, member 3 (PHLDA3) is a novel p53-regu-
lated repressor of Akt. The PHLDA3 contains a PH domain
that, we showed, competes with the PH domain of Akt for
binding to membrane lipids, thereby inhibiting Akt translocation
to the cellular membrane and its activation. We also showed that
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