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Abstract

Differentiation-inducing factor-1 (DIF-1) has been reported to inhibit the prolifera-
tion of various mammalian cells by unknown means, although some possible mecha-
nisms of its action have been proposed, including the activation of glycogen synthase
kinase-3 (GSK-3). Here, we report an alternative mechanism underlying the action of
DIF-1 in human breast cancer cell line MCF-7, on which the effects of DIF-1 have not
been examined previously. Intragastric administration of DIF-1 reduced the tumor
growth from MCF-7 cells injected into a mammary fat pad of nude mice, without
causing adverse effects. In cultured MCF-7, DIF-1 arrested the cell cycle in G,/G,
phase and suppressed cyclin D1 expression, consistent with our previous results ob-
tained in other cell species. However, DIF-1 did not inhibit the phosphorylation of
GSK-3. Investigating an alternative mechanism for the reduction of cyclin D1, we
found that DIF-1 reduced the protein levels of signal transducer and activator of tran-
scription 3 (STAT3). The STAT3 inhibitor S31-201 suppressed cyclin D1 expression
and cell proliferation and the overexpression of STAT3 enhanced cyclin D1 expres-
sion and accelerated proliferation. Differentiation-inducing factor-1 did not reduce
STAT3 mRNA or reduce STAT3 protein in the presence of cycloheximide, suggesting
that DIF-1 inhibited STAT3 protein synthesis. Seeking its mechanism, we revealed
that DIF-1 inhibited the activation of 70 kDa and/or 85 kDa ribosomal protein Sé
kinase (p70°¢%/p85%¢X). Inhibition of p70°¢%/p85°¢X by rapamycin also reduced the
expressions of STAT3 and cyclin D1. Therefore, DIF-1 suppresses MCF-7 prolifera-
tion by inhibiting p70°¢%/p85°¢K activity and STAT3 protein synthesis followed by

reduction of cyclin D1 expression.

Abbreviations: 4E-BP1, eukaryotic translation initiation factor 4E (elF4E)-binding protein 1; CHX, cycloheximide; DIF-1, differentiation-inducing factor-1; GSK-3, glycogen synthase
kinase-3; HER2, human epidermal growth factor receptor 2; p-STAT3, phosphorylated STAT3; qRT-PCR, quantitative RT-PCR; S6K, ribosomal protein Sé kinase; TSS, transcription start

site; t-STATS, total STATS.
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1 | INTRODUCTION

Breast cancer is the most common cancer and the leading cause of
cancer-related deaths among women worldwide. According to the
American Cancer Society, approximately 12% of American women
develop breast cancer in their lifetime. In 2012, approximately 14.1
million women were diagnosed with breast cancer and more than 8
million women died of this disease all over the world.>? Although
anti-estrogen and anti-HER2 therapies have significantly improved
the prognosis of patients with advanced breast cancer, cancer cells
often acquire resistance to these treatments, which allows the can-
cer to recur.® Therefore, it is still necessary to develop novel thera-
peutic strategies against breast cancer.

Differentiation-inducing factors are low-molecular-weight
compounds identified in Dictyostelium discoideum as inducers of
differentiation of Dictyostelium cells (in a migrating slug) into stalk
cells of a fruiting body.* Nonetheless, the action of DIFs is not
limited to Dictyostelium. Differentiation-inducing factors (partic-
ularly DIF-1 and DIF-3) have been shown to strongly inhibit the
proliferation of various mammalian cells, including vascular smooth
muscle ceIIs,5 endothelial ceIIs,6 osteoblast-like ceIIs,7 and a variety
of cancer cells, for example, cells from cervical cancer, squamous
cell carcinoma, colon cancer, osteosarcoma, and malignant mela-

noma®1¢

without cytotoxicity.'?** The antiproliferative effect of
DIFs has also been revealed in in vivo experiments on murine mod-
els of cancer with a colon cancer xenograft (DIF-1), cervical-cancer
xenograft (DIF-1), and oxidative-stress-induced intestinal cancers
(DIF-1 and DIF-3).53'> Moreover, it was recently reported that
DIF-1 inhibits not only cell proliferation but also in vitro cell mi-
gration and in vivo lung colony formation of malignant melanoma
cells. 14

The mechanisms of DIFs’ action on mammalian cells remain to
be elucidated. Some of the reported possible mechanisms of the
antiproliferative action on mammalian cancer cells include inhibi-
tion of the Wnt-p-catenin signaling pathway by the activation of
GSK-3, 8101114 upregulation of cAMP by the inhibition of phospho-
diesterase 1, and downregulation of TCF7L2 by the inhibition of
early growth response protein-1 induction.**

Because the influence of DIF-1 on breast cancer cells has not
been investigated previously, in the present study, we tested
whether DIF-1 has an antiproliferative effect on breast cancer
using human breast cancer cell line MCF-7, which harbors a mu-
tation in the phosphatidylinositol 3-kinase gene (PI3K), the most
frequently mutated oncogene in breast cancer.!® In this study, we
found that DIF-1 inhibited MCF-7 cell proliferation through an al-
ternative mechanism: the inhibition of ribosomal protein Sé kinase
(p70°%%/p85°°K)-mediated STAT3 protein synthesis.

2 | MATERIALS AND METHODS

2.1 | Chemicals and Abs

Differentiation-inducing factor-1 was synthesized as described
previously.* We purchased actinomycin D from Sigma-Aldrich,
CHX from Wako, MG132 from Peptide Institute, S31-201
from Santa Cruz Biotechnology, rapamycin from Cell Signaling
Technology. We purchased an anti-cyclin D1 mAb (cat. #
SC-20044) from Santa Cruz Biotechnology, mAb to GSK-3a (cat.
#9338S), p-GSK-3a (Ser??) (9316S), p-GSK-3p (Ser?) (93369), t-
STAT3 (9139S), p-STAT3 (Tyr’%%) (9131S), mTOR (cat. #2983S), p-
mTOR (cat. #55365), p70°¢" (cat. #2708S), p-p705¢* (Thr®®?) (cat. #
923485), p-p70°%X (Ser®”?) (cat. #9208S), 4EBP1 (cat. #9644S), and
p-4EBP1 (Thr37/4%) (cat. #2855S) from Cell Signaling Technology,
a mAb to GSK-3p (610201) from BD Transduction Laboratories, a
mADb to a-tubulin (CP06) from Calbiochem, and a mAb to GAPDH
(ab8245) from Abcam.

2.2 | Cell culture

Human breast cancer MCF-7 cells purchased from the RIKEN cell
bank (Tsukuba, Japan) were cultured at 37°C in an atmosphere of
95% air and 5% CO, in DMEM (Sigma) supplemented with 10% FBS,
100 U/mL penicillin G, and 0.1 pg/mL streptomycin. Human breast
cancer SK-BR3 cells purchased from the ATCC were cultured at
37°Cin an atmosphere of 95% air and 5% CO, in RPMI-1640 (Sigma)
supplemented with 10% FBS, 100 U/mL penicillin G, and 0.1 pg/mL
streptomycin. Cells in passages 3-15 since their receipt were used
for the experiments.

2.3 | Plasmid transfection

We acquired STAT3-C Flag pRc/CMV (Plasmid #8722), which ex-
presses a constitutively activated STAT3, from Addgene. Wild-type
human cyclin D1 cDNA was provided by Dr K. Tamai (Medical and
Biological Laboratories Co.) and subcloned into pcDNA3 (Invitrogen).
Cells were transfected with these plasmids or their empty vectors
using the Lipofectamine Plus Reagent (100022052; Invitrogen) ac-

cording to the manufacturer’s protocol.

2.4 | Cell proliferation assay

MCF-7 cells (2.0 x 10* cells/well) and SK-BR3 cells (10* cells/well)
were seeded in 24-well plates and cultured either with or without
various concentrations of DIF-1 for various periods. To examine
the reversibility of DIF-1's effect, MCF-7 cells (2.0 x 10* cells/well)
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seeded in 24-well plates were cultured with or without 30 pmol/L
DIF-1. After 24 hours, cells were washed with PBS and further
cultured with or without DIF-1 for various periods. Cells were har-
vested by the trypsin- EDTA treatment and counted on a Coulter
Counter (Beckman Coulter).

2.5 | Flow cytometry

Cells (1.0 x 10%) suspended in a hypotonic solution containing 50 ng/
mL propidium iodide, 0.1% sodium citrate, and 0.1% Triton X-100
were analyzed for fluorescence on a FACSCalibur flow cytometer
(Becton Dickinson).

2.6 | Western blot analysis

Protein samples (10 pg/lane) were separated by SDS-12% PAGE
then transferred to a PVDF membrane using a semidry transfer
system (1 hour at 12 V). Western blotting was carried out as de-
scribed previously.'>'? Protein bands were quantified by optical
densitometry and analyzed with Imagel) software (version 1.47;
NIH). Data are presented as percentages of the control levels at

time O.

2.7 | Quantitative RT-PCR

Total RNA was isolated with the Fast Gene RNA Basic Kit (NIPPON
Genetics). Purity and quantity of the RNA samples were determined
on an ND-1000 spectrophotometer (NanoDrop Technologies).
Reverse transcription was undertaken with the High-Capacity
cDNA Reverse Transcription Kit (Applied Biosystems). Polymerase
chain reaction was carried out with 10 pg of the resultant cDNA
and primers specific for CCND1 (assay ID: Hs00765553_m1) encod-
ing cyclin D1, STAT3 (assay ID: Hs00374280_m1), or GAPDH (assay
ID: Hs99999905_m1) using the TagMan Gene Expression Assays
(Applied Biosystems). The reactions were carried out on an Applied
Biosystems 7500 Real-Time PCR System (Applied Biosystems) pro-
grammed to run 40 cycles of 95°C for 15 seconds and 60°C for
1 minute, after incubation at 95°C for 10 minutes. The data were
analyzed by the 2788CT method.

2.8 | Invivo experiments

All mice were housed in a temperature-controlled environment
on a 12:12-hour light : dark cycle and had ad libitum access to feed
and water. MCF-7 cells were trypsinized and resuspended in 50%
Matrigel in PBS at a concentration of 2 x 10’ cells/mL. The sus-
pension (0.1 mL) was injected into the left #4 mammary fat pad of
6-week-old BALB/c nu/nu female mice (Kyudo, Tosu, Japan) anes-
thetized with 1.0%-2.0% isoflurane. Preliminary experiments with
this method revealed that 100% of mice developed a visible tumor
(data not shown).

Mice were randomly subdivided into 2 groups (each group con-
sisted of 6 mice). Mice in the DIF-1 treatment group (ID No. 7-12) orally
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(intragastrically) received DIF-1 resuspended in soybean oil by gastric
gavage, and those in the control group (ID No. 1-6) received only soy-
bean oil. Differentiation-inducing factor-1 was given every 12 hours
(150 mg/kg in the morning and 150 mg/kg in the evening, 10 mL/kg
per day) 5 days a week. We were able to carry out this dosing method
without complications, such as tracheal dosing or esophageal rup-
ture.’® Body weight of the mice was measured every time DIF-1 was
given and just before the animals were killed. The mice were killed at
14 days after the injection of MCF-7 cells, and the breast tumors that
had grown were excised for analysis. The tumors were photographed
and weighed. Blood samples were collected and analyzed for blood
cell counts using a Celltac « (MEK-6450; Nihon Kohden, Tokyo, Japan).

2.9 | 5’-and 3’-RACE PCR to determine STAT3
mRNA sequence

Total RNA was isolated from MCF-7 cells treated with DIF-1
(30 umol/L) for 24 hours using Nucleospin RNA (TaKaRa).
The primers specific for human Stat3 used for RACE PCR
were as follows. Primers used for 5-RACE-PCR: STAT3#10,
GATTACGCCAAGCTTAGCATCTGCTGCTTCTCCGTCACCACG;
and STAT3#2, GATTACGCCAAGCTTTGAGG GGTGGCAGAATGCA
GGTAGGC

Primers used for 3-RACE: STAT3#1, GATTACGCCAAGCTTACC
TCCCCCATGTGAGGAGCTGAGAACG; and STAT3#3, GATTACGCC
AAGCTTCCACCAAGCGAGGACTGAGCATCGAGC. The 5- and 3'-
RACE PCR followed by subcloning the PCR products into pRACE
vector were carried out using the SMARTer RACE 5'/3' Kit (TaKaRa)
according to the manufacturer’s instructions. At least 2 clones de-
rived from each RACE PCR product were subjected to sequence
analysis (Macrogen Japan).

2.10 | Statistical analysis

All experiments were carried out on 3 or more independent samples
(biological replicates). The results are expressed as the mean + SD.
Differences between means were analyzed by Student’s t test, one-
way ANOVA with the Bonferroni post hoc test (GraphPad Prism 5.0;
GraphPad Software), or 2-way ANOVA with Tukey’s post hoc test
(JMP 13; SAS Institute). Differences were considered statistically
significant at P < .05.

2.11 | Ethics

The study protocol was approved by the Committee on Ethics of
Animal Experiments of Kyushu University (Fukuoka, Japan). Animal
handling and procedures were carried out in compliance with the
Guidelines for Animal Experiments, Kyushu University, and the Law
(No. 105) and Notification (No. 6) of the Japanese Government. All
surgical procedures were carried out under inhaled-isoflurane anes-
thesia, and every effort was made to minimize the suffering of the

experimental animals.
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3 | RESULTS

3.1 | Differentiation-inducing factor-1 prevented
MCF-7 tumor growth in vivo

To examine the effect of DIF-1 on breast cancer tumor growth
in vivo, we set up a cancer xenograft model by injecting MCF-7
cells into a mammary fat pad of immunodeficient mice. After the
injection, DIF-1 suspended in soybean oil (150 mg/kg) was given
orally (intragastrically) to the mice every 12 hours for 2 weeks
(5 days a week as indicated in Figure 1A), and the tumors that
developed from the injected cells were excised on day 14. The
dose of DIF-1 was decided based on our previous pharmacoki-
netic study.'®

The treatment with DIF-1 significantly decreased the weight
of tumors (Figure 1B, right panel). We could not find a visible
tumor in 2 of the 6 mice treated with DIF-1 (see Figure 1B, left
panel).

We also monitored the general condition of the mice by
measuring body weight and counting peripheral blood cells
to detect potential adverse effects of DIF-1. As depicted in
Figure 1C,D, DIF-1 did not affect either body weight or blood
cell counts, suggesting that the systemic administration of
DIF-1 apparently was not toxic, in agreement with our previous

reports.t24
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3.2 | Differentiation-inducing factor-1 reduced
expression of cyclin D1 without inhibiting
phosphorylation of GSK-3 in MCF-7 cells

To identify the mechanism behind the antitumor effect of DIF-1,
we first determined whether DIF-1 inhibits proliferation of cultured
MCEF-7 cells. Differentiation-inducing factor-1 significantly inhibited
their proliferation in a concentration- and time-dependent manner
(Figure 2A, left panel). The proliferation of MCF-7 cells suppressed
by DIF-1 resumed after DIF-1 was removed from the medium
(Figure 2A, right panel), suggesting that the antiproliferative effect of
DIF-1 was not cytotoxic but reversible, as we reported in a previous
study using vascular smooth muscle cells.® Cell cycle analysis by flow
cytometry showed that the treatment with DIF-1 increased the num-
ber of cells in G,/G, phase and decreased that in S phase (Figure 2B).

Subsequently, we examined the effect of DIF-1 on the expres-
sion of cyclin D1 because cyclin D1 plays a crucial role in the pro-
gression of G, phase,? and we have previously reported that DIF-1
induces cell cycle arrest in the G -G, transition by suppressing cyclin
D1 expression in several other cell types.>®1416 |n line with other
reports,®7131 Differentiation-inducing factor-1 markedly downreg-
ulated the cyclin D1 protein in a time- and concentration-dependent
manner (Figure 2C).

We also examined the effect of DIF-1 on cell proliferation in
human breast cancer cell line SK-BR3, which harbors a mutation in
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FIGURE 1 Differentiation-inducing factor-1 (DIF-1) inhibited MCF-7 tumor growth in vivo. A, Experimental protocol. DIF-1 or vehicle
was given intragastrically to mice every 12 h (5 days a week as indicated) after injection of MCF-7 cells. The mice were killed, and the grown
tumors were collected on day 14. B, Left panel: photograph of excised tumors (1-6, vehicle-treated group; 7-12, DIF-1-treated group). Right
panel: comparison of tumor weights between the vehicle-treated group and DIF-1-treated group. C, Influence of DIF-1 on the body weight of
mice. Values are shown as percentages of those measured at day 0. D, Effects of DIF-1 on blood cell counts. Results are shown as mean + SD
of 6 independent experiments. P < .05. Hb, hemoglobin; HCT, hematocrit; PLT, platelets; RBC, red blood cells; WBC, white blood cells
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FIGURE 2 Differentiation-inducing factor-1 (DIF-1) inhibited proliferation and suppressed expression levels of cyclin D1 in MCF-7 cells.
A, Cell proliferation assay. Left panel: MCF-7 cells were seeded in a 24-well plate and incubated with various concentrations of DIF-1 for
the indicated periods. Right panel: MCF-7 cells cultured with DIF-1 (30 umol/L) for 24 h were washed with PBS and further cultured with or
without DIF-1 for the indicated periods. B, Cell cycle analyses. Cells were treated with DIF-1 (20 umol/L) for 24 h and then harvested with
trypsin-EDTA. Cells were stained with propidium iodide (PI) and nuclear fluorescence was measured by flow cytometry. Percentages of the
cells in different cell cycle phases are shown. C, Influence of DIF-1 on cyclin D1 protein expression. Left panel: time course after addition of
DIF-1 (30 pmol/L). Right panel: concentration dependence. D, Influence of a proteasome inhibitor on the DIF-1-induced reduction of cyclin
D1 measured in the presence of cycloheximide (CHX). MCF-7 cells pretreated with or without MG132 (5 pmol/L) for 1 h were incubated
with CHX (10 pg/mL) and with or without DIF-1 (30 pmol/L) for 3 h. Percentages of degraded cyclin D1 were determined by comparing lane
2 with lane 1 (without MG132) and lane 4 with lane 3 (with MG132). E, Effect of DIF-1 on cyclin D1 mRNA expression. MCF-7 cells were
incubated with or without DIF-1 (30 pmol/L) for 24 h and then quantitative RT-PCR was carried out. F, Effect of DIF-1 on the proliferation
of cells overexpressing cyclin D1. Left panel: representative western blot of cyclin D1 and its quantification in pcDNA3- and pcDNA3/cyclin
D1i-transfected cells. Middle panel: effect of DIF-1 on cyclin D1 expression and cell proliferation in pcDNA3 (empty vector)-transfected
cells. Right panel: effect of DIF-1 on cyclin D1 expression and cell proliferation in pcDNA3/cyclin D1-transfected cells. G, Phosphorylation
levels of glycogen synthase kinase-3a (GSK-3a) (left) and GSK-3 (right) after incubation with or without DIF-1 (30 pmol/L). The results are
presented as the mean + SD of 3 independent experiments. *P < .05; **P < .01; ***P < .001

TP53R173H 2122 Consist with the results in MCF-7 cells, DIF-1 signifi- Differentiation-inducing factor-1 reduced the cyclin D1 protein
cantly inhibited their proliferation (Figure S1A), and markedly down- amount in the presence of CHX, a protein synthesis inhibitor, but the
regulated the cyclin D1 protein (Figure S1B). proteasome inhibitor MG132 significantly attenuated this reduction
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(Figure 2D). These data suggested that DIF-1 promoted cyclin D1
degradation by the ubiquitin-proteasome system. Moreover, gRT-
PCR showed that DIF-1 markedly reduced the expression levels
of cyclin D1 mRNA (Figure 2E), again consistent with our previous
reports.'?1® To determine whether the reduction of cyclin D1 was
involved in the antiproliferative effect of DIF-1, we undertook cell
proliferation assays using MCF-7 cells transfected with a cyclin
D1 expression plasmid (pcDNA3/cyclin D1) (Figure 2F, left panel).
Although DIF-1 inhibited proliferation of cells transfected with the
empty vector (pcDNAS3) (Figure 2F, middle panel), the effect of DIF-1
was attenuated in cells overexpressing cyclin D1 (Figure 2F, right
panel), indicating that the reduction of cyclin D1 mediated the effect
of DIF-1.

Our original hypothesis was that the downregulation of cyclin
D1 was evoked by DIF-1-induced activation of GSK-3 through the
dephosphorylation of Ser?!in GSK-3a or Ser? in GSK-3, as we have
reported in previous studies.®®1%121¢ However, our supposition was
wrong because DIF-1 did not inhibit the phosphorylation of either
GSK-3a or GSK-38 in MCF-7 cells (Figure 2G). This result raised the
following question: what factors are involved in the DIF-1-induced
cyclin D1 downregulation in MCF-7 cells?

3.3 | Differentiation-inducing factor-1 suppressed
expression of STAT3 in MCF-7 cells

Signal transducer and activator of transcription 3 is constitutively
activated in many cancers, including more than 40% of breast can-
cer cases.?>?° This transcription factor is activated on the phospho-
rylation of Tyr’®> by cytoplasmic nonreceptor tyrosine kinases.?®
Signal transducer and activator of transcription 3 has been shown to
mediate gene expression of cyclin D1 in a variety of cell types.?”%’
Therefore, we investigated the effect of DIF-1 on STAT3 expression
and phosphorylation in MCF-7 cells.

Treatment with DIF-1 for 24 hours significantly reduced the amounts
of p-STAT3 (Figure 3A,B) and of t-STAT3 (Figure 3A,C). Because there
was no significant difference in p-STAT3/t-STAT3 ratios between in
the cell groups with and without DIF-1 (Figure 3D), the downregula-
tion of p-STAT3 apparently took place in parallel with the decrease in
the t-STAT3 amount. Therefore, the DIF-1-induced downregulation of
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p-STAT3 seemed to be secondary to the reduction in the t-STAT3 level.
Similar results were obtained in SK-BR3 cells (Figure S1C-F).

3.4 | Signal transducer and activator of transcription
3 mediates cyclin D1 expression and proliferation in
MCEF-7 cells

Next, we verified whether STAT3 mediates cyclin D1 expression and
proliferation in MCF-7 cells using S31-201 (a STAT3 inhibitor) and
STAT3-C Flag pRc/CMV (a plasmid coding for constitutively active
STAT3).

S31-201 binds to the SH2 domain of STAT3 and disrupts formation
of a complex of STAT3 with other proteins such as JAK, SRC, and STAT
family members.®® As illustrated in Figure 4A, S31-201 strongly re-
duced both t-STAT3 and p-STAT3 protein levels. S31-201 also strongly
suppressed the protein expression of cyclin D1 (Figure 4B) and cell
proliferation (Figure 4C). The reduction of t-STAT3 by the STAT3 in-
hibitor might have been caused by a positive autoregulatory loop in
which STAT3 accelerates transcription of the Jak-STAT pathway com-
ponents, including STAT3 itself.%* In contrast, when the constitutively
active STAT3 mutant (STAT3-C) was overexpressed (Figure 4D), the
expression levels of cyclin D1 were approximately twice those in the
control (Figure 4E). Overexpression of STAT3-C significantly acceler-
ated cell proliferation too (Figure 4F). These results suggest that STAT3

mediates cyclin D1 expression and proliferation in MCF-7 cells.

3.5 | Differentiation-inducing factor-1 inhibited
STAT3 protein synthesis by reducing phosphorylation
levels of p705¢¢/p85°¢K

Subsequently, we attempted to identify the mechanism underly-
ing the DIF-1-induced reduction in the STAT3 protein amount.
Unexpectedly, gqRT-PCR revealed that DIF-1 enhanced the expres-
sion of STAT3 mRNA (Figures 5A, left panel, and S1G). This enhance-
ment disappeared when actinomycin D, an inhibitor of transcription,
was added (Figure 5A, right panel), suggesting that DIF-1 activated
transcription of the STAT3 gene.

To test the possibility that DIF-1 could affect transcription or
processing of STAT3 mRNA, we undertook 5- and 3'-RACE PCR
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FIGURE 3 Differentiation-inducing factor-1 (DIF-1) suppressed the expression of signal transducer and activator of transcription

3 (STAT3) in MCF-7 cells. Cells were incubated with or without DIF-1 (30 pmol/L) for indicated periods and then western blotting was
carried out. A, Representative blots of t-STAT3 and p-STAT3. B-D, Quantification of the western blots by densitometry. Protein bands
were quantified and are presented as percentages of the control level at time 0. Results are indicated as the mean + SD of 5 independent

experiments. *P < .05
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using total RNA purified from MCF-7 cells treated with DIF-1 for
24 hours. As shown in Figure S2, we successfully obtained PCR
products using 4 different gene-specific primers for STAT3 (Figure
S2A) and determined the DNA sequences of the RACE PCR prod-
ucts (Figure S2B,C). The DNA sequencing revealed that the coding
region and 3’-UTR amplified by RACE PCR completely matched to
the consensus sequence of STAT3 variants 1, 2, X1, X2, X3, and X9
(data not shown). Five-prime UTR regions determined by 5-RACE
showed high similarity to variant X6 or variant X8. According to
DataBase of Transcription Start Sites (DBTSS, https://dbtss.hgc.jp),
most of the transcription start sites (TSS) of STAT3 gene locates from
position 42 388 520 to 42 388 390 in human chromosome 17. The
5'-end of the 5-RACE PCR products locate within the region cor-
responding to the TSS of STAT3 gene (Figure S2D), suggesting that
transcription of STAT3 mRNA starts from correct sites in the pres-
ence of DIF-1. There were no intronic sequences in any of the RACE
PCR products, indicating that DIF-1 does not affect the normal splic-
ing and processing of STAT3 mRNA. Therefore, it is most likely that
DIF-1 reduces STAT3 protein level by inhibiting its translation or a
later process.

Differentiation-inducing factor-1 reduced STAT3 protein levels

as illustrated in Figure 3. However, DIF-1 failed to downregulate

STAT3 when CHX, a protein synthesis inhibitor, was added to the cell
culture medium (Figures 5B and S1H). Therefore, we concluded that
DIF-1 inhibited the translation of STAT3 mRNA into the protein. This
conclusion was reinforced by the finding that DIF-1 decreased the
STAT3 protein level and CHX negated this effect of DIF-1 even in the
cells overexpressing STAT3-C (Figures 5C and S1l,J). Accordingly,
DIF-1 also downregulated cyclin D1 and CHX negated this effect of
DIF-1 in MCF-7 cells (Figure 5D).

To identify the mechanism for DIF-1-induced inhibition of STAT3
translation, we examined the effect of DIF-1 on the mTOR signal-
ing pathway which regulates protein translation through mTOR-in-
duced activation of ribosomal protein $6 kinase (p70%%%/p85¢%) and
inactivation of 4E-BP1.5%%% As shown in Figure 6A, DIF-1 did not
affect the expression or phosphorylation of mTOR. However, DIF-1
strongly attenuated the phosphorylation levels of p705“’K (Thr8)
and p85°°K (Thr*?) within 30 minutes (Figure 6B) without affecting
Ser®”! of p70°¢X (Figure 6C) or Thr¥”/4¢ of 4E-BP1 (Figure 6D). Then
we examined whether the inhibition of p70°°%/p85°%X is involved in
the inhibition of STAT3 translation using rapamycin, an mTOR inhib-
itor. Similar to DIF-1, rapamycin reduced the phosphorylation lev-
els of p70°°K/p85°¢K (Figure 6E) and the expression levels of STAT3
(Figure 6F) and cyclin D1 (Figure 6G).
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FIGURE 5 Differentiation-inducing factor-1 (DIF-1) inhibited signal transducer and activator of transcription 3 (STAT3) protein synthesis
in MCF-7 cells. A, Effect of DIF-1 on the mRNA levels of STAT3. Left panel: MCF-7 cells were incubated with or without DIF-1 (30 pmol/L)
for 24 h, and the mRNA was quantified by quantitative RT-PCR. Right panel: MCF-7 cells were incubated with or without DIF-1 (30 pmol/L)
in the presence or absence of actinomycin D (2 pmol/L) for 24 h, and the mRNA was quantified by quantitative RT-PCR. B, Effect of DIF-1
on the stability of STAT3 protein. MCF-7 cells were incubated with or without DIF-1 (30 umol/L) in the presence of cycloheximide (CHX;

10 pg/mL) for 24 h and then western blotting for STAT3 was carried out. C, Effect of DIF-1 on the expression levels of STAT3 in MCF-7 cells
overexpressing STAT3-C. Left panel: Influence of overexpression of STAT3-C on the DIF-1-induced reduction of STAT3 protein. Percentages
of the reduction of STAT3 by DIF-1 were determined by comparing lane 2 with lane 1 (STAT3-C -) and lane 4 with lane 3 (STAT3-C +). Right
panel: influence of CHX on the DIF-1-induced reduction of STAT3 protein in cells overexpressing STAT3-C. Percentages of the reduction

in the levels of STAT3 by DIF-1 were determined by comparing lane 3 with lane 2 (CHX -) and lane 5 with lane 4 (CHX +). D, Effect of DIF-1
on the expression levels of cyclin D1 in MCF-7 cells overexpressing STAT3-C. Left: Influence of overexpression of active STAT3 on DIF-1-
induced reduction of cyclin D1 protein. Percentages of the reduction of STAT3 by DIF-1 were determined by comparing lane 2 with lane 1
(STAT3-C -) and lane 4 with lane 3 (STAT3-C +). Right panel: Influence of CHX on the DIF-1-induced reduction of cyclin D1 protein in cells
overexpressing STAT3-C. Percentages of the reduction in the levels of STAT3 by DIF-1 were determined by comparing lane 3 with lane 2
(CHX -) and lane 5 with lane 4 (CHX +). Results are presented as the mean + SD of 3 independent experiments. *P < .05

4 | DISCUSSION MCF-7 cells in vitro, in agreement with our previous studies on the

DIFs’ action. By contrast, the underlying mechanism here is differ-
In the present study, we showed that DIF-1 inhibits the growth ent from that in the cells examined previously. In MCF-7 cells, DIF-1
of MCF-7-derived tumors in vivo and the proliferation of cultured appeared to suppress cyclin D1 expression in 2 ways: (i) acceleration
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FIGURE 6

Involvement of the mTOR signaling pathway in differentiation-inducing factor-1 (DIF-1)-induced inhibition of signal transducer

and activator of transcription 3 (STAT3) translation in MCF-7 cells. A, Effects of DIF-1 (30 pmol/L) on the expression levels of total (t-)mTOR
and phosphorylated (p-)mTOR (Ser?*48). B-D, Effects of DIF-1 (30 pmol/L) on expression levels of t-p70°°K, p-p705¢K/p855¢K (Thr38%/Thr#!?),
p-p70%¢X (Ser®”!) and t-4E-BP1 and p-4E-BP1 (Thr¥”/4%). E-G, Effects of rapamycin (100 nmol/L) on expression levels of t-p70%, p-p70%¢€/
p85°¢K (Thr¥8?/Thr*'?), STAT3, and cyclin D1. Results are presented as the mean = SD of 3 independent experiments. *P < .05. H, Schematic
diagram of the mechanism of DIF-1s action on cyclin D1 gene expression

of this protein’s degradation by an unidentified, GSK-3-independ-
ent mechanism; and (ii) inhibition of cyclin D1 gene expression by
downregulation of STAT3, the mechanisms for which could involve
the inhibition of STAT3 mRNA translation to the protein by the re-
duction of phosphorylated p70°¢¥/p85°¢K (Figure 6H).

Oral (intragastric) administration of DIF-1 markedly suppressed

tumor growth of MCF-7 cells injected into a mammary fat pad, in

agreement with our previous study using s.c. injected Hela cer-
vical cancer cells and HCT-116 colon cancer cells.® In the current
study, we reduced the dose of DIF-1 from the previous 450 mg/
kg/day to 300 mg/kg/day because we have noticed that ingestion
of large amounts of soybean oil causes a loss of appetite in mice.
Nevertheless, DIF-1 strongly inhibited MCF-7 tumor formation, sug-
gesting that DIF-1 can be administered at low concentrations. It is
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noteworthy that we could not find a visible tumor in 2 out of the 6
mice treated with DIF-1. Readers should take into account that in
our preliminary experiments, the rate of visible tumor formation was
100% when DIF-1 was not administered (data not shown).
Consistent with our previous studies, DIF-1 strongly reduced the
expression levels of cyclin D1 by accelerating this protein’s degra-

68131416 and by inhibiting its mRNA expression. 21 [nitially,

dation
we thought that this phenomenon was caused by the activation
(dephosphorylation) of GSK-3, because activated GSK-3 phosphory-
lates cyclin D1 to accelerate its degradation and inhibits the Wnt-f-
catenin signaling pathway which transactivates cyclin D1 gene, as
we have uncovered in previous studies.®®?12141¢ Unexpectedly,
DIF-1 did not induce dephosphorylation of GSK-3 in MCF-7 cells.
Mutated PIK3CA (PI3K P110a« catalytic subunit) in MCF-7 cells con-
stitutively activates AKT, which phosphorylates GSK-3 to inactivate
this kinase.3* This mechanism could be the reason why DIF-1 failed
to activate GSK-3 in MCF-7 cells, in contrast to other cell types. In
the present study, however, we could not identify the kinase respon-
sible for DIF-1-induced cyclin D1 degradation in MCF-7 cells.

While seeking an alternative mechanism of DIF-1-induced down-
regulation of the cyclin D1 gene, we paid attention to STAT3, be-
cause STAT3 induces cyclin D1?® and often participates in cancer
cell proliferation.®® Moreover, STAT3 promotes malignant tumor
formation by altering the expression of protumorigenic gene-regula-

tory networks 3640

and thereby sustains oxidative-phosphorylation
activities of cancer cells.***® Therefore, STAT3 has been considered
to be a promising target for cancer therapy. In fact, a phase | clinical
trial was recently undertaken to validate a novel anticancer drug de-
rived from a STAT3 inhibitor.**

We found that DIF-1 strongly decreased the amounts of p-STAT3
and t-STAT3. Therefore, we speculated that the mechanism by which
DIF-1 suppressed cyclin D1 expression could be related to the sup-
pression of STAT3 activity. The STAT3 protein binds directly to the
cyclin D1 gene promoter in several cell types including fibroblasts
and embryonic kidney cells, and squamous cell carcinoma, fibrosar-
coma, glioma, and malignant melanoma cells.?’2%% |t has remained
unknown, however, whether STAT3 takes part in cyclin D1 expres-
sion and cell proliferation in MCF-7 cells. Our experiments with the
STAT3 inhibitor and overexpression of constitutively active STAT3
clearly showed the participation of STAT3 in cyclin D1 expression
and in proliferation of MCF-7 cells.

We initially expected that DIF-1 would inhibit the phosphory-
lation of STAT3 because the activity of STAT3 is usually controlled
by the phosphorylation of its Tyr’®.2% In fact, in gastric cancer cell
lines, DIF-1 has been reported to suppress STAT3 phosphorylation
by activating the MEK-ERK pathway.*® In contrast, here, DIF-1 did
not seem to inhibit STAT3 phosphorylation but suppressed its pro-
tein expression. The downregulation of p-STAT3 was likely to be
secondary to the reduction in the t-STAT3 amount because the
p-STAT3/t-STAT3 ratio was not changed by DIF-1. Quantitative
RT-PCR analysis of STAT3 mRNA showed that DIF-1 did not sup-
press STAT3 mRNA expression but instead elevated the mRNA lev-
els. These data indicate that the cause of the decrease in STAT3

protein levels was neither the inhibition of STAT3 transcription nor
destabilization of STAT3 mRNA. The maintenance of protein ho-
meostasis is essential for healthy cells and therefore, in general,
proteins need to be always produced and maintained in an ap-
propriate quantity.*” Therefore, as results show in Figure 5A (left
panel), we speculated that cells would have tried to compensate
for DIF-1-induced reduction of STAT3 protein by enhancing STAT3
mRNA expression. Differentiation-inducing factor-1 did not affect
the normal splicing and processing of STAT3 mRNA. Therefore,
it was presumed that DIF-1 inhibited STAT3 protein synthesis or
accelerated the protein degradation. Of note, DIF-1 seemed to
inhibit the translation of STAT3 mRNA into the protein because
DIF-1 failed to decrease STAT3 protein levels in the presence of
CHX. This interpretation was reinforced by the finding that DIF-1
strongly reduced the expression levels of STAT3 even when con-
stitutively active STAT3 was overexpressed.

To identify the mechanism for DIF-1-induced reduction of STAT3
protein level, we investigated possible involvement of mTOR signaling
pathway, because this pathway plays an important role in promotion

32,33

of protein translation and is involved in STAT3-mediated cell sur-

vival and proliferation of breast cancer stem-like cells.*® Intriguingly,

389/412 of

DIF-1 rapidly reduced the phosphorylation levels of Thr
p70°¢%/p855¢ which is a major downstream of mTOR, phosphory-
lates S6 protein of ribosomal subunit 40S and induces selective trans-
lation of MRNAs.*’ The experiments using rapamycin indicated that
this pathway is in fact essential for STAT3 translation in MCF-7 cells.

MCEF-7 cells express estrogen receptor and progesterone re-
ceptor but do not overexpress HER2. Approximately 25%-30% of
breast cancers harbor HER2 protooncogene amplification and they
show poor prognosis with a lower survival rate and a shorter time to
recur.’%! Therefore, we additionally examined the effect of DIF-1
on SK-BR3 cells that do not express female hormone receptors but
overexpress HER2. Additionally, DIF-1 inhibited cell proliferation
and STAT3 expression in SK-BR3 cells (Figure S1), indicating that
DIF-1's effect does not depend on the expression levels of HER2 or
female hormone receptors.

Against HER2-overexpressing breast cancers, trastuzumab has
been used as a first-line drug. However, approximately 50% of pa-
tients fail to respond to the initial trastuzumab therapy or develop
resistance to this Ab therapy.*>°2>* |n addition, disadvantages of
trastuzumab have been reported: trastuzumab treatment increased
the risks of cardiotoxicity and brain metastasis by impairment of
the blood-brain barrier in patients with HER2-overexpressing met-
astatic breast cancer.”>”® Therefore, development of novel thera-
peutic agents against this type of breast cancer is still required.
Furthermore, it has been reported that the activation of STAT3
by HER2-overexpression increased the risk of metastasis through
prompting epithelial-mesenchymal transition in human breast can-
cer.”? Thus, the effect of DIF-1 on breast cancer metastasis needs to
be investigated. We are attempting to investigate the effect of DIF-1
on the processes of cancer metastasis, that is, epithelial-mesenchy-
mal transition, cell infiltration, migration, extravasation, and engraft-

ment of breast cancer cells.
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Including ours, there have been several reports on the intra-
cellular signals that mediate the effects of DIFs (mainly DIF-1 and
DIF-3); DIF-1 and DIF-3 interrupted mitochondrial activity.””>’
Differentiation-inducing factor-3 increased the production of
reactive oxygen species and intracellular calcium concentra-
tion.”®%? Differentiation-inducing factor-1 suppressed the activ-
ity of calmodulin-dependent phosphodiesterase.r” A derivative
of DIF-3 inhibited PAK-1.°° Differentiation-inducing factor-1 acti-
vated the MEK-ERK-pathway to inhibit STAT3 phosphorylation.*
Differentiation-inducing factor-1 activated PI3K and Akt.*® Both
DIF-1 and DIF-3 activated GSK-3.7¢! Here, we added an alter-
native mechanism: inhibition of S6K-mediatd STAT3 translation.
However, the molecular target of DIFs to which DIFs directly bind
has not been identified. If we could identify it, then the develop-
ment of novel anticancer drugs based on DIF-1 as the lead com-
pound could be greatly accelerated. Further studies are needed
to identify the target molecule by utilizing new approaches such
as phosphoproteomic analysis or microRNA expression analysis.
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