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important role in modulating the sensitivity to chemother-
apy such as cisplatin and 5-FU (24). In the present study, let-
7 expression modulated the chemosensitivity to genotoxic
chemotherapy in esophageal cancer through the IL-6/
STAT3 pathway.

IL-6 is an inflammatory cytokine known to be released
from macrophages and T lymphocytes as well as from
cancer cells (25). Previous studies indicated that 1L-6 is
associated with resistance to chemotherapy in a variety of
malignancies. In ovarian cancer, Wang and colleagues (26)
reported that autocrine production of IL-6 confers resis-
tance to cisplatin and paclitaxel. Iliopoulos and colleagues
(18) reported that IL-6 plays a pivotal role in chemoresis-
tance by inducing the conversion of non-cancer stem cells
to cancer stem cells in breast cancer cells. With regard to
esophageal cancer, one recent study showed that intracel-
lular IL-6 expression after cisplatin exposure is associated
with reduced sensitivity to cisplatin treatment and that
knockdown of 1L-6 expression restored sensitivity to cis-
platin treatment. In the present study, we showed that
esophageal cancer cells release IL-6 after exposure to cis-
platin and that IL-6 activated prosurvival JAK/STAT3 path-
way in an autocrine manner, leading to cisplatin resistance.
On the other hand, another recent report by Gilbert and
Hemann (27) showed that IL-6 secreted from endothelial
cells after treatment with doxorubicin created chemoresis-
tant niche and is involved in increased resistance to DNA
damaging agents in paracrine manner. Indeed, we showed
in this study that let-7 repressed IL-6 activation in esoph-
ageal cancer cells in an autocrine manner during chemo-
therapy, but we think that let-7 can inhibit IL-6 production
from the surrounding normal cells such as fibroblasts,
endothelial cells, and macrophages. Further studies are
needed to clarify whether let-7 represses paracrine IL-6
signal in the surrounding normal tissues in addition to its
effect on autocrine 1L-6 production from cancer cells.

In this study, transfection of let-7c resulted in a significant
reduction in phosphorylated STAT3 in the cells, but it did
not induce any significant change in the expression of Akt
and Erk. Indeed, Akt and Erk are considered to be down-
stream of IL-6, similar to STAT3, and to be involved in
antiapoptotic pathway (26), although their expression can
be regulated by upstream signals other than IL-6. For
example, Akt expression is reported to be regulated by
phosphoinositide 3-kinase (PI3K), mTOR, and phosphate
and tensin homolog (PTEN) deleted from chromosome 10
(28-31). Erk expression is also reported to be regulated by
several receptors protein tyrosine kinases and the mitogen-
activated protein kinase (MAPK) pathway (32-35). One
possible explanation for the lack of significant effect of let-
7¢ transfection on Akt and Erk could be that Akt and Erk
pathways are regulated mainly by signals other than 1L-6
whereas STAT3 is regulated by IL-6 expression in esophageal
cancer cells.

There is increasing evidence that let-7 inhibits IL-6 sig-
naling pathway directly by targeting IL-6. Iliopoulos and
colleagues (18) showed that NF-«B, Lin28, let-7, and IL-6
form an inflammatory positive feedback loop. NF-xB

induces Lin28 expression, leading to inhibition of let-7 and
expression of the encoding IL-6. IL-6 can itself activate NF-
%B, resulting in a positive feedback loop. Another recent
report showed that downregulation of let-7 promotes the
expression of IL-6 and IL-10 during Salmonella infection.
Thus, the association between let-7 and IL-6 under an
inflammatory environment has been described, but this is
the first time to show that the association between let-7 and
IL-6 plays an important role in the sensitivity to chemo-
therapy for cancer. This result suggests that treatment tar-
geting this pathway is likely to enhance the response to
anticancer chemotherapy.

The present study has certain limitations. First, the clin-
ical results were based on retrospective analysis by using
biopsy samples obtained from patients who underwent
preoperative chemotherapy followed by surgery at only one
institution. Second, the current results that let-7 modulates
the chemosensitivity in esophageal cancer through the
regulation of IL-6/STAT3 pathway may be adapted into
cisplatin-based chemotherapy but not other chemothera-
peutic regimens that do not include cisplatin, because
cisplatin-resistant cell line used in this study did not show
resistance to 5-FU nor Adriamycin (data not shown). How-
ever, cisplatin-based chemotherapy is the most widely used
chemotherapeutic regimen for esophageal cancer, although
other chemotherapeutic regimens are used occasionally,
such as taxane-based chemotherapy for esophageal cancer
which has low expression of let-7. Third, before one can
apply the findings that let-7 expression can be used clini-
cally to predict the response of esophageal cancer to che-
motherapy, we need to validate this result in a prospective
multicenter clinical trial.

In summary, we showed that evaluation oflet-7 b and let-
7¢ expression before treatment is potentially useful to
predict the response to chemotherapy in patients with
esophageal cancer. Moreover, the results also showed that
the effect of let-7 expression on chemosensitivity is medi-
ated though downregulation of IL-6/STAT3 pathway. Fur-
ther studies are needed to explore the therapeutic potential
of the let-7/1L-6/STAT3 pathway in genotoxic anticancer
therapy.
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ABSTRACT

Background and Aims. Intratumoral hypoxia affects
every major aspect of cancer biology, but the relationship
between hypoxia-induced genes and hepatocellular carci-
noma has not been fully investigated. From a previously
ranked microarray of hypoxia-inducible genes related to
hepatocellular carcinoma, we focused on a histone H3
lysine 9 demethylase, known as Jumonji domain containing
1A. One function of this demethylase is to amplify
hypoxia-inducible gene expression. We hypothesized that
the demethylase would be a significant marker of hepato-
cellular carcinoma.

Methods. We examined Jumonji domain containing 1A
expression in 110 hepatocellular carcinoma samples with
quantitative real-time polymerase chain reaction and
immunohistochemistry. We performed a small interfering
RNA suppression analysis to determine the biological roles
of the demethylase in proliferation, invasion, and the
expression of epithelial-mesenchymal transition-related
genes.

Results. The level of Jumonji domain containing 1A in
cancer tissues was higher than in normal tissues
(P < 0.0001). Protein expression was significantly related
to gene expression (P < 0.0001). Samples with high
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Jumonji domain containing 1A expression (n = 47) had
higher recurrence rates (P = 0.0006) than those with low
expression. Multivariate Cox regression analysis revealed
that Jumonji domain containing 1A expression was an
independent predictor of recurrence (P = 0.0016), but was
not significantly associated with any clinicopathological
characteristics. Moreover, suppression of Jumonji domain
containing 1A expression in hepatocellular carcinoma cell
lines under hypoxic conditions reduced cell growth inhi-
bition, reduced invasion ability, and arrested epithelial—
mesenchymal transitions.

Conclusion. Jumonji domain containing 1A is a useful
prognostic marker and may ameliorate malignant trans-
formation in hepatocellular carcinoma.

Hepatocellular carcinoma (HCC) is the fifth most
common cancer in the world. HCC causes 500,000 deaths
globally each year, and its incidence is increasing world-
wide, due to the dissemination of hepatitis B and C virus
infections.! Advances in surgical techniques and periop-
erative care have greatly improved the outcome of hepatic
resection for HCC.?™* Nonetheless, long-term survival after
hepatectomy remains unsatisfactory, due to the high inci-
dence of recurrence or metastasis. For these recurrent
HCCs, inducing hypoxia by intercepting the hepatic arterial
blood flow, i.e., transarterial chemoembolization (TACE),
has achieved a pronounced therapeutic effect.””” Although
overall survival was prolonged after HCC treatment, suc-
cess was transient in most patients. In some cases, high
incidence of intrahepatic and/or distant metastases was
observed after hepatic artery occlusion;®™ this suggested
that hypoxia-inducible genes may play a role in increasing
malignant potency in HCC.
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Hypoxia is a characteristic feature of many solid tumors;
it affects every major aspect of cancer biology, including
cell invasion, recurrence, and metastasis.'® In several
cancers, poor prognosis is closely related to intratumoral
hypoxia and/or expression of hypoxia-related endogenous
proteins, including vascular endothelial growth factor,
hypoxia-inducible factor-1, and glucose transporter 1.!71¢
It has been noted that, although hypoxia kills most tumor
cells, it provides strong selective pressure for survival of
the most aggressive and metastatic cells.'” These cells
proficiently escape the noxious hypoxic microenvironment
by activating an invasive epithelial-mesenchymal transi-
tion (EMT), inducing angiogenesis, and promoting other
metastatic programs that ultimately lead to tumor recur-
rence or metastasis.'® > In addition, hypoxia-inducible
gene expression profiles have been associated with poor
prognosis in human cancers.”®> Taken together, these data
suggested that hypoxic conditions significantly affect HCC;
however, it is unclear which hypoxia-inducible genes are
most significantly related to HCC.?*

We previously studied microarray data of liver metas-
tases from colorectal cancer to identify hypoxia-inducible
genes.> Of the 3,000 genes ranked in the microarray data,
the top 30 were identified as hypoxia-inducible genes.
Among the 30 genes, we focused on a histone H3, lysine 9
demethylase known as Jumonji domain containing 1A
(IMJD1A). We showed that JMID1A expression was a
novel, independent, prognostic marker for colorectal can-
cer.”> The functional relevance of JMJDIA has not been
fully clarified, but it appears to cause transcriptional acti-
vation of various downstream target genes and amplifies
hypoxia-inducible gene express.ion.%"29 We confirmed that
JMID1A was induced in three HCC cell lines under hyp-
oxic conditions. We hypothesized that JMJDIA was a
significant gene activator and switch for an epigenetic
pathway in hypoxic conditions; furthermore, JMIDIA
expression may serve as a prognostic marker for HCC.

In this study, we aim to confirm the expression and
localization of JMID1A and assess its potential as a
prognostic indicator in HCC by comparing its expression in
HCC and liver background tissues. Moreover, we per-
formed JMIDIA suppression analysis to determine
whether JMID1A might play a role in increasing the
malignant potency of HCC cells under hypoxic conditions.

MATERIALS AND METHODS
Cell Lines and Culture
Human HCC cell lines (HuH7, PLC/PRE/5TMC and

HepG2) were obtained from the Japan Cancer Research
Resources Bank (Osaka, Japan). Cells were grown in

Dulbecco’s modified Eagle’s medium supplemented with
10% fetal bovine serum, and 100 units/ml penicillin at
37°C in a humidified incubator with 5% CO,. For hypoxic
conditions, cells were grown for up to 72 h at 37°C in a
continuously monitored atmosphere of 1% 02, 5% CO,,
and 94% N, in a multigas incubator (model 9200; Waken-
yaku Co., Kyoto, Japan). Control/reference cells were
cultured in normoxic conditions (21% O,).

Clinical Samples

A total of 110 quality-verified HCC samples and paired
noncancerous samples were obtained from patients who
underwent liver resection from 2000 to 2005 at Osaka Uni-
versity Hospital. All patients were clearly diagnosed with
HCC, based on clinicopathological findings. Mean age was
63.4 £ 0.9 years, male-to-female ratio was 89:21; tumor
size was 5.1 &= 0.3 cm; and mean follow-up time was
32.6 &£ 3.3 months. Patient clinicopathological features are
presented in Table 2. During surgery, HCC and corre-
sponding noncancerous tissue samples were immediately
suspended in an RNA stabilization reagent (RNA Later;
Ambion, Inc., Austin, TX) and stored at —80°C until RNA
extraction. Other resected HCC specimens were preserved in
paraffin blocks. The use of resected samples was approved
by the Human Ethics Review Committee of the Graduate
School of Medicine, Osaka University, and informed con-
sent was obtained from each patient included in the study.

Immunohistochemistry

Immunohistochemical studies of JMIDIA were per-
formed on 87 surgical specimens of HCC, as described
previously.’® Briefly, formalin-fixed, paraffin-embedded
tissues were deparaffinized, microwaved for antigen retrie-
val, incubated with specific, rabbit polyclonal, anti-TMJD1A
antibodies (1:100 dilution; Proteintech Group, Inc., Chicago,
IL) for 1 h at room temperature, and detected with avidin—
biotin complex reagents (Vector Laboratory Inc., Burlin-
game, CA) and diaminobenzidine. All sections were
counterstained with hematoxylin. For negative controls, the
primary antibody was substituted with nonimmunized
immunoglobulin G (Vector Laboratories)

Western Blot Analysis

Western blot analysis was performed as described pre-
viously.®! Briefly, total protein was extracted from HCC
cell lines in radio immunoprecipitation assay (RIPA) buffer
(Thermo Fisher Scientific, Inc., Rockford, IL). Aliquots of
total protein (12 pg) were electrophoresed on sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE), 10% Tris-HCl gels (Bio-Rad Laboratories Inc.,



Clinical Significance of JMID1A in HCC

S357

Hercules, CA). The separated proteins were transferred to
polyvinylidene difluoride membranes (Millipore Co.,
Billerica, MA) and incubated with primary antibodies for
1 h. Proteins were detected with the anti-JMJD1A antibody
(diluted 1:800) and anti S-actin antibody (diluted 1:1,000;
Sigma, Co., Tokyo, Japan).

gRT-PCR

Total RNA was isolated from cultured cells or tumor
tissues with Trizol reagent (Invitrogen, Carlsbad, CA,
USA) as previously described.>> Complementary DNA was
synthesized from 8.0 pg total RNA with the SuperScript
first-strand synthesis system (Invitrogen), according to the
manufacturer’s protocol.

Real-time quantitative polymerase chain reactions (gRT-
PCR) were conducted with the LightCycler-FastStart DNA
Master SYBR Green I kit (Roche Applied Science) with the
gene-specific oligonucleotide primers presented in
Table 1.2°-393273% Amplifications were performed in tripli-
cate with the LightCycler system (Roche Applied Science,
Indianapolis, IN) and the following protocol: initial dena-
turation at 95°C forl0 min, followed by 45 cycles of 95°C
for 10 s, 55°C for 10 s, and 60°C for 10 s. Melting curve
analysis was performed to distinguish specific products from
nonspecific products and primer dimers. Relative expression
was calculated as the ratio of specific messenger RNA
(mRNA) to endogenous f-actin mRNA in each sample.

Transfection of Small Interfering RNA (siRNA)

For siRINA suppression, we used a Stealth RNAi kit
(Invitrogen, Carlsbad, CA) with double-stranded RNA
duplexes that targeted human JMIDI1A, (5-AGAAGA
AUUCAAGAGAUUCCGGAGG-3/5-CCUCCGGAAUCU
CUUGAAUUCUUCU-3), and negative control siRNA
(NC), as previously described.?®> HCC cell lines were trans-
fected with the siRNAs in lipofectamine RNAIMAX
(Invitrogen), according to the manufacturer’s protocols.

Proliferation and Invasion Assays

The proliferation assay was performed with a Cell
Counting Kit-8 (Dojindo Molecular Technologies,

Rockville, MD), as described previously,35 Briefly, the
viable cell number was determined by the absorbance value.
We calculated the ratios of day 0 absorbance today 1, 2 or 3
absorbance values. The invasion assay was performed with
Transwell cell culture chambers (BD Biosciences, Bedford,
MA), as described previously.’ Briefly, 5 x 10’ cells were
seeded in triplicate on a Matrigel-coated membrane. After
48 h, cells that had invaded the undersurface of the mem-
brane were fixed with 100% methanol and stained with 1%
toluidine blue. Four microscopic fields were randomly
selected for cell counting.

Statistical Analysis

Statistical analysis was performed with Student’s z-test
or Fisher’s exact test for categorical data and the Mann—
Whitney U test for nonparametric data. Correlation signif-
icance was assessed with Pearson’s correlation coefficient
test. Receiver operating characteristic (ROC) curves were
established by plotting positive versus (l—negative)
immunohistochemical samples. The Youden index (sensi-
tivity -+ specificity — 1) was used to determine the optimal
cutoff point for IMIDIA mRNA levels to predict disease-
free survival.>” The Kaplan-Meier analysis and the log-rank
test were used to construct the disease-free survival curve
and to evaluate differences. The prognostic value of each
clinicopathologic characteristic was first determined by
univariate Cox regression analysis. Parameters significantly
related to survival on univariate analysis were included in
multivariate analysis to identify significant clinicopatho-
logic factors. P-values < 0.05 were considered statistically
significant. All statistical analysis was carried out with JMP
8.0 software (SAS Institute, Tokyo, Japan).

RESULTS

Relationship between JMIDIA mRNA and Protein
Expression

JMJID1A mRNA expression was significantly higher in
HCC tissues (1.03 & 2.67 x 107, mean + SD; 2.82, med-
ian; n = 110) than in corresponding noncancerous tissues
(0.133 + 0.027, 0.119; n =21) (Fig. la, P < 0.0001).
JMIDIA protein expression was observed in 26 of §7 HCC

TABLE 1 Primers used for

RT-PCR assay Gene

Sense primer

Antisense primer

JMIDI1A
E-cadherin
N-cadherin
Twist
f-Actin

5-GCAAAGGACACGGAGAAGAT-3'
5-TGCCCAGAAAATGAAAAAGG-3'
5-TGAAACGCCGGGATAAAGAACG-3’
5'-GGGAGTCCGCAGTCTTACGA-%
5-TTGTTACAGGAAGTCCCTTGCC-3

5'-CCCAGCCTTGAACTCCATAC-3'
5-GTGTATGTGGCAATGCGTTC-3’
5-TGCTGCAGCTGGCTCAAGTCAT-3’
5'-AGACCGAGAAGGCGTAGCTG-3'
5'-ATGCTATCACCTCCCCTGTGTG-3
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FIG. 1 JMID1A mRNA and protein expression in resected HCC
specimens. a JMID1A mRNA expression determined by gRT-PCR.
mRNA levels were normalized to endogenous f-actin mRNA
(JMID1A mRNA/f-actin mRNA) for expression in HCC tumors
(n = 110) and noncancerous tissues (n = 21). Horizontal lines
indicate median values for each group. b-e Representative

tissues (Fig. 1b—d), but was not detected in corresponding
noncancerous tissues (Fig. le). Of the 26 positively
stained specimens, 22 showed staining only in the cyto-
plasm (Fig. 1c), and 4 showed staining in the nucleus and
cytoplasm (Fig. 1d). In tissues positive for JMJID1A pro-
tein, the mRINA expression was higher than that observed
in tissues negative for JMID1A protein (1.10 &£ 5.61 %
107 versus 2.97 + 8.20, respectively; mean &= SD, P <
0.0001).

Based on the correlation between JMID1A mRNA and
protein expression, we grouped the specimens by high and

Wm’% :,m,

immunohistochemical stains for JMIDIA: b HCC tissues
(T) showed strong staining compared with corresponding noncancer-
ous (N) tissues. ¢, d High-power fields showed that IMID1A staining
was localized in ¢ the cytoplasm, and d both the nucleus and
cytoplasm of HCC tissues. e JMJIDIA was not detected in the
corresponding noncancerous tissues. Scale bars 200 pm

low expression levels. To identify lesions with the highest
positivity in both mRNA and protein, we used ROC curve
analysis of protein reactivity to determine an appropriate
cutoff value in the mRNA expression levels of corre-
sponding samples (Supplementary Fig. 1). The area under
the ROC curve was 0.893; the JMID1A mRNA cutoff
value of 2.15-fold gave sensitivity and specificity for
positive IMID1A protein reactivity of 84.6% and 80.3%,
respectively. With this cutoff value, we divided HCC
samples into JMJD1A-high (n = 47) and JMID1A-low
(n = 63) expression groups.
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FIG. 2 Disease-free survival analysis according to protein and
mRNA expression. Disease-free survival in patients with HCC after
curative resection. Low and high JMID1A expression was based on
the cutoff value (2.15-fold) for mRNA expression

Patient Background and Survival in JMJIDIA-High
and JMIDI1A-Low Groups

No significant differences were found in patient back-
grounds in the JMIDI1A-high and JMID1A-low groups
(Table 2). In addition, no significant differences were
found in overall survival between groups (P = 0.6477;
Table 3); the 3-year survival rates of JMJD1A-high and
JMID1A-low groups were 77.8% and 81.6%, respectively
(data not shown). However, cancer-related disease-free
survival was quite different between groups (P = 0.0006,
Fig. 2); the 3-year survival rates of JMJD1A-high and
IMID1A-low groups were 63.5% and 88.5%, respectively
(P = 0.0006; Table 3). Two clinicopathological parame-
ters were also significantly associated with 3-year survival
rates: Union for International Cancer Control (UICC) stage
(P = 0.0083) and microscopic portal vein invasion (PVTT,
P = 0.0380). However, multivariate Cox regression anal-
ysis of these parameters revealed that only JMIDIA
expression remained an independent prognostic factor
(P = 0.0016; hazard ratio = 3.00 [1.54-5.97], Table 3).

Effects of JMIDIA Expression on Growth, Invasion,
and EMT in HCC Cells

To assess potential mechanisms of JMID1A in HCC
recurrence, an in vitro knockdown experiment was per-
formed with siRNA in the HCC cell lines, HuH7, PLC, and
HepG2. IMIDI1A expression was lowest in PLC cells, but
the differences among cell lines were not significant
(Fig. 3a). Suppression of JMID1A by siRNA was con-
firmed with gRT-PCR and Western blotting (Fig. 3b).

To evaluate the effects of hypoxia on HCC cells, we
checked growth ability, invasion ability, and expression of
EMT-related genes. As described previously, hypoxia reduced

proliferation, increased invasive activity, and increased
expression of EMT-related genes (Fig. 3c-e). %%

Next, we evaluated the effect of suppressing IMID1A in
hypoxic and normoxic conditions.

After 72 h of treatment, hypoxia-induced growth inhi-
bition was reduced with JMID1A suppression (Fig. 3¢); for
example, in the HuH7 cell line, hypoxia inhibited prolif-
eration by 15.5 + 0.6% (P = 0.047); this was reduced to
2.4 £ 0.4% inhibition with hypoxia after IMIDIA siRNA
treatment (P < 0.01). Similar effects were observed in the
HepG2 and PLC cell lines (data not shown).

Additionally, in HuH7 cells, hypoxia stimulated inva-
sion by 5.60 £ 0.1-fold (P < 0.001; Fig. 3d); however,
this was reduced to only 2.93 -+ 0.1-fold stimulation when
IMID1A was suppressed with siRNA treatment. Similar
effects were observed in the other cell lines (data not
shown). Therefore, siRNA treatment significantly reduced
cell invasion stimulated by hypoxic conditions (P < 0.01).

EMT was evaluated by quantifying the expression of
representative EMT-related mRNAs, including E-cadherin,
N-cadherin, and Twist, by qRT-PCR (Fig. 3e). E-cadherin
mRNA was expressed in all three cell lines, but N-cadherin
and Twist mRNA were expressed at very low or unde-
tectable levels. Hypoxic conditions caused a significant
reduction in E-cadherin expression and overexpression of
both N-cadherin and Twist in all cell lines. JIMJID1A sup-
pression with siRNA apparently reduced E-cadherin
expression under normoxic conditions; however, under
hypoxic conditions, JMJIDIA suppression blocked the
effects of hypoxia on E-cadherin, N-cadherin, and Twist
mRNA expression.

DISCUSSION

In a preliminary study, we identified several molecular
markers that could predict poor prognosis in patients with
HCC.*° Furthermore, we performed transcriptome analysis
to explore new molecular indicators.*' ™ However, those
insights were not directly related to hypoxia-inducible
genes, which are thought to confer malignant potential in
other cancers.

For this reason, we compared our previously identified
hypoxia-inducible genes with microarray data derived from
three HCC cell lines exposed to hypoxic conditions.””> We
found high mRNA levels for 26 genes (data not shown); of
those, vascular epithelial growth factor ranked 3rd, egg-
laying-defective nine homolog 3 ranked 5th, adrenomed-
ullin ranked 21st, and JMJIDIA ranked 9th. All had
previously been reported to be poor prognostic factors for
human malignancies.>>**¢ Next, we performed a pilot
study using previously published microarray data that
represented 139 HCC samples (from patients not included
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TABLE 2 Univariate analysis
of patient characteristics and
JMID1A mRNA expression

HBYV hepatitis B virus, HCV
hepatitis C virus, AFP o-
fetoprotein, PIVKA-II protein
induced by vitamin K absence
or antagonist I, TACE
transarterial
chemoembolization, PVIT
portal vein tumor thrombosis,
IM intrahepatic metastasis,
CLIP Cancer of the Liver Italian
Program score, JIS Japan
Integrated Staging, UICC Union
for International Cancer
Control, NL normal liver, CH
chronic hepatitis, LC liver
cirrhosis

TABLE 3 Univariate and
multivariate analyses of disease-
free survival

PVTT portal vein tumor
thrombosis, JIS Japan Integrated
Staging, CLIP Cancer of the
Liver Italian Program score, CH
chronic hepatitis, LC liver
cirrhosis, NL normal liver, DFS
disease-free survival

P-value < 0.05 was considered
statistically significant, and bold
indicates significant differences

Variable IMJDIA mRNA expression P-value
Low (n = 63) High (n = 47)
Age (<65 years:65<) 30:33 22:25 0.9329
Sex (male:female) 47:16 42:5 0.0844
HBYV infection (negative:positive) 50:13 36:11 0.7284
HCYV infection (negative:positive) 26:37 20:27 0.8926
Child-Pugh (A:B) 54:9 44:3 0.1766
AFP (<400 ng/ml:400<) 50:13 33:14 0.2717
PIVKA-II (<40 mAU/m: 40<) 59:4 45:2 0.6283
Preoperative TACE (yes:no) 35:28 28:19 0.6732
Tumor size (<3 cm:3<) 19:44 13:34 0.7750
Tumor number (single:multiple) 22:41 16:31 0.9237
Macroscopic PVTT (absent:present) 53:10 32:15 0.0654
Macroscopic IM (absent:present) 43:20 31:16 0.7997
CLIP score (0 or 1:2<) 28:35 18:29 0.5174
JIS (0-2:3<) 46:17 31:16 0.4253
UICC stage (I or ILII or IV) 39:24 26:21 0.4874
Edmondson (I or ILIII or IV) 31:32 21:26 0.6380
Microscopic PYTT (absent:present) 45:18 27:20 0.1279
Microscopic IM (absent:present) 50:13 34:13 0.3910
Background of the liver (NL or CH:LC) 37:26 26:21 0.7206
Univariate Multivariate
n 3-year DFS P-value HR (95% CI) P-value
(%)
Age (<65 years:65<) 52:57 84.0:71.8 0.2010
Sex (male:female) 89:21 75.8:86.2 0.6689
HBYV infection (negative:positive) 86:24 76.1:83.6 0.3393
HCV infection (negative:positive) 46:64 83.2:74.6 0.0977
Child-Pugh (A:B) 98:12 77.1:85.7 0.1716
AFP (<400 ng/ml:400<) 83:27 80.2:68.7 0.4958
PIVKA-II (<40 mAU/ml1:40<) 104:6 77.5:100 0.4438
Preoperative TACE (yes:no) 63:47 76.8:79.6 0.8302
Tumor size (<3 cm:3<) 32:78 83.4:75.9 0.1474
Tumor number (single:multiple) 38:72 82.9:64.3 0.1273
Macroscopic PVTT (absent:present) 85:25 80.8:67.5 0.1855
Macroscopic IM (absent:present) 74:36  82.9:61.1 0.1167
CLIP score (0 or 1:2<) 46:74 84.5:724 0.1418
JIS (0-2:3<) 77:33  86.5:51.7 0.1045
UICC stage (I or ILIII or IV) 65:45 86.6:60.4 0.0083 2.1127 (0.967-4.098) 0.0517
Edmondson (I or ILIH or IV) 52:58 82.6:74.1 0.8658
Microscopic PVTT (absent:present) 72:38 86.4:47.9 0.0380 0.7813 (0.656-2.986) 0.3768
Microscopic IM (absent:present) 84:26  77.4:79.0 0.3984
Background of the liver 63:47 78.5:76.9 0.7272
(NL or CH:LC)

JMID1A (Jow:high) 63:47 88.5:63.5 0.0006 2.9984 (1.54-5.97) 0.0016
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in the series reported herein).*> We checked those four
genes (vascular epithelial growth factor, egg-laying-
defective nine homolog 3, adrenomedullin, and JMJD1A)
to determine the relationship between expression level and
prognosis using these microarray data; there, IMID1A was
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the only significant prognostic marker for HCC (P =

0.0234, data not shown).

Based on the above preliminary data, in this study, we
aimed to evaluate the role of JMID1A expression in HCC.
We demonstrated that JMJD1A expression was higher in
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<FIG. 3 JMJDI1A expression, proliferation, invasion, and EMT-related
gene expression under hypoxic conditions. a IMID1A mRNA (upper
panel) and protein (lower panel) expression in HCC cell lines (PLC,
HuH?7, and HepG2). Normoxic conditions. The data represent mean =%
SD. b PLC cells were treated with (Si) or without (NC) RNA
interference of JMJD1A under hypoxic (hypo) or normoxic (normo)
conditions. JMJD1A mRNA (upper panel) values represent mean =+
SD; protein (lower panel) expression was normalized by endogenous
p-actin expression. ¢ Proliferation analysis (cell viability) of HuH7
cells under normoxia (normo) or hypoxia (hypo), with (Si) or without
(NC) RNA interference of JMIDIA expression. The double, wavy
line indicates a break in the numbering on the Y-axis. The data
represent mean =& SD. *Significant difference between the values
under the horizontal line. d Invasion assay shows the number of
invasive HuH7 cells under normoxia (normo) or hypoxia (hypo), with
(Si) or without (NC) RNA interference of IMID1A expression. The
data represent mean == SD. *Significant difference between the
values bracketed. e Epithelial-mesenchymal transition expression.
Expression of representative mRNAs, E-cadherin (E-cad), N-cadherin
(N-cad), and Twist was evaluated under normoxia (normo) or hypoxia
(hypo), with (Si) or without (NC) RNA interference of JMIDIA
expression. The data represent mean = SD. Significant differences
between values under the horizontal lines are indicated. (*P < 0.01,
#p = 0.0125)

HCC tissues than in the corresponding background liver
tissues. Furthermore, we found that high JMID1A expres-
sion was a significant factor for predicting HCC recurrence.
Finally, we showed that suppressing JMJD1A expression
with siRNA treatment reduced the effects of hypoxia on
malignant behaviors.

We demonstrated that both mRNA and protein expres-
sion were higher in HCC samples than in the corresponding
normal liver tissues. Moreover, imuunostaining showed
that JMID1A was localized in both the nucleus and cyto-
plasm. This was unexpected, because JMID1A is a histone
H3 lysine 9 demethylase that activates transcription;
therefore, IMJID1A would be expected to localize to the
nucleus. However, according to Okada et al., when sper-
matids start to elongate, JMJD1A localizes to the
cytoplasm and forms distinct foci; these foci persist until
spermiogenesis and disappear in mature spermatozoa.”’
Therefore, in some settings, JMID1A can localize to the
cytoplasm. In this study, 26 of 87 specimens were immu-
nohistochemically positive, including 22 samples that had
stained only in the cytoplasm. Nevertheless, there was a
significant correlation (P < 0.0001) between positive
staining and JMJDIA mRNA expression. Thus, we con-
cluded that the positive immunohistochemical reactivity
represented true positive expression.

JMJID1A expression was significantly lower in noncan-
cerous than in HCC samples. This suggested that IMID1A
was a potential marker for resected HCC. (Note that,
because the IMID1A-positive lesion might be variable in the
tissue depending on relative hypoxia or other tumor-related

reasons, this should be evaluated not in biopsy samples but
in resected HCC samples.) Furthermore, hypoxia is thought
to be induced by TACE in HCC tissue. Nonetheless, there
was no significant change in JMID1A expression with
preoperative TACE. That suggested that IMID1A expres-
sion was not only influenced by hypoxic conditions
initiated by TACE. This is consistent with the fact that
pulmonary metastasis after hepatic artery occlusion
occurred only in some cases. In our hands, three HCC cell
lines cultured under hypoxic conditions in vitro showed
increases in JMJDIA mRNA expression that reached
maximum levels (3- to 6-fold) after 48-72 h (data not
shown).

Our finding that high IMJDIA expression was signifi-
cantly associated with HCC recurrence gave rise to the
notion that JMJID1A may play a significant role in the
malignant transformation of HCC. Although IMID1A was
not significantly associated with overall survival, it was
associated with disease-free survival. Several authors
mentioned that the prognostic factors for survival after
resection were not always coincident with those for HCC
recurrence, and furthermore overall survival would be
mainly related to vascular invasion and liver function.*’*
Thus, our results are not in conflict with the consensus.

We also found that siRNA suppression of JMIDIA
caused a reduction in hypoxia-induced cellular invasion.
Our results suggested that this reduction was due to inhi-
bition of EMT. Although no studies have indicated that
IMID1A could lead to EMT in other cancers, it was
reported that JMJIDIA positively regulated the expression
of pluripotency-associated genes in embryonic stem cells,
which self-renew indefinitely.’*! Moreover, in JMJID1A-
deficient mice, mesenchymal tissues primarily developed
into fat tissue in adults.’® Taken together, the evidence
suggests that JMJID1A may maintain the undifferentiated
state, particularly in mesenchymal stem cells; thus, we
hypothesized that, in epithelial cancer, such as HCC,
JMID1A expression may induce EMT. In the present
study, our results on invasion and EMT expression were
consistent with that hypothesis. Also, in proliferation assay,
suppression of JMJD1A caused a decrease in the growth
inhibition under hypoxic conditions. In hypoxic conditions,
cells exhibit various behaviors to survive, and hypoxia-
inducible genes play a critical role in eliciting cellular
responses; for example, they may induce cell cycle arrest
or apoptosis in irreversibly damaged cells.>>** Our data
suggested that suppressing JMJDIA did not cause these
cellular responses under hypoxic conditions.

In summary, our results suggest that JMJID1A is a sen-
sitive recurrence marker, and JMJIDIA can promote
malignant transformation via EMT. Moreover, JMID1A
could be a promising therapeutic target for treating HCC.
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Breast cancer is one of the most common cancers in humans.
However, our understanding of the cellular and molecular mecha-
nisms underlying tumorigenesis in breast tissues is limited. Here, we
identified a molecular mechanism that controls the ability of breast
cancer cells to form muliicellular spheroids (mammospheres). We
found that heregulin (HRG), a ligand Tor ErbB3, induced mammo-
sphere formation of a breast cancer stem cell (BCSCO-enriched
population as well as in breast cancer cell lines. HRG-induced mam-
mosphere formation was reduced by treatment with inhibitors for
phosphatidyl inositol 3-kinase (PI3K) or NF-xB and by expression of
IkBa-Super Repressor (lkBaSR), a dominant-negative inhibitor for
NF-kB. Moreover, the overexpression of IkBaSR in breast cancer cells
inhibited tumorigenesis in NOD/SCID mice. Furthermore, we found
that the expression of IL8, a regulator of self-renewal in BCSC-
enriched populations, was induced by HRG through the activation
of the PI3K/NF-xB pathway. These findings illusiraie that HRG/
ErbB3 signaling appears to maintain mammosphere formation
through a PIBK/NF-«xB pathway in human breast cancer.

EGF | HER | tumor sphere | cancer stem cells | inflammation

Cancer stem cells (CSCs), which make up only a small pro-
portion of heterogeneous tumor cells, may possess a greater
ability to maintain tumorigenesis than other tumor cell types (1,
2). CSCs can self-renew and simultaneously produce differenti-
ated daughter cells; thus they can strongly proliferate until they
reach their final differentiated state. With improvements in the
isolation of CSCs, there is now a growing body of evidence that, in
some cases of hematologic and solid tumors, a cancer stem cell
population can be enriched based on phenotype (3-10). In human
breast cancers, breast cancer stem cells (BCSCs) are enriched
in the CD44™%/CD24'°" cell population, whereas the CD44™/
CD24"" cells represent a more differentiated phenotype with
limited stem cell-like potential (3). Because BCSCs withstand
anoikis in culture, they expand under anchorage-independent
conditions, giving rise to clonal spheroids (mammospheres),
which can be serially passaged in vitro (11, 12). These processes
can in part recapitulate the breast tumorigenesis process (13-16).
To develop more effective cancer therapies, it would be reason-
able to target molecules that have a critical role in the mainte-
nance of mammospheres. However, the molecular mechanism by
which mammospheres are maintained is still largely obscure.
NF-«B is a transcription factor complex that is typically
a heterodimer of p50, p52, p65 (RelA), RelB, and c-Rel. It is
usually inactive and bound to IxB, an inhibitory protein, in the
cytoplasm. The primary mechanism of regulation of NF-«xB ac-
tivity is through activation of the IKK complex, including het-
erodimers of IKKa and IKK, as a result of various signaling
pathways. The serine-threonine kinase Akt is one of the acti-
vators of IKKp (17), and the activated IKK complex phos-
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phorylates the IxBa protein, resulting in its ubiquitination, pro-
teasome-mediated degradation, and subsequent release of NF-
«B for nuclear translocation. Released NF-xB translocates to the
nucleus and binds to the kB sequence, where it promotes the
transcription of various genes, including inflammatory chemo-
kines. Recently, we found activation of inflammatory signaling
pathways in association with an increase in NF-«B activity in
BCSC-enriched populations (18, 19). However, the role of NF-
kB and the molecular mechanisms by which NF-«xB is activated
during mammosphere formation remain unknown.

Heregulin (HRG, also called neuregulin) is a ligand for
ErbB3, which is one of the four members of the EGF receptor
ErbB family (20). Expression of HRG in the mammary gland
induces adenocarcinomas in animal models (21) and favors
metastatic spread of breast cancer cells (22). HRG is expressed
in 30% of human breast cancer patients (23) and correlates with
poor histological grade (24). Recently, it was reported that
ErbB2 overexpression increases the stem/progenitor cell pop-
ulation of both normal and malignant mammary cells (25);
however the role of HRG and ErbB3 in regulating the properties
of BCSC-enriched populations remains largely unknown.

In the present study, we showed that HRG induced mam-
mosphere formation of cancer cells from a BCSC-enriched
population. Moreover, our findings suggest that the activity of
phosphatidyl inositol 3-kinase (PI3K)/NF-xB is essential for the
HRG-induced mammosphere formation.

Results

HRG Induces Mammeosphere Formation of a BCSC-Enviched Popu-
lation. To test the mammosphere-forming ability of a BCSC-
enriched population, we initially isolated CDA44MeY/CD24'w/
lineage™ BCSC-enriched population and CD44'°¥/CD24"#%lin-
eage” nonstem cells from human breast cancer tissue. When
these cells were cultured with conventional mammosphere cul-
ture media containing EGF, bFGF, and B27 supplement (13,
26), the CD44™8%/CD24'" lineage™ BCSC-enriched population
generated mammospheres, whereas the CD44'%/CD24%8" line-
age” nonstem cells did not form mammospheres (Fig. 1 4 and
B). These observations suggest that cells with the capacity to
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Fig. 1. Effect of HRG on mammosphere formation of a BCSC-enriched
population. (A) Representative images of primary cultures of mammo-
spheres formed from the sorted CD44"9%/CD24'°"/lineage™ BCSC-enriched
population (Leff) and the CD44"°"/CD24"9Mlineage™ nonstem cell pop-
ulation (Right) obtained from a specimen of invasive ductal carcinoma (IDC1,
Table S1). The cells from IDC1 were incubated with EGF/bFGF/B27 (Top) or
with 20 ng/mL HRG (Bottom). Scale bar = 100 pm. (B) The spheres were
counted and the percentage of mammosphere-forming cells were de-
termined in each group (data are mean = SD; n = 4). (C) Mammosphere assay
in MCF7, T47D, BT20, HCC1954, and HCC1143 breast cancer cell lines treated
with 20 ng/mL EGF or 20 ng/mL HRG (data are mean + 5D; n = 4, **P < 0.01,
*P < 0.05, relative to the values in the respective untreated controls). (D)
Images showing mammosphere formation in MCF7 cells treated as indicated
in (C). Scale bar = 100 pm. (E) Nanog protein expression levels in the parental
cells growing in 2D adherent (Ad) culture, sphere cells cultured with 20 ng/
mL HRG (H) and sphere cells cultured with EGF/bFGF/B27 (E/F).

form mammospheres are enriched in CD44™8%/CD24°" /lineage™
cells, confirming that mammospheres can be derived from
BCSC-enriched populations as described previously (26, 27).

To examine the effects of HRG on the mammosphere for-
mation, we cultured these cells with HRG in the absence of
EGF, bFGF, or B27 supplement and then counted the number
of mammospheres that formed. CD44™8%/CD24""/lineage™
BCSC-enriched population cultured with HRG generated
mammospheres at similar frequencies as those cultured with
EGF/bFGF/B27, whereas CD44°%/CD24"lineage™ nonstem
cells did not generate mammospheres (Fig. 1 4 and B). These
findings suggest that HRG has the ability to induce mammo-
sphere formation of BCSC-enriched population.

To further investigate the effect of HRG, we examined mammo-
sphere formation in five breast cancer cell lines treated with HRG.
Similar to the effects of HRG on primary human breast cancer cells,
HRG increased mammosphere formation in four of the five breast
cancer cell lines (Fig. 1 C and D) with an efficiency comparable
to that of EGF. The HRG-induced mammospheres expressed the
stem cell marker Nanog, comparable to mammospheres cultured
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with EGF/oFGEF/B27 (Fig. 1E). Together, these results snggest that
HRG plays an important role in enhancing the mammosphere for-
mation of BCSC-enriched populations.

HRG Up-Regulates NF-xB Through PI3K/Akt Activation. To examine
whether HRG treatment activates the ErbB2/ErbB3 pathway, we
investigated the effect of HRG on the phosphorylation levels of
ErbB2, ErbB3, ERK, and Akt in three breast cancer cell lines.
HRG markedly induced the phosphorylation of ErbB2, ErbB3,
ERK, and Akt (Fig. 24) in all three cell lines, suggesting that
HRG strongly activates ErbB2 and ErbB3, which leads to the
activation of ERK and the PI3K/Akt pathway. To confirm that
HRG promotes the interaction between ErbB2 and ErbB3, we
performed an immunoprecipitation analysis after treatment with
HRG. The analysis revealed that treatment with HRG led to
increased interactions between ErbB3 and ErbB2 (Fig. 2B).

Because NF-«B is a downstream target of Akt, we investigated
whether the NF-xB signaling pathway was also altered by HRG
treatment. IKKo/p are the upstream kinases involved in the
phosphorylation of IxBa, which leads to the nuclear trans-
location of NF-«B. Treatment with HRG markedly induced the
phosphorylation of Akt and IKKo/f within 10 min and the
phosphorylation of IxBa and the NF-«xB subunit RELA after 30
min (Fig. 2C). To examine the DNA-binding activity of RELA
after HRG stimulation, we quantified the intensity of the RELA/
DNA complex by ELISA at various time intervals. Treatment
with HRG induced a marked increase in the binding activity of
RELA after 1 h, and then this activation gradually decreased
until 4 h (Fig. 2D). To test whether the activation of RELA by
HRG was dependent on the PI3K/Akt pathway, we pretreated
cells with 1.Y294002, an inhibitor of PI3K before the addition
of HRG. As anticipated, the HRG-induced activation of NF-«xB
was completely inhibited by LY294002 in a manner similar to
the inhibition after treatment with DHMEQ, a specific inhibitor
of NF«B (28) (Fig. 2E and Fig. SI). These results showed
that NF-xB was activated by HRG through the PI3K/Akt path-
way. Because our previous observations suggested that the
NF-«B pathway is enriched in BCSCs (19), we speculated that
the HRG/PI3K/Akt/NF«B axis may have a role in regulating .
mammosphere formation.

HRG/PI3K/NF-xB Axis Controls Mamimosphere Formation. To eluci-
date whether NF«B or PI3K influences HRG-induced mam-
mosphere formation, we treated MCF7 cells with HRG,
together with DHMEQ or L'Y294002. Treatment with DHMEQ
or 1Y294002 decreased the frequency of mammosphere for-
mation in a dose-dependent manner (Fig. 34); however, the
sizes of the mammospheres were not significantly changed,
suggesting that the activities of NF-xB or PI3K affect mammo-
sphere initiation but do not primarily influence cell proliferation
during mammosphere growth. To test secondary mammosphere
formation, primary mammospheres generated in the presence of
DHMEQ or LY294002 were dissociated into single cells and
incubated with HRG in the absence of the inhibitors (Fig. 3B).
We found that the cells derived from primary mammospheres
formed in the presence of DHMEQ or L'Y294002 did not form
secondary mammospheres as efficiently as cells from untreated
mammospheres (Fig. 3 C and D). These findings suggest that the
activities of NF-xB and PI3K are required to maintain mam-
mosphere cells with the ability to initiate HRG-induced mam-
mosphere formation. In agreement with these findings, we found
that lapatinib, an inhibitor of EGF receptor and ErbB2 tyrosine
kinases, decreased NF-xB activity and mammosphere formation
(Fig. S2 and SI Results). To determine whether DHMEQ or
L'Y294002 induces apoptosis, we stained mammosphere cells
with propidium iodide (PI) following inhibitor treatments and
then analyzed the cell-cycle status by flow cytometry (Fig. S3).
There was no apparent sub-G1 cell population, indicating that
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Fig. 2. HRG induces the ErbB/PI3K/AkUNF-xB pathway. (4) MCF7, T47D, and BT20 cells were treated with 100 ng/mL HRG for 10 min, and protein expression
levels were determined by immunoblotting. (B) MCF7 cells were treated with 100 ng/mL HRG for 10 min, and immunoprecipitation (IP) assays were performed
with the indicated antibodies. (C) MCF7 cells were treated with 100 ng/mL HRG for 10, 30, and 60 min. Protein expression levels were determined by im-
munoblotting. (D) MCF7 cells were treated with 100 ng/mL HRG for 1, 2, 4, 8, and 16 h. The DNA binding activity of RELA was quantified by ELISA (data are
mean + SD; n = 3). (F) MCF7 cells were treated with 5 pg/mL DHMEQ (NF-xB inhibitor) or 10 pM LY294002 (PI3Kinase inhibitor) for 2 h, and then the cells were
treated with 100 ng/mL HRG for 30, 60, and 90 min. The DNA-binding activity of RELA was quantified by ELISA (data are mean + SD; n = 3).

the inhibitors did not induce apoptosis at the effective concen-
trations for mammosphere formation.

NF-xB Is Required to Maintain Mammosphere-Forming Ability and
Tumorigenic Potential of MCF7 Breast Cancer Cells. To further vali-
date these findings, we overexpressed mutant IxBa (IxkBaSR),
a dominant-negative inhibitor of NF-xB, in MCF7 cells with a
lentiviral vector. Overexpression of mutant IxBo resulted in
a decrease in the number of HRG-induced mammospheres
compared with the vector-transduced cells (Fig. 3E). We also
attempted to determine whether NF-xB regulates the mammo-
sphere-forming ability in culture containing EGF/bFGEF/B27,
and found that NF-«B activity was required for mammosphere
formation in such a culture condition. These results suggest that
NF-B is a mediator of mammosphere-forming capacity in both
HRG- and EGF/bFGF/B27-containing media (Figs. S4 and S5
and SI Results).

To test whether the down~regulat10n of NF-«xB 51gna11ng alters
the tumor-initiating ablhty in vivo, we injected 1 x 10° MCF7
cells constitutively expressing mutant IxBo into the mammary fat
pads of NOD/SCID mice. There were no significant morpho-
logical differences between these cells and control cells in culture
(Fig. S6, Upper). All eight mice injected with control cells de-
veloped tumors within 6 wk, whereas tumor formation was in-
efficient in the mice injected with cells expressing mutant IxkBo
(four of eight mice) (Fig. 3F). Histological analysis showed that
tumors derived from the vector-transduced cells or IxkBaSR-
transduced cells had a similar morphology (Fig. S6, Lower).
Therefore, it is unlikely that the reduced incidence of tumor
formation by expression of IikBaSR is due to cell differentiation;
rather, it appears that NF-xB activity is required for tumor ini-
tiation of MCF7 cells in vivo.

By extension, we speculated that an NF-xB-negative sub-
population could not generate mammospheres. To isolate living
cells based on NF-«B activity, we used an NF-xB reporter
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lentiviral vector expressing d2Venus (a yellow fluorescent pro-
tein) driven by four copies of the NF-«xB response element lo-
cated upstream of the minimal TATA promoter. We isolated
MCF7 cells expressing d2Venus at high (NFkB¥) or low
(NFkB™) levels (Fig. 3G); the activity of NF-kB is thought to be
higher in the former cells than in the latter cells. As expected, the
NF-«B-negative subpopulation showed significantly decreased
mammosphere formation capacity compared with the NF-xB-
positive subpopulation (Fig. 3H). Taken together, these in vitro
and in vivo results showed that NF-«B is required for mammo-
sphere formation and tumor initiation of MCF7 cells.

HRG Elicits PI3K/NF-xB-Dependent Up-Regulation of IL8 mRNA
Expression. IL8 signaling has been shown to play a role in BCSC
self-renewal (29, 30). Because the expression of IL8 is regulated
by NF-xB activity (31), we investigated whether HRG induces the
expression of JIL8. We also examined the expression of repre-
sentative immediate early genes, c-Fos and ¢c-Myc. Treatment with
HRG resulted in a dramatic increase of IL8 expression (up to
a 100-fold increase) after 2 h (Fig. 4 4 and B). The expression
levels of ¢-Fos and ¢-Myc were also increased (10-fold and five-
fold, respectively) (Fig. 4 A and B). The levels of these mRNAs
were decreased rapidly after 4 h. To determine whether the ac-
tivity of NF-xB or PI3K is involved in the induction of ILS ex-
pression by HRG, cells were stimulated with HRG in the
presence of DHMEQ or LY294002. We found that the levels of
IL8 induction by HRG were decreased by treatment with inhib-
itors, although the induction levels of ¢-Fos or c-Myc were not
significantly changed (Fig. 4 4 and B). These results suggest that
the expression of /L8 is induced by the HRG/PI3K/NF-B axis.

HRG/PI3K/NF-xB Axis Controls Mammosphere Formation of Primary
Tumor Cells Derived from Breast Cancer Patients. We extended
our analyses to primary tumor cells isolated directly from human
breast cancer tissues (Table S1). To assess the effect of HRG,
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Fig. 3. Role of the HRG/PI3K/NF-xB axis on mammosphere formation. (4) MCF7 cells were incubated with 20 ng/mL HRG and/or the indicated concentrations
of DHMEQ and LY294002. The number of formed mammospheres was counted, and the percentage of mammosphere-forming cells was determined [data are
mean + SD; n =3, **P < 0.01, *P < 0.05, relative to the values in the HRG(+)]. (B) Experimental strategies for evaluating the effect of initial treatment with
inhibitors on secondary mammosphere formation. (C and D) Effects of DHMEQ and LY294002 on primary and secondary mammosphere formation. MCF7 celis
were incubated with 20 ng/mL HRG and/or the indicated concentrations of DHMEQ and LY294002. The formed primary mammospheres were dissociated into
single cells and grown as secondary mammospheres without treatment with inhibitors. The mammospheres were counted, and the percentage of mam-
mosphere-forming cells was determined (data are mean = SD; n = 3, **P < 0.01, *P < 0.05, relative to the values in the respective controls). () MCF7 cells
expressing the indicated lentiviral vectors were incubated with 20 ng/mL HRG, and the percentage of mammosphere-forming cells was determined (data are
mean = SD; n = 4, **P < 0.01). (F) NOD/SCID mice were injected in the mammary fat pad with 1 x 10° of vector- or IkBaSR-transduced MCF7 cells. Tumor
formation was indicated by tumorsfinjections at 6 wk after injection. (G) NF-xB reporter activity of mammospheres derived from MCF7 cells. (H) NF-xB* cells
and NF«xB™ cells (Fig. 3G) were sorted by FACS and cultured with 20 ng/mL HRG. The percentage of mammosphere-forming cells was determined (data are

mean + SD; n =4, **P < 0.01).

PI3K, and NF-«xB on mammosphere formation, primary tumor
cells were treated with HRG, together with DHMEQ or
1Y294002. Treatment with HRG induced mammosphere for-
mation in all tumor samples, and the effect of HRG was blocked
when DHMEQ or LY294002 was added with HRG (Fig. 54 and
B). We confirmed that both ErbB2 and ErbB3 were expressed in
these cells and that the phosphorylation of Akt and IxBa was
induced in response to HRG (Fig. 5C). When we treated primary
tumor cells with HRG, together with L Y294002, the phosphor-
ylation levels of Akt and IxBa were decreased, suggesting that
NF-xB was activated by HRG through the PI3K/Akt pathway in
primary tumor cells. (Fig. S1). Furthermore, overexpression of
mutant IxBe in primary tumors cells with a lentiviral vector led
to a decreased frequency of mammosphere formation compared
with the control vector-transduced cells (Fig. 5D). Similar results
were obtained in mammospheres cultured with EGF/bFGF/B27
(Fig. 5D and Fig. S7 A and B). These results suggest that the
mammosphere formation of primary tumor cells derived from
breast cancer patients is regulated by the HRG/PI3K/NF-«xB
pathway, which is consistent with the results obtained from the
analysis performed with breast cancer cell lines.

Discussion

Accumulating evidence indicates that BCSCs are responsible for
the initiation, propagation, recurrence, and radioresistance of breast
cancers (1, 15, 32); hence, BCSCs are considered to be critical
therapeutic targets (30, 33, 34). Recent studies have indicated
that BCSC-enriched populations give rise to mammospheres in
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anchorage-independent conditions (11, 12). An understanding of
the molecular mechanisms involved in the regulation of mammo-
sphere formation is important for the design of efficient thera-
peutic strategies and improvements in conventional anticancer
treatments. Recently, several inflammatory chemokines have been
found to play a role in regulating the mammosphere-forming
ability of breast cancer cells (18). However, the molecular path-
ways linking inflammation to mammosphere-forming ability are
still largely unknown. In the present study, we describe one such
molecular pathway that involves HRG, PI3K/Akt, NF-xB, and ILS.

HRG is widely expressed in numerous tissues, including breast,
brain, heart, skeletal muscle, liver, and lung, and it is implicated in
the regulation of a variety of biological processes, including cell
proliferation, apoptosis and differentiation (35). We have identi-
fied yet another role of HRG in human breast cancer: induction of
the mammosphere-forming capacity of BCSC-enriched pop-
ulations. We demonstrated that the effects of HRG on mammo-
sphere formation are mediated through a PI3K/NF-xB pathway
in breast cancer cell lines and primary tumor cells derived from
surgically resected breast cancer tissues. The first step of HRG
stimulation is activation of PI3K, followed by the phosphoryla-
tion of Akt, which occurs within 10 min after treatment with
HRG. Activated Akt phosphorylates IKKo/p and then leads to
phosphorylation of IxBe, resulting in NF-xB activation. Once the
signal has been activated, production of IL8 is induced at high
levels. ILS increases the self-renewal capacity of BCSC-enriched
populations through nuclear translocation of p-catenin (36), in-
dicating that the HRG/NF-«B pathway-mediated initiation of
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mammosphere formation is regulated by this pathway, at least in
part. Together, these observations suggest a tight link between
the HRG-induced mammosphere formation and the NF-«B—
dependent inflammatory signaling pathway.

NF-xB is a central regulator of inflammatory gene expression
(37). The findings presented here describe an important role of
NF-«B in regulating mammosphere formation. NF-«xB was acti-
vated by HRG stimulation as well as by culture with EGF/bFGEF/
B27, and it regulated the mammosphere formation under each
culture condition. Down-regulation of NF-xB led to a decreased
frequency of tumor initiation of MCF?7 cells and mammosphere
formation, and the cells that had low NF-xB activity showed
a decreased frequency of mammosphere formation. These
observations suggest that NF-«xB activity is required to maintain
the mammosphere-forming ability of breast cancer cells.

ErbB3 is the only ErbB family member that directly binds to
PI3K (38). As ErbB3 has six direct binding sites for p85, a sub-
unit of PI3K, the signaling output of ErbB3 is dominated by
activation of the PI3K cascade, leading to activation of Akt.
Although ErbB3 lacks intrinsic kinase activity, it is well known
that ErbB family members homodimerize or heterodimerize to
activate signaling pathways. Among the various combinations of
family members, the ErbB2/ErbB3 heterodimer is considered
the most potent ErbB pair with respect to the strength of in-
teraction, ligand-induced tyrosine phosphorylation, and down-
stream signaling (39). Because there is no ligand for ErbB2,
HRG is among the most efficient ligands to activate ErbB2/
ErbB3 heterodimers. This could be the reason why HRG stim-
ulates strong activation of the PI3K/NF-xB pathway for the
mammosphere formation of breast cancer cells.

Trastuzumab (Herceptin, Genentech), a humanized mono-
clonal antibody directed at the ErbB2 ectodomain, is effective
in the treatment of some human breast cancers that overexpress
ErbB2 (40). In this study, we showed that the HRG signaling
pathway plays important roles for mammosphere formation in
primary tumor cells derived from human breast cancer tissues
in which ErbB2 was expressed at moderate levels (Table S1) as
well as in breast cancer cell lines in which ErbB2 was expressed
at various levels. This raises the intriguing possibility that
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Fig. 5. The HRG/PI3K/NF-kB axis controls mammosphere formation of pri-
mary tumor cells derived from breast cancer patients. (A) Representative
images of primary cultures of mammospheres incubated with 20 ng/mL HRG,
S pg/mL DHMEQ and 5 pM LY294002. Scale bar = 100 pm. (B) Primary breast
cancer cells obtained from specimens of invasive ductal carcinoma (IDCT1, 2,
and 3) or invasive lobular carcinoma (ILC1) were treated as indicated in A,
and the percentage of mammosphere-forming cells was determined (data
are mean + SD; n = 4). (C) Cells from IDCT were incubated with 100 ng/mL
HRG for 10 min, and protein expression levels were determined by immu-
noblotting. (D) Cells from IDC1 expressing the indicated lentiviral vectors
were incubated with 20 ng/mL HRG or with EGF/bFGF/B27, and the per-
centage of mammosphere-forming cells was determined (data are mean +
SD; n = 4, **P < 0.01, relative to the values in the respective controls).

trastuzumab effectively targets BCSCs in the breast cancer tis-
sues in which HRG is overexpressed even if ExbB2 is expressed
at moderate levels. Indeed, it was recently reported that trastu-
zumab sensitizes HRG-overexpressing breast cancer cells to
chemotherapy (23).

In conclusion, our results suggest that HRG/ErbB/PI3K/NF-
kB signaling regulates the mammosphere formation of human
breast cancer cells. Hence, in the future it will be important to
develop compounds or antibodies targeted at the signaling
molecules involved in this pathway to improve the prognosis of
breast cancer patients.

Materials and Methods

Cell Lines and Primary Cell Culture. Breast cancer cell lines MCF7, T47D, BT20
HCC1954, and HCC1143 were purchased from the American Type Culture Col-
lection (ATCC). Cells were cultured in RPMI1640 with 10% (volival) FBS. Primary
cultures of tumor cells and mammospheres were generated as described pre-
viously (12-14). Briefly, tumor samples were processed within 1 h after surgical
resection. Minced pieces of human breast tumor samples were digested with 2
mg/mL collagenase A (Roche), 1 mM CaCl,, and DNasel (Roche) in RPMI1640
with 10% FBS. Tumors were digested for 1.5-2.5 h at 37 °C with shaking and
pipetting every 30 min for mechanical dissociation. Once tumors were digested,
the resulting single-cell suspension was filtered through a 100-pm and 40-um
cell strainer (BD Falcon) and washed with PBS. After isolation of lineage-neg-
ative (Lin™) breast cancer cells, cellswere cultured in human mammary epithelial
cell growth medium (HuMEC, GIBCO) or in mammosphere culture medium,
which consisted of serum-free Dulbecco’s modified Eagle’s Medium:Nutrient
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Mixture F-12 (DMEM/F-12) medium (GIBCO) supplemented with 20 ng/mL EGF
(Millipore), 20 ng/mL bFGF (PeproTech), B27 (GIBCO), and heparin (Stem Cell
Technologies). B27 supplement has been shown to support the growth of
mammospheres from human breast tissue (41). Alternatively, mammospheres
were grown in DMEM/F12 medium supplemented with 20 ng/mL HRG-p1 (R&D).

Human breast carcinoma specimens were obtained from the University of

Tokyo Hospital and Showa General Hospital. This study was approved by the
institutional review boards of the Institute of Medical Science, University of
Tokyo, and Showa General Hospital.

Cell Isolation. To isolate Lin™ breast cancer cells, cells obtained from breast
tumor specimens were incubated with a mixture of biotin-conjugated anti-
bodies against Lin* cells. The mixture of antibodies included a MACS lineage
depletion kit for hematopoietic and erythrocyte precursor cells (CD2, CD3,
CD11b, CD14, CD15, CD16, CD19, CD56, CD123, and CD235a, Miltenyi Biotec),
CD31 (for endothelial cells, eBioscience) and CD140b (for stromal cells, Bio-
legend) antibody. After incubation, cells were separated using the MACS
magnetic cell separation system according to the manufacturer’s instructions
(Miltenyi Biotec). To isolate putative stem cells, Lin™ breast cancer cells were
then sorted after staining with CD24-FITC or CD44-PE antibody (BD Pharmin-
gen) using a FACSAria Cell Sorter (BD Bioscience). Dead cells were excluded by
propidium iodide (Pl, Sigma) staining. Data were analyzed by FlowJo software.

Maimmosphere Assay. Cells were plated as single cells in ultralow attachment
plates at a low density (5,000 cells'mL) and were grown in mammosphere
culture medium with or without NF-xB inhibitor DHMEQ (28), PI3K inhibitor
LY294002 (Cell Signaling), lapatinib (Selleck Chemicals), gefitinib (AstraZeneca),
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dasatinib (Selleck Chemicals), or sunitinib (Sigma-Aldrich) at the indicated
concentrations for 4-7 d. To test whether the low-density conditions, such as
5,000 cells/mL, represented clonal expansion rather than aggregation, as
previously reported (11), we performed mammosphere assays using primary
tumor cells from patients under the condition of 50 cells/well in 96-well plates
(S! Materials and Methods). We found a comparable frequency of mammo-
sphere formation irrespective of cell-plating density, strongly suggesting that
mammospheres are not formed by simple cell aggregation but by clonal
expansion of single cells. To culture secondary mammospheres, primary
mammospheres were collected by gentle centrifugation (400 x g), and cells
were dissociated enzymatically and mechanically into a single-cell suspen-
sion. The single-cell suspension was replated as described above.

Statistical Analysis. All data were presented as mean =+ SD. The unpaired
Student t test was used for the statistical analysis. P values less than 0.05
were considered statistically significant.
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Autophagy is a lysosomal degradation process of re-
dundant or faulty cell components in normal cells.
However, certain diseases are associated with dysfune-
tional autophagy. Rapamycin, a major immunosup-
pressant used in islet transplantation, is an inhibitor of
mammalian target of rapamycin and is known to cause
induction of autophagy. The objective of this study
was to evaluate the in vitro and in vivo effects of ra-
pamycin on pancreatic p cells. Rapamyecin induced up-
regulation of autophagy in both cultured isolated islets
and pancreatic B cells of green fluorescent protein-
microtubule-associated protein 1 light chain 3 trans-
genic mice. Rapamycin reduced the viability of isolated
B cells and down-regulated their insulin function, both
in vitro and in vivo. In addition, rapamycin increased
the percentages of apoptotic f§ cells and dead cells in
both isolated and in vivo intact islets. Treatment with
3-methyladenine, an inhibitor of autophagy, abrogated
the effects of rapamycin and restored B -cell function
in both in vitro experiments and animal experiments.
We conclude that rapamyein-induced islet dysfunction
is mediated through upregulation of autophagy, with
associated downregulation of insulin production and
apoptosis of B cells. The results also showed that the
use of an autophagy inhibitor abrogated these effects
and promoted islet function and survival. The study
findings suggest that targeting the autophagy path-
way could be beneficial in promoting islet graft survival
after transplantation.

Key words: Autophagy, islet transplantation, LC3, ra-
pamyein, transgenic mice

Abbreviations: Atg gene, autophagy related gene;
BSA, bovine serum albumin; FKBP-12, 12-kDa
FK506-binding protein; GFP, green fluorescent pro-
tein; GAPDH, glyceraldehyde-3-phosphate; LC3,
microtubule-associated protein 1 light chain 3; mTOR,
mammalian target of rapamycin; PBS, phosphate-
buffered saline; TUNEL, terminal deoxynucleotidyl
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transferase-mediated dUTP nick-end labeling; SD,
standard deviation.
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Introduction

Autophagy, i.e. “self-eating’, is an intracellular degradation
system designed for degradation of cytoplasmic proteins
and dysfunctional organelles after their sequestration in
the autophagosome. To date, only microtubule-associated
proteint light chain 3 (LC3), a mammalian homolog of yeast
autophagy related gene8 {Atg8), is known to exist in the
autophagosomes, and therefore this protein serves as a
marker for autophagosomes (1-3). The process is tightly
regulated and plays an important role in cell growth, de-
velopment and homeostasis, where it helps to maintain
a balance between the synthesis, degradation and subse-
guent recycling of cellular components (1-3). Autophagy is
induced dynamically by nutrient depletion to provide nec-
essary amino acids within cells, thus helping them adapt
to starvation {4). The physiological role of autophagy has
been studied in various organisms and current knowledge
indicates that autophagy is involved not only in adaptation
to starvation but also in the quality control of intracellular
proteins and organelles, to maintain cell functions, devel-
opment, growth, clearance of intracellular microbes, anti-
gen presentation and protection against disease (5-11).
Thus, autophagy functions as a cell-protective mechanism
and is up-regulated when cells are preparing to rid them-
selves of damaging cytoplasmic components, for example,
during infection or protein aggregate accumulation (12).

Rapamycin is a macrolide fungicide with immunosup-
pressant properties that bear molecular structural simi-
larities to the calcineurin inhibitor, tacrolimus (13). How-
ever, the mechanism of action of rapamycin is distinct
from that of calcineurin inhibitor, such as cyclosporine and
tacrolimus. Rapamycin binds to its intracellular receptor,
the immunophilin 12-kDa FK506-binding protein (FKBP-12)
and the rapamycin-FKBP-12 complex binds to and inhibits
the mammalian target of rapamycin (mTOR; Ref. 14). In-
hibition of mTOR leads to arrest of the cell cycle at the
G1 to S phase and thus, blockade of growth-factordriven
proliferation of not only activated T cells, which consti-
tute the basis of its immunosuppressive action, but also
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other hematopoietic and nonhematopoietic cells (14,15).
The mTOR is ubiquitously expressed in various cell types
and functionally is a serine/threonine protein kinase that
regulates important cellular process, including growth, pro-
liferation, motility, survival, protein synthesis and transcrip-
tion (16). Furthermore, activation of mTOR leads to inhibi-
tion of autophagy in cells ranging from yeast to human (17).
Based on the above background, it is conceivable that the
inhibitory action of rapamycin on mTOR activity induces
autophagy in pancreatic islets.

Islet transplantation was recently advanced by the publica-
tion of the results of the Edmonton Protocol of immuno-
suppressive regimen, leading to insulin independence at
1 year in 90% of patients treated with type 1 diabetes (18-
21). Accordingly, rapamycin has become a part of the stan-
dard treatment in islet transplantation. lts effectiveness in
preventing allorejection and autoimmunity and promoting
the survival of regulatory T lymphocytes has contributed
to widespread use (22-24). However, recent reports de-
scribed gradual deterioration of the metabolic profile and
the need for reintroduction of exogenous insulin; only 10%
of islet recipients maintained insulin independence at 5
years (21,25,26). Although the cause of the decline in in-
sulinindependence rates after islet transplantation remains
obscure, the decline may reflect toxicity associated with
long-term use of immunosuppressive drugs on islet  cells.

The effects of calcineurin inhibitors on islet function and
proliferation have been recognized (27,28), although in-
creasing data suggest that rapamycin alone or in combi-
nation with tacrolimus could impair islet cell function and
survival (29-31). In addition, the antiangiogenic and antipro-
liferative properties of rapamycin could also prevent vascu-
larization of transplanted islets, with a resultant reduction
of posttransplantation engrafted and surviving islet mass
(32-34).

Although it has been reported that B cells of ZDF rats (a
rodent model of type 2 diabetes) contain a significant num-
ber of autophagic vacuoles (35), there is little information
on the physiopathological roles of autophagy in the islets,
and no causal link has been reported between autophagy
and pathogenesis of diabetes. The aims of this study were
to evaluate the in vitro and in vivo effects of rapamycin
on pancreatic B cells, including induction of autophagy,
cell viability and insulin secretory function, because these
factors may contribute to progressive dysfunction of islet
grafts in recipients.

Materials and Methods

In vitro autophagy induction assay and islet viability assay

Thirty cells from fresh mice islets, obtained from either C578L/6 mice or
green fluorescent protein (GFP}-LC3 transgenic mice were seeded in a 96-
well culture plate and cultured for either 24 or 48 h with complete culture
medium containing 1 or 10 ng/mL of rapamycin. In the first step, treated
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islets that were isolated from transgenic mice were observed by fluores-
cence microscopy to detect GFP signals, which is an accurate marker of
induction of autophagy (36). Subsequently, islet viability was evaluated after
24 h treatment by monitoring metabolic activity with the colorimetric methyi
tetrazolium salt (MTS) assay using the Cell Titer 96 Aqueous One reagent
{Promega, Madison, Wi, USA; Ref. 37). The colorimetric reagent was added
to each well of the plate and incubated for 2 h, and the absorbance values
read at 490 nm.

Tofurther determine the change in islet viability before/after rapamyein treat-
ment, fluorescence labeling was performed using tetramethyl rhodamine
ethyl ester (TMRE; Molecular Probes, Eugene, OR, USA) and 7-amino acti-
nomycin D (7-AAD; Molecular Probes; Refs. 38,39). Islets treated or un-
treated with rapamycin were dissociated into single cell suspensions, us-
ing Accutase (Innovative Cell Technologies Inc, San Diego, CA, USA). The
dispersed cell suspensions were stained with Newport Green PDX ace-
toxymethylether (Molecular Probes), for identification of B cells (38). The
single islet cell suspensions were incubated with 100 ng/mL TMRE for 30
min at 37°C in phosphate-buffered saline (PBS) without Ca?* and Mg?+.
This dye selectively binds to the mitochondrial membrane allowing the as-
sessment of cells with functional mitochondria, and therefore is a good
marker for cell viability. Furthermore, cells were stained with 7-AAD that
binds to DNA when cell membrane permeability is altered after cell death.
Stained cells were analyzed by FACSCalibur flow cytometer (BD Immuno-
cytometry, San Jose, CA, USA). In addition, improvement in islet viability
was assessed by either MTS assay, TMRE or 7-AAD staining based on the
results of autophagic signal blocking. Islet viability assays were performed
with the addition of 10 mM of 3-methyladenine {3-MA).

Glucose-stimulated insulin release and stimulation index {SI)

To determine the changes in the endocrinological potency of rapamycin-
wreated islets, static glucose challenge was performed with or without 1 or
10 ng/mi of rapamycin. After overnight culture with or without rapamycin,
100 IEQ of treated islets were incubated with either 2.8 or 20 mM of
glucose in culture medium for 2 h at 37°C to stimulate insulin release. The
supernatants were collected and stored at —80°C for insulin assessment
by enzyme-linked immunosorbent assay (ELISA; Mercodia Inc., Uppsala,
Sweden; Refs. 38-40). Glucose-stimulated insulin release was expressed
as the SI, calculated as the ratio of insulin released during exposure to
high glucose (20 mM) over that released during low glucose incubation
(2.8 mM). To determine the in vitro islet potency with regard to autophagic
signal blocking, static incubation was also performed with the addition of
10 mM of 3-MA.

In vivo siudies using GFP-LC3 transgenic mice

To study the effects of starvation, transgenic mice were provided with
drinking water ad libitum, but were deprived of food for 24 h {10 a.m.~
10 a.m.; Ref. 36). The starved transgenic mice were sacrificed and the
pancreas, brain and muscle tissues were recovered. This was followed
by preparation of the tissues for fluorescence microscopy. Furthermore,
to demonstrate in vivo 3-MA-induced blocking of autophagy, mice were
injected intraperitoneally (i.p.) with 10 mM of 3-MA for 2 weeks, followed
by starvation for 24 h.

To assess the in vivo effects of rapamycin on islets from GFP-LC3 trans-
genic mice, mice were randomly separated into three experimental groups,
no treatment group {i.e. control group; n = 25), rapamycin-treated group
(n = 25) and the combination treatment group (n = 25) treated with both
raparnycin and 3-MA. Rapamycin treatment consisted of daily i.p. injection
of 0.2 mg/kg rapamycin and combined treatment consisted of daily i.p. in-
jection of 0.2 mg/kg rapamycin combined with 10 mM of 3-MA. These treat-
ments continued for 1, 2, 3, 4 or 5 weeks (n = 5 mice, each). The rapamycin-
treated transgenic mice were sacrificed, the pancreas was removed and
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