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Postoperative recurrence from microscopic residual disease
must be prevented to cure intractable cancers, including pancre-
atic cancer. Key to this goal is the elimination of cancer stem cells
(CSCs) endowed with tumor-initiating capacity and drug resist-
ance. However, current therapeutic strategies capable of accom-
plishing this are insufficient. Using in vitromodels of CSCs and in
vivo models of tumor initiation in which CSCs give rise to xeno-
graft tumors, we show that dexamethasone induces expression of
MKP-1, a MAPK phosphatase, via glucocorticoid receptor activa-
tion, thereby inactivating JNK, which is required for self-renewal
and tumor initiation by pancreatic CSCs aswell as for their expres-
sion of survivin, an anti-apoptotic protein implicated in multidrug
resistance. We also demonstrate that systemic administration of
clinically relevant doses of dexamethasone together with gemcita-
bine prevents tumor formation by CSCs in a pancreatic cancer
xenograft model. Our study thus provides preclinical evidence for
the efficacy of dexamethasone as an adjuvant therapy to prevent
postoperative recurrence in patients with pancreatic cancer.

Despite the overall improvement in cancer survival over the last
few decades, most cancer patients today still succumb to the cancer
they present with, and recurrence is a significant cause of cancer-
related death (1, 2). Recurrence after seemingly successful initial
treatment may limit the long-term survival of cancer patients and
therefore may be a serious obstacle to a cure for cancer. Preventing
recurrence, therefore, is considered essential to realizing the long-
term survival of patients with cancer. Given their key role in tumor
recurrence, tremendous efforts are being devoted to developing
drugs that target cancer stemcells (CSCs), a subpopulation of cancer
cells that can self-renew, initiate tumors, and resist conventional
cancer therapies (2, 3). However, CSC-targeting drugs have not yet
been successfully brought to clinical practice (4). Many factors,
including safety, have made drug development challenging in gen-
eral (5), but inadequate clinical trial design may require particular
attention in the case of CSC-targeting drugs. The efficacy of drugs
that specifically targetCSCsmaynot beproperly evaluated in clinical
trials conducted on patients with advanced cancer for whom the

growth of the tumor bulk, which consistsmainly of non-CSCs, is the
critical determinant of survival rather than recurrence fromCSCs.
Pancreatic cancer is the seventh leading cause of cancer death

worldwide (1). In the United States, the 5-year relative survival
rate for pancreatic cancer is the lowest amongmajor human can-
cers (6). Moreover, pancreatic cancer mortality is projected to be
second only to lung cancer by 2030 (7). Hence, this malignant
cancer will likely impose an increasing public health burden in
the future. The highly intractable nature of pancreatic cancer is
also demonstrated by its high probability of recurrence even after
complete tumor resection (8), hence the need for novel therapeu-
tic measures to prevent recurrence. Because CSCs have been
identified in pancreatic cancer, a number of drugs that target
molecules and pathways implicated in the control of pancreatic
CSCs have been developed and advanced to clinical trials (9, 10);
however, none have reached clinical practice.
Drug repurposing or repositioning is an unconventional

approach to drug discovery. Repurposing explores new thera-
peutic benefits of existing drugs with known safety profiles, in
contrast to developing drugs from scratch. Repurposing has a
greater chance of success and can save both time and money
because drug safety has already been validated (11–14). Given
the advantages of repurposing, we have been seeking to identify
CSC-targeting drugs from among existing drugs with estab-
lished safety profiles, irrespective of whether they have proven
efficacy against cancer (15–17). In particular, we have focused
on drugs that are being used safely in oncology practice for
symptomatic treatment and have successfully identified anti-
psychotic medications that have anti-CSC activities (18–20).
While searching for CSC-targeting drugs, we identified the
anti-CSC activities of dexamethasone, a synthetic glucocorti-
coid commonly used to treat patients with solid tumors intra-
operatively and to treat cancer- and treatment-related symp-
toms. Importantly, the efficacy of dexamethasone in solid
tumors has never been determined in clinical trials properly
designed to evaluate drugs that specifically target CSCs.

Results

Dexamethasone inhibits CSCs from pancreatic cancer and
other solid tumors by promoting their differentiation via
glucocorticoid receptor activation

To determine whether dexamethasone has anti-CSC activities,
we used CSC lines from cancer types in which glucocorticoid
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receptor (GR) expression has been verified but the therapeutic ef-
ficacy of dexamethasone had yet to be demonstrated (21–25).
We started with pancreatic cancer CSCs (PANC-1 CSLC and
PSN-1 CSLC) and determined the effect of dexamethasone on
the expression of stem cell–associated markers (CD133, Sox2,
Nanog, Bmi1, and Nestin) and the differentiation marker E-cad-
herin. Treatment with dexamethasone at a concentration (1 mM)
that was not toxic to normal cells (Fig. S1) uniformly reduced the
expression of stem cell markers, whereas E-cadherin expression
increased (Fig. 1,A–C). Significantly, exposure to dexamethasone
for as long as 6 days was sufficient to cause the cells to commit
fully to differentiation because Sox2 and E-cadherinmarkers con-
tinued to decrease and to increase, respectively, even in the ab-
sence of dexamethasone thereafter (Fig. S2). To determine
whether the altered expression of stem cell and differentiation
markers by CSCs is accompanied by reduced self-renewal
capacity, we tested the sphere-forming ability of CSCs treated
with dexamethasone for 6 days and subsequently cultured in a
dexamethasone-free medium; sphere formation was reduced fol-
lowing dexamethasone treatment (Fig. 1D). Thus, our data sug-
gest that dexamethasone effectively induces differentiation and
the loss of stemness in pancreatic CSCs. We observed similar
results with CSCs from other cancer types, namely A549 lung
cancer cells and A2780 ovarian cancer cells (Fig. S3). Because
prednisolone, another synthetic glucocorticoid, had similar
effects on pancreatic CSCs (Fig. S4), we suspected the involve-
ment of GR in the CSC-inhibitory effects of these synthetic gluco-
corticoids. After confirming that dexamethasone activates GR, as
indicated by Ser-211 phosphorylation and phosphorylation-de-
pendent down-regulation (Fig. 2A) (26, 27), we examined the
effect of siRNA-mediated GR knockdown on dexamethasone’s
CSC-inhibitory effects. Whereas GR knockdown alone had no
discernible effects on pancreatic CSCs, it blocked dexametha-
sone’s inhibitory effects on these cells, as indicated by the lack of
change in Sox2 expression, E-cadherin expression, and sphere
formation (Fig. 2, B and C). Together, these data indicate that
dexamethasone induces the loss of stemness and differentiation
in CSCs in aGR-dependentmanner.

Dexamethasone-induced expression of MAPK phosphatase
MKP-1/DUSP1 inhibits the JNK pathway and promotes
pancreatic CSC differentiation

In an attempt to elucidate the mechanism underlying dexa-
methasone’s CSC-inhibitory effects, we examined molecular
pathways implicated in regulating the stem cell state of pancre-
atic CSCs (9, 10, 28, 29). We observed reduced levels of phos-
phorylated JNK and c-Jun (Fig. 3A), which suggests that dexa-
methasone inhibits the JNK pathway. Because JNK is essential
formaintaining the stemness of pancreatic CSCs, and JNK inhi-
bition alone is sufficient to promote their differentiation (28,
29), this finding suggests that dexamethasonemay inhibit CSCs
by down-regulating the JNK pathway.
Apart from playing an essential role in CSCmaintenance in a

variety of human cancers, including pancreatic cancer (28–34),
JNK is well known as a proinflammatory kinase (35). We there-
fore surmised that a dual-specificity MAPK phosphatase,
MKP-1/DUSP1, a representative mediator of dexamethasone’s

anti-inflammatory effects (36), could be the link between dexa-
methasone and the JNK pathway in CSC regulation in pancre-
atic cancer. Consistent with this idea, dexamethasone induced
MKP-1 protein expression in pancreatic CSCs (Fig. 3A), which
was also observed in lung and ovarian CSCs (Fig. S3B). We also
confirmed increased MKP-1 mRNA expression after dexa-
methasone treatment (Fig. 3B) and the dependence of this
increase on GR (Fig. 3C), which agrees with earlier studies that
demonstrated glucocorticoid-responsive element–dependent
activation ofMKP-1 transcription by dexamethasone (37, 38).
Next, we determined whether the induction of MKP-1

expression is required for dexamethasone to inhibit pancreatic
CSCs. MKP-1 knockdown by siRNA attenuated dexametha-
sone’s effects on phospho-c-Jun, Sox2, and E-cadherin levels
(Fig. 3D), suggesting that MKP-1 mediates the inhibition of the
JNK pathway and the stemness of pancreatic CSCs by dexa-
methasone. Significantly, MKP-1 is a multifunctional phospha-
tase that dephosphorylates and inactivates multiple members
of the MAPK family, including JNK, p38 MAPK, and ERK (37,
38). Indeed, we observed reduced levels of phospho-ERK in
addition to reduced levels of phospho-JNK following dexa-
methasone treatment of pancreatic CSCs (data not shown).We
therefore determined using an MKK7-JNK1 fusion protein
whether inactivation of JNK by MKP-1 is specifically required
for dexamethasone to inhibit CSCs. We observed that in pan-
creatic CSCs expressing this activated JNK protein, dexametha-
sone failed to undergo changes associated with the loss of stem-
ness (Fig. 3E). Altogether, these data are consistent with a
model in which dexamethasone-activated GR in turn activates
MKP-1 transcription. TheMKP-1 protein will dephosphorylate
and inactivate JNK, thereby driving pancreatic CSC differentia-
tion. Given that approximately 6 days of continuous dexameth-
asone treatment is required for pancreatic CSCs to commit
fully to differentiation, we conducted a time course analysis to
monitor molecular components along the GR-JNK axis in
CSCs during and beyond this period (Fig. S5). Whereas phos-
phorylated GR andMKP-1 levels increased progressively, phos-
phorylated JNK and c-Jun levels eventually declined over the
long term, fluctuating early on in a multiphasic manner accom-
panied by a transient increase around 4 days after dexametha-
sone treatment. E-cadherin levels increased similarly in a multi-
phasic manner preceded by an initial decline, albeit not entirely
in parallel with phosphorylated JNK and c-Jun. As reported previ-
ously (39), the transient activation of the JNK pathway observed
around 4 days was most likely associated with dexamethasone-
induced activation of the transforming growth factor-b pathway,
as indicated by the parallel increase in phospho-Smad2 levels
(Fig. S5). Our data suggest that dexamethasone in the early phase
of treatment may activate multiple MKP-1–dependent and –in-
dependent signaling pathways and that, therefore, a short-term
dexamethasone treatment may possibly result in failure for pan-
creatic CSCs to commit fully to differentiation.

Systemic dexamethasone eliminates CSCs within tumors
formed by pancreatic CSCs

Having demonstrated that the CSC-inhibitory effects of
dexamethasone are mediated by the GR–MKP-1–JNK axis in
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vitro, we next investigated whether dexamethasone could in-
hibit CSCs in vivo. To this end, we tested the effect of systemic
dexamethasone administered at a clinically relevant dose (1
mg/kg, three times a week) on tumor formation initiated by
pancreatic CSCs. Systemic dexamethasone treatment was
started following the implantation of pancreatic CSCs into re-
cipient mice and significantly inhibited the growth of xenograft
tumors compared with the vehicle-only control (Fig. 4A). Dexa-
methasone may therefore exert a CSC-inhibitory effect in vivo.
Notably, whereas the above dose of dexamethasone was well-
tolerated and did not affect the body weight of mice for at least
6 weeks (Fig. S6), the growth of dexamethasone-treated tumors
appeared to have become blunted by 5 weeks (Fig. 4A), which
suggests that, by this time point, dexamethasone had substan-
tially reduced CSCs within the tumors that fuel tumor growth.

To test this possibility, we performed an expression analysis on
xenograft tumors from mice treated systemically for 5 weeks
with the above dose of dexamethasone. We observed reduced
expression of stem cell markers (Sox2, Nanog, and Bmi1)
accompanied by increased expression of E-cadherin in dexa-
methasone-treated tumors (Fig. 4B), suggesting that dexameth-
asone reduced the CSC population within tumors by promot-
ing differentiation. We also observed reduced levels of
phosphorylated JNK and c-Jun along with increased levels of
phosphorylated GR and MKP-1 in dexamethasone-treated
tumors (Fig. 4B). Thus, dexamethasone most likely promotes
differentiation of CSCs in vivo and in vitro by the same
mechanism.
To determine whether dexamethasone eliminates CSCs

within tumors in vivo, we conducted a secondary tumor

Figure 1. Dexamethasone induces the loss of stemness and promotes differentiation of pancreatic CSCs. A, human pancreatic CSCs (PANC-1 CSLC and
PSN-1 CSLC) cultured with either 1 mM DEX or without DEX (Control) for 6 days were subjected to flow cytometry to detect cell-surface expression of CD133;
the percentage of CD133-positive cells was determined. Data are shown as mean6 S.D. from three independent experiments. *, p, 0.05. B and C, the indi-
cated proteins were detected in cells cultured as described in A by either immunoblotting B or immunofluorescence C. Scale bars, 20mm. D, sphere formation
assay for cells cultured as described in A in the absence of DEX. Top, percentage of wells in which a tumorsphere was formed from a single cell. Data are shown
asmean6 S.D. (error bars) from three independent experiments. *, p, 0.05. Bottom, photomicrographs of representative wells. Scale bars, 200mm.
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formation assay to measure the frequency of CSCs within a tu-
mor. In this assay, tumor cells from primary tumors are trans-
planted into secondary recipient animals after serial dilution
(40). Whereas transplantation of as few as 2 3 105 cells from
primary tumors treated only with vehicle was sufficient to initi-
ate a secondary tumor, indicating that the transplanted cells

included CSCs capable of tumor initiation, transplantation of
as many as 1 3 106 cells from primary tumors treated as
described above with dexamethasone failed to form any tumors
(Fig. 4C). The data imply that the systemic dexamethasone dos-
ing schedule caused a.5-fold reduction in the CSC population
within primary tumors. Collectively, these findings suggest that

Figure 2. Role of glucocorticoid receptor in dexamethasone-induced effects on pancreatic CSCs. A, levels of GR and GR phosphorylated at Ser-211 deter-
mined by immunoblotting in cells (PANC-1 CSLC and PSN-1 CSLC) cultured either with 1 mM DEX or without DEX (Control) for 6 days. B, cells transiently trans-
fected with either siRNAs against the glucocorticoid receptor gene (siGR, #2 and #3) or control siRNA (siControl) for 24 h were either treated with 1 mM DEX or
left untreated for 6 days. The indicated protein levels were determined by immunoblotting. C, sphere formation assay for cells cultured as described in B in the
absence of DEX. Top, percentage of wells in which a tumorsphere was formed from a single cell. Data are shown as mean6 S.D. (error bars) from three inde-
pendent experiments. *, p, 0.05. Bottom, photomicrographs of representative wells. Scale bars, 200mm.
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the mechanism of dexamethasone’s in vitro CSC-inhibitory
effect may also be operating in vivo when dexamethasone is
administered at clinically relevant doses.

Dexamethasone sensitizes pancreatic cancer stem cells to
chemotherapeutic agents by inhibiting survivin

CSCs have been closely associated with resistance to conven-
tional cancer chemotherapy (3, 41, 42). Pretreatment with
dexamethasone, which we have thus far shown to promote
CSC differentiation, could therefore sensitize pancreatic CSCs

to chemotherapeutic agents such as gemcitabine and 5-fluo-
rouracil (5-FU), which are antimetabolites commonly used to
treat patients with pancreatic cancer. When pancreatic CSCs
pretreated with dexamethasone for 6 days were treated with ei-
ther gemcitabine or 5-FU in the absence of dexamethasone, the
inhibitory effects of these chemotherapeutic agents on the
overall viability of the cells were accompanied by an increase in
the proportion of dead cells, indicating that dexamethasone
pretreatment sensitized pancreatic CSCs to the cytotoxic
effects of gemcitabine and 5-FU (Fig. 5, A–D). Significantly,
chemosensitization by dexamethasone was abrogated by

Figure 3. Role of JNK inactivation by MKP-1 in dexamethasone-induced effects on pancreatic CSCs. A and B, the indicated proteins were detected by
immunoblotting (A) and mRNAs were detected by RT-PCR (B) in cells cultured either with 1 mM DEX or without DEX (Control) for 6 days. C, PANC-1 CSLC cells
transiently transfected with either siRNAs against the glucocorticoid receptor gene (siGR, #2 and #3) or control siRNA (siControl) for 24 h were either treated
with 1 mM DEX or left untreated for 6 days before RNA extraction for RT-PCR. D, PANC-1 CSLC cells transiently transfected with either siRNAs against MKP-1
(siMKP-1, #1 and #2) or control siRNA (siControl) for 24 h were either treated with 1mM DEX or left untreated for 6 days before immunoblotting for the indicated
proteins. E, PANC-1 CSLC cells transiently transfected with either activated JNK1 expression plasmid (JNK1 CA) or empty control vector (Vector) for 24 h were ei-
ther treated with 1mM DEX or left untreated for 6 days. The indicated proteins were detected by immunoblotting.
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knocking down GR (Fig. 6, A and B) or MKP-1 (Fig. 6C), sug-
gesting its dependence on GR-mediated MKP-1 expression.
Because our previous studies demonstrated a pivotal role for
survivin, a member of the inhibitor of apoptosis (IAP) protein
family, in the chemoresistance of pancreatic CSCs to gemcita-
bine and 5-FU (18, 20, 43), we determined whether survivin is
involved in chemosensitization by dexamethasone. We could
reproduce the results of our previous studies in the current
study and confirmed that pancreatic CSCs express survivin.
Moreover, knockdown of endogenous survivin expression was
sufficient to sensitize them to gemcitabine and 5-FU (Fig. S7,
A–E). Additionally, we found in this study that dexamethasone
reduces endogenous survivin expression in pancreatic CSCs at
the mRNA (Fig. 7A) and protein (Fig. 7B) levels, both in vitro and
in vivo (Fig. 7C). Furthermore, we also noticed in this study
increased survivin expression upon gemcitabine treatment,

which was also inhibited by dexamethasone pretreatment simi-
larly to the basal level of survivin expression (Fig. S8). We next
determined whether the GR–MKP-1–JNK axis is involved in the
regulation of survivin expression in pancreatic CSCs similarly to
their stem cell state. The critical role of this axis in survivin
expression was demonstrated by observations that knockdown of
either GR or MKP-1 hampered dexamethasone-induced reduc-
tion in survivin expression (Fig. 7, D and E), whereas treatment
with pharmacological JNK inhibitors without dexamethasone
was sufficient to reduce survivin expression (Fig. 7F) in pancreatic
CSCs. Unexpectedly, we found that activated JNKprotein expres-
sion, which abolished dexamethasone’s inhibitory effects on the
stemness of pancreatic CSCs (Fig. 3E), failed to block the dexa-
methasone-induced reduction in survivin expression (Fig. S9).
Because activated JNK is derived from JNK1, we speculated that
JNK1 may not be involved in regulating survivin expression.

Figure 4. Systemically administered dexamethasone inhibits JNK and eliminates CSCs in pancreatic tumor xenografts. A, mice implanted subcutane-
ously with 13 106 viable PANC-1 CSLC cells (n = 5/group) were injected intraperitoneally with either vehicle only or 1 mg/kg DEX three times a week, starting
the day after implantation. Subcutaneous tumor volumes were measured at the indicated time points. Data are shown as mean6 S.D. (error bars). *, p, 0.05.
B and C, mice were treated as in A for 5 weeks (n = 6/group). Subcutaneous tumors (primary tumors) were excised and dissociated, and serial dilutions of disso-
ciated tumor cells (23 105, 53 105, and 13 106 viable cells) were transplanted subcutaneously into new mice (n = 5/group). C, volumes of primary tumors
(left) and secondary tumors formed by transplantation of cells from primary tumors (right) were measured at the indicated time points. Data are shown as
mean6 S.D. B, the indicated proteins were detected in dissociated primary tumor cells by immunoblotting.
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Consistent with this idea, the results of knockdown experiments
demonstrated that survivin expression is primarily JNK2-depend-
ent in contrast to Sox2 and E-cadherin expression, which are
mainly JNK1-dependent (Fig. S10). Thus, dexamethasone most
likely reduces survivin expression in pancreatic CSCs via GR–
andMKP-1–mediated inhibition of JNK2.

Systemic treatment with both dexamethasone and
gemcitabine suppresses development and growth of
tumors from pancreatic CSCs

The data we have presented so far suggest that the combina-
tion of dexamethasone with antimetabolites such as gemcita-
bine and 5-FU is a rational approach to eliminating CSCs
within tumors not only functionally by rendering them non-
CSCs but also physically by inducing cell death. We therefore
tested the efficacy as well as the safety of this combination in a
clinically oriented setting. Because adjuvant gemcitabine
monotherapy is effective for treating patients with macroscopic
complete removal of pancreatic cancer but nevertheless results
in a high rate of disease recurrence (44), we wished to deter-
mine whether systemic dexamethasone concomitant with gem-
citabine can improve the treatment outcome by inhibiting tu-
mor growth from CSCs. To this end, nudemice implanted with
pancreatic CSCs were treated with cycles of gemcitabine three
times a week either with or without concomitant systemic
dexamethasone. Gemcitabine was used at 40 mg/kg, three
times a week, which is roughly one-third of the maximum dose,
when translated to a human equivalent, used in the treatment
of pancreatic cancer (44). Dexamethasone was administered
initially at 1 mg/kg/day for the first 9 days before tapering over

a 12-day period (a total of 11.95 mg/kg over 3 weeks) (45), fol-
lowed by weekly cycles of dexamethasone (1 mg/kg for 2 days
tapered over a 3-day period = 2.875 mg/kg/week), which was
almost the same dose as what was used earlier in this study (1
mg/kg, 3 times a week = 3 mg/kg/week) (Figs. 4 and 7C). Not
only was the combination of dexamethasone and gemcitabine
at these doses tolerated by the mice, as demonstrated by the
lack of significant weight change (Fig. 8A), but strikingly, we
found that the combination dramatically inhibited the develop-
ment and growth of tumors in sharp contrast to gemcitabine
monotherapy, which showed virtually no inhibitory effect (Fig.
8 (B and C) and Fig. S11). Whereas by 4 weeks post-implanta-
tion, implantation of CSCs invariably led to the development of
tumors that continued to grow progressively when recipient
mice were either treated with gemcitabine monotherapy or left
untreated, five of eight implantation sites were tumor-free even
after 11 weeks when the mice were treated with the combina-
tion of dexamethasone and gemcitabine (Fig. 8B and Fig. S11).
Moreover, the tumors that developed in the combination treat-
ment group were much smaller than those that developed in
the other two groups and did not show progressive growth (Fig.
8C and Fig. S11). These results clearly indicate that systemic
dexamethasone concomitant with gemcitabine effectively
inhibits the development and growth of tumors from pancre-
atic CSCs without causing adverse effects in nudemice.

Discussion

Glucocorticoids, including dexamethasone, have been widely
and commonly used to treat nonhematologic malignancies to

Figure 5. Dexamethasone sensitizes pancreatic CSCs to gemcitabine and 5-fluorouracil. PANC-1 CSLC cells were either pretreated with 1 mM DEX or left
untreated for 6 days were subsequently treatedwith either 1mMGEMor 10mM 5-FU or left untreated as indicated for 3 days in the absence of DEX.A and B, via-
ble and dead cell numbers (left) and percentage of dead cells (right) were determined by trypan blue staining. C and D, cell death assay using PI. Left, percent-
age of PI-positive (dead) cells relative to Hoechst-positive (both viable and dead) cells. Right, representative fluorescence images of Hoechst-positive (left
columns) and PI-positive (right columns) cells. Scale bars, 200mm. Data are shown in graphs asmeans6 S.D. (error bars) from triplicate samples of a representa-
tive experiment. *, p, 0.05.
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prevent and manage cancer- or treatment-related symptoms in
patients with advanced cancer (21, 23). However, despite clini-
cal studies aiming to determine the effect of glucocorticoids on
solid tumor growth or response per se in a variety of nonhema-
tologic cancers, their efficacy has not yet been proven except
for the modest benefit of glucocorticoid monotherapy in breast
and prostate cancer treatment (21, 23). However, importantly,
those clinical studies were conducted mostly on patients with

advanced cancer, for whom the growth of the remaining tumor
bulk as a result of limited rounds of proliferation of non-CSCs,
rather than de novo tumor development fueled by infinitely
self-renewing CSCs, is thought to limit their survival. Thus, it
remains unknown whether glucocorticoids have clinically sig-
nificant anti-CSC activities. They could therefore prove effec-
tive in preclinical and clinical studies properly designed to eval-
uate their anti-CSC potential.
In this study, we addressed this question and demonstrated

that dexamethasone inhibits cellular properties associated with
the self-renewal capacity of CSCs derived from pancreatic,
lung, and ovarian cancers and promotes their differentiation in
vitro. Furthermore, using pancreatic CSCs as amodel, we found
that inhibition of the JNK pathway as a result of GR-dependent
transcriptional activation of the MAPK phosphatase MKP-1 is
a primary mechanism involved in the CSC-inhibitory effect of
dexamethasone, although our results do not exclude the contri-
bution of other MKP-1 substrates, including ERK and p38
MAPK. Whereas JNK has been shown to play a pivotal role in
CSC maintenance in various human cancers (28–34), the role
of MKP-1 in CSCs, in contrast, remains mostly unclear, except
that two recent studies reported that high MKP-1 expression is
associated with the loss of stemness in glioma stem cells (46,
47). Hence, the results of this study together with these studies
may underscore the role of MKP-1 as a negative regulator of
CSCs that inhibits JNK. We also demonstrated that systemic
dexamethasone reduces the tumor-initiating population within
primary xenograft tumors established from pancreatic CSCs,
suggesting that dexamethasone eliminates pancreatic CSCs
both in vitro and in vivo. Consistent with our findings, a previ-
ous study showed that systemic dexamethasone inhibits the de-
velopment of pancreatic intraepithelial neoplasias (PanINs) in a
genetically engineered mouse model of pancreatic cancer (48).
Although inhibition of inflammation was proposed as the
mechanism for dexamethasone’s effect on the development of
PanINs (48), our findings suggest that elimination of pancreatic
CSCs through JNK pathway inhibition is a plausible mecha-
nism, although these two mechanisms are not mutually exclu-
sive when the JNK pathway’s pivotal role in inflammation is
considered. Given the well-documented resistance of CSCs to
conventional chemotherapy, we also investigated whether and
how dexamethasone affects the sensitivity of pancreatic CSCs
to gemcitabine and 5-FU, key chemotherapeutic agents used to
treat pancreatic cancer, to determine whether there is any sig-
nificant interaction between dexamethasone and these drugs.
Because earlier studies suggested that dexamethasone may
antagonize the cytotoxic effect of gemcitabine when cells are
treated simultaneously with these drugs (49, 50), we examined
in this study the effect of dexamethasone “pre-”treatment on
the growth-inhibitory effects of chemotherapeutic agents. Sig-
nificantly, our results demonstrated that dexamethasone pre-
treatment for as long as 6 days was sufficient to chemosensitize
pancreatic CSCs to gemcitabine and 5-FU most likely through
the inhibition of survivin expression, a potent apoptotic inhibi-
tor implicated in chemoresistance (51). Our results may thus
imply that the modulatory effects of dexamethasone on the
chemo-sensitivity/resistance of cancer cells could be dependent
on the duration and timing of treatment. On the other hand,

Figure 6. Dexamethasone chemosensitizes pancreatic CSCs via gluco-
corticoid receptor and MKP-1. A and B, PANC-1 CSLC cells transiently trans-
fected with either siRNA against the glucocorticoid receptor gene (siGR, #2)
or control siRNA (siControl) for 24 h were either treated with 1 mM DEX or left
untreated for 6 days. Cells were subsequently treated with either 1 mM GEM
(A) or 10 mM 5-FU (B) or left untreated for 3 days. C, PANC-1 CSLC cells transi-
ently transfected with either an siRNA against MKP-1 (siMKP-1, #1) or control
siRNA (siControl) for 24 h were either treated with 1 mM DEX or left untreated
for 6 days. Cells were subsequently either treated with 1 mM GEM or left
untreated for 3 days. Cells treated as in A–C were stained with trypan blue to
determine viable and dead cell numbers (left) and percentage of dead cells
(right). Data are shown as means6 S.D. (error bars) from triplicate samples of
a representative experiment. *, p, 0.05.
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because the cell type–specific pro-apoptotic effects of gluco-
corticoids have been in part explained by the differential
expression of GR isoforms that are capable of mediating the in-
hibition of the NF-kB–survivin axis by glucocorticoids (52), it
may be interesting to investigate the possible contribution of
NF-kB, a key player in inflammation, to pancreatic CSC
chemoresistance.
Most importantly, we have successfully demonstrated that

dexamethasone can have a therapeutic effect in a mouse pan-
creatic cancer xenograft model. Using a preclinical model sim-
ulating postoperative tumor recurrence whereby implanted
pancreatic CSCs develop from a microscopic cluster of cells
into a full-blown tumor, we tested gemcitabine monotherapy
with and without concomitant administration of systemic
dexamethasone. In contrast to the apparent ineffectiveness of
gemcitabine when administered alone, gemcitabine in combi-
nation with dexamethasone enabled sustained inhibition of tu-
mor development from CSCs, underscoring the inhibition of
CSCs by dexamethasone. Gemcitabine’s contribution remains
unclear because dexamethasone monotherapy was not in-
cluded in our study due to the lack of clinical feasibility. How-
ever, we surmise that gemcitabine helped eliminate CSCs that
were incompletely differentiated yet rendered sensitive to it by
dexamethasone as demonstrated in vitro, which might other-
wise have reverted to CSCs due to plasticity (9). It should also
be noted that the maximum daily dose of dexamethasone used

in the preclinical model was well below the maximum daily
dose approved by the United States Food and Drug Adminis-
tration when converted to a human equivalent (53) and well-
tolerated by mice even when administered concomitantly with
the modest dose of gemcitabine used in this study. In addition,
by starting dexamethasone before the formation of overt
tumors, we could avoid impaired drug delivery associated with
the formation of desmoplastic stroma that progresses with tu-
mor growth (54, 55). Put together, the results of the preclinical
animal study strongly support the idea that the therapeutic
effect of dexamethasone would be best appreciated in patients
with pancreatic cancer treated with a gemcitabine (or 5-FU)–
based regimen after tumor resection. The survival of such
patients is most likely to be affected by microscopic, residual
CSCs.
Strikingly, while our study was in progress, a significant asso-

ciation between intraoperative dexamethasone administration
and long-term survival in patients with pancreatic cancer
undergoing surgical resection was demonstrated in two inde-
pendent studies (56, 57). Although both studies are retrospec-
tive in nature, their results agree with those of our preclinical
study and thus provide clinical evidence that supports our idea
that dexamethasone benefits patients with resected pancreatic
cancer. Meanwhile, our in vitro data show that more than sev-
eral days of dexamethasone exposure was required to cause the
entire pancreatic CSC population to commit to differentiation;

Figure 7. Role of GR–MKP-1–JNK axis in dexamethasone-induced inhibition of survivin in pancreatic CSCs. A and B, survivin expression was detected in
cells cultured either with 1 mM DEX or without DEX (Control) for 6 days by either RT-PCR (A) or immunoblotting (B). C, mice implanted subcutaneously with 13
106 of viable PANC-1 CSLC cells were injected intraperitoneally with either vehicle only or 1 mg/kg DEX three times a week for 5 weeks starting the day after
implantation. Subcutaneous tumors were excised and subjected to immunoblotting for survivin.D and E, PANC-1 CSLC cells transiently transfected with either
siRNAs specific for GR (siGR, #2 and #3) (D) or MKP-1 (siMKP-1, #1 and #3) genes (E), or with control siRNA (siControl) for 24 h were either treated with 1 mM DEX
or left untreated for 6 days before immunoblotting for the indicated proteins. F, survivin levels were determined by immunoblotting in cells cultured in the ab-
sence (Control) or presence of either SP600125 (20mM) or AS602801 (7.5mM) for 6 days.
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thus, it would be surprising if a single intraoperative adminis-
tration of dexamethasone alone is sufficient to improve sur-
vival. In this regard, other factors associated with perioperative
management may promote dexamethasone’s inhibitory effects
on CSCs. Consistent with this idea, the perioperative use of
dexamethasone in combination with flurbiprofen axetil, a non-
steroidal anti-inflammatory drug, has been associated with
improved long-term survival in patients undergoing surgery for
non-small-cell lung cancer (58).

Glucocorticoids reportedly promote metastasis in preclinical
models of metastatic breast cancer through GR-mediated acti-
vation of ROR1 specifically in metastatic breast cancer cells
(59). However, in clinical settings, glucocorticoid monotherapy
has been associated with clinical benefits in breast cancer, and
there is no clinical evidence associating glucocorticoid use with
poorer survival in patients with breast cancer (21, 23). Further-
more, we did not observe ROR1 induction by dexamethasone
in the pancreatic, lung, and ovarian CSCs used in our study
(not shown). Our data, taken together with relevant clinical
data, suggest the potential therapeutic benefit of dexametha-
sone as a CSC-targeting agent for treating pancreatic cancer
and, possibly, some other human cancers.
Another important implication of our study is the potential

role of JNK in inflammation-associated carcinogenesis. A large
body of evidence indicates that chronic inflammatory processes
are involved in the development of a variety of human cancers,
including pancreatic cancer, and play decisive roles in virtually
all stages of tumor development (60, 61). However, much
remains unknown regarding the mechanisms by which inflam-
mation promotes tumor development. Inflammation may
enhance tumor initiation by expanding the CSC population, yet
the molecular pathways linking inflammation to tumor initia-
tion are poorly understood except for the suggested involve-
ment of a handful of molecules, including STAT3, NF-kB, and
Wnt/b-catenin (61, 62). In this study, we have shown that dexa-
methasone, a representative anti-inflammatory drug, inhibits
tumor development by pancreatic CSCs by affecting the MKP-
1–JNK axis which is known to play a central role in mediating
the anti-inflammatory actions of glucocorticoids (63). Our
findings thus suggest that the JNK pathway contributes to
inflammation-induced carcinogenesis as a key modulator of
the CSC population, although we have not yet tested this hy-
pothesis directly using an experimental inflammation-induced
cancer model. Nevertheless, there is further circumstantial evi-
dence that implicates the JNK pathway in CSC maintenance
during tumor development associated with inflammation. Sim-
ilarly to pancreatic cancer, inflammation also plays a role in the
development of hepatocellular carcinoma (HCC) (64, 65). HCC
provides a compelling example of JNK pathway involvement in
the initiation and progression of cancer (66).Moreover, a grow-
ing body of evidence now suggests a critical role for JNK in
maintaining the CSC population in HCC (32, 34, 67). Appa-
rently, all of these findings can be explained if we assume that
inflammation-induced JNK activation promotes tumorigenesis
by expanding the CSC pool. Focusing on the JNK pathway’s
role in inflammation-induced carcinogenesis may therefore
elucidate the underlying mechanism and lead to rational thera-
pies for inflammation-associated human cancers.
In conclusion, we have demonstrated that dexamethasone,

through GR– and MKP-1–mediated inhibition of JNK, drives
pancreatic CSC differentiation into non-CSCs and sensitizes
CSCs to chemotherapeutic agents by inhibiting survivin. Our
data also show that systemic dexamethasone in combination
with gemcitabine exerts a remarkable therapeutic effect in a
preclinical pancreatic cancer model under treatment condi-
tions properly designed to evaluate the anti-CSC effect of test
drugs. Our findings have uncovered a hitherto unrecognized

Figure 8. Dexamethasone and gemcitabine together effectively elimi-
nate pancreatic CSCs in vivo. A–C, mice implanted subcutaneously with 1
3 106 viable PANC-1 CSLC cells (n = 6 for the control group, 8 each for the
DEX and DEX 1 GEM groups) were either treated with GEM alone, treated
with a combination of GEM 1 DEX, or left untreated (Control) as depicted
schematically (see Fig. S10 for treatment protocol details). Body weight (A)
and tumor volumes (C) at the indicated time points are shown. Data are
shown asmean6 S.D. (error bars). The tumor-free rate is presented in B.
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potential of dexamethasone as a CSC-targeting drug and sug-
gest that dexamethasone could be a viable therapeutic solution
to prevent tumor recurrence from CSCs, warranting future
evaluation of dexamethasone’s anti-CSC effects in well-
designed clinical trials. Our results also indicate that JNK-de-
pendent maintenance of CSCs may link inflammation and
tumor initiation and thus provide novel insights into the mech-
anisms underlying inflammation-induced cancer.

Experimental procedures

Antibodies and reagents

Antibodies against Sox2 (#3579), Nanog (#4903), Bmi1
(#6964), E-cadherin (#3195, for immunocytochemistry), gluco-
corticoid receptor (#12041), phospho-glucocorticoid receptor
(Ser-211) (#4161), c-Jun (#9165), phospho-c-Jun (Ser-63)
(#9261), phospho-SAPK/JNK (Thr-183/Tyr-185) (#4668), sur-
vivin (#2808), GFAP (#3670), phospho-Smad2 (Ser-465/467)
(#3108), Smad2/3 (#8685), and GAPDH (#5174) were pur-
chased from Cell Signaling Technology, Inc. (Beverly, MA,
USA). Antibodies against JNK1 (sc-474), JNK2 (sc-7345), E-cad-
herin (sc-8426, for immunoblotting), and MKP-1 (sc-370) were
from Santa Cruz Biotechnology, Inc. (Dallas, TX, USA). The anti-
body against nestin (MAB5326) was purchased from Merck
Millipore (Darmstadt, Germany). Anti-CD133 (W6B3C1) was
purchased fromMiltenyi Biotech (Bergisch Gladbach, Germany).
Anti-b-actin (A1978) was from Sigma–Aldrich. Dexamethasone
(DEX) was purchased from Fuji Pharma Co., Ltd. (Tokyo, Japan).
Prednisolone (PSL), 5-FU, and gemcitabine (GEM) were from
Sigma–Aldrich. DEX, PSL, 5-FU, and GEM were dissolved in
PBS (for DEX and PSL) or DMSO (for 5-FU andGEM) to prepare
1, 10, 200, and 1mM stock solutions for in vitro use, respectively.

Cell culture

The human pancreatic cancer cell line PANC-1 was obtained
from the Cell Resource Center for Biomedical Research, Insti-
tute of Development, Aging, and Cancer, Tohoku University.
PSN-1 was a kind gift from Dr. T. Yoshida at the National Can-
cer Center Research Institute, who originally established the
cell line from pancreatic adenocarcinoma tissue (68). The
human non-small-cell lung cancer cell line A549 was obtained
from the Riken BioResource Center (Tsukuba, Japan). The
human ovarian cancer cell line A2780 was a kind gift from Dr.
T. Tsuruo (Institute of Molecular and Cellular Biosciences,
University of Tokyo, Japan) andDrs. R. F. Ozols and T. C. Ham-
ilton (National Institutes of Health) (69). These cell lines were
maintained in DMEM/F-12 medium supplemented with 10%
fetal bovine serum (FBS; Sigma) (28, 70, 71). Normal human
IMR90 fetal lung fibroblasts were obtained from the American
Type Culture Collection (ATCC, Manassas, VA, USA) and
maintained in DMEM supplemented with 10% FBS. Further-
more, the culture medium was supplemented with 100 units/
ml penicillin and 100 mg/ml streptomycin. The establishment
of human cancer stem cells used in this study (PANC-1 CSLC,
PSN-1 CSLC, A549 CSLC, and A2780 CSLC) was reported pre-
viously (17, 28, 70, 71). Rat cortical neural stem cells were pur-
chased from R&D Systems (Minneapolis, MN, USA). These
cells weremaintained undermonolayer stem cell culture condi-

tions, as reported previously (17, 28, 70, 71). Briefly, cells were
cultured on collagen-I–coated dishes (IWAKI, Tokyo, Japan) in
the stem cell culture medium (DMEM/F-12 medium supple-
mented with 1% B27 (Thermo Fisher Scientific), 20 ng/ml EGF
and FGF2 (Peprotech Inc., Rocky Hill, NJ, USA), D-(1)-glucose
(final concentration, 26.2 mM), L-glutamine (final concentra-
tion, 4.5 mM), 100 units/ml penicillin, and 100 mg/ml strepto-
mycin), except that rat cortical neural stem cells were cultured
on dishes coated with Geltrex® (Thermo Fisher Scientific).
Stem cell culture medium was changed approximately every 3
days, and EGF and FGF2 were added to the culture medium ev-
ery day. In vitro drug treatment was performed using cells in
monolayer culture. The authenticity of PANC-1 CSLC, PSN-1
CSLC, A549 CSLC, and A2780 CSLC was confirmed by the
genotyping of short tandem repeat (STR) loci (Bio-Synthesis
Inc., Lewisville, TX, USA), followed by comparison with the
ATCC STR database (RRID:SCR_019203) for human cell lines.
All IMR90 and rat neural cortical stem cell experiments were
performed using cells with a low passage number (,8).

Flow cytometric analysis

Flow cytometric analysis was conducted as described previ-
ously (28, 72, 73). For analyses of CD133 expression, dissociated
cells were washed with ice-cold PBS, fixed with 4% (w/v) para-
formaldehyde for 10 min at room temperature (RT), and
washed again with PBS. The cells were blocked in FCM buffer
(0.5% (w/v) BSA and 0.1% (w/v) NaN3 in PBS) for 1 h, followed
by three PBS rinses and further incubation with anti-CD133
antibody in the FCM buffer overnight at 4 °C and then incuba-
tion with Alexa Fluor® 488 goat anti-mouse IgG for another 1 h
at RT. Cells exhibiting signal for CD133 above the gate estab-
lished by the isotype control were considered CD133-positive.
At least 1 3 104 cells were evaluated and gated using side and
forward scatters to identify viable cell populations. All flow
cytometry analysis experiments were run on the FACSCantoTM

II flow cytometer (BD Biosciences), and the data were analyzed
using FlowJo software, version 7.6.5 (FlowJo LLC., Ashland,
OR, USA).

Immunoblot analysis

Immunoblot analysis was conducted as described previously
(15, 28, 72, 73). Cells (2–53 105) and tumor tissue were washed
with ice-cold PBS and lysed in RIPA buffer (10 mM Tris-HCl
(pH 7.4), 0.1% SDS, 0.1% sodium deoxycholate, 1% Nonidet P-
40, 150 mM NaCl, 1 mM EDTA, 1.5 mM Na3VO4, 10 mM NaF,
10 mM sodium pyrophosphate, 10 mM sodium b-glycerophos-
phate, and 1% protease inhibitor mixture set III (Sigma)). The
same volume of 23 Laemmli buffer (125 mM Tris-HCl (pH
6.8), 4% SDS, 10% glycerol, and 10% 2-mercaptoethanol) was
immediately added and boiled at 95 °C for 10 min. The tumors
were carefully dissected, minced, and homogenized in a Pot-
ter–Elvehjem homogenizer with a BioMasher® II (Nippi, To-
kyo, Japan). After centrifugation for 10 min at 14,000 3 g at
4 °C, the supernatants were recovered as cell lysates. The pro-
tein concentrations of the cell lysates were measured using a
BCA protein assay kit (Thermo Fisher Scientific). Cell lysates
containing equal amounts of protein were separated by SDS-
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PAGE and transferred to a polyvinylidene difluoride mem-
brane. Themembrane was probed with a primary antibody and
then with an appropriate HRP-conjugated secondary antibody
according to the protocol recommended by the manufacturer
of each antibody. Immunoreactive bands were visualized using
Immobilon Western Chemiluminescent HRP Substrate (Milli-
pore) and detected by a ChemiDoc Touch (Bio-Rad).

Immunofluorescence analysis

The protocol of immunofluorescence analysis was modified
from previous reports (17, 71, 74). Briefly, cells (0.2–0.53 105)
were seeded onto Geltrex-coated coverslips in 12-well dishes
and used for experiments. After cells were fixed with 4% (w/v)
paraformaldehyde for 10 min at RT and washed with PBS, they
were permeabilized and blocked with 0.4% Triton X-100, 2%
FBS in PBS for 15 min at RT. After washing with PBS three
times, the cells were incubated with a primary antibody in PBS
containing 2% FBS at 4 °C overnight and then incubated with
secondary antibodies in the same buffer for 1 h at RT. Fluores-
cence images were acquired using a confocal laser-scanning
microscope (FLUOVIEWFV10i, OLYMPUS, Tokyo, Japan).

Sphere formation assay

The sphere formation assay was performed as described pre-
viously (15, 28, 72). After cells treated with or without dexa-
methasone in monolayer culture were dissociated, single cells
were serially diluted in the stem cell culture medium and
seeded into ultra-low-attachment coated 96-well plates (Corn-
ing Inc., Corning, NY, USA) such that each well contained a
single cell. Wells containing a single cell were marked under a
phase-contrast microscope the next day, and 1 week after seed-
ing, the percentage of marked wells with a sphere relative to the
total number of marked wells was calculated.

Transfection of siRNA or plasmids

siRNA against human GRa (NR3C1; #2 HSS178979, #3
HSS178980), MKP-1 (DUSP1; #1 HSS102982, #2 HSS102983,
#3 HSS102984), survivin (BIRC5; HSS179403), and medium GC
duplex #2 of Stealth RNAiTM siRNA negative control duplexes
(as a nontargeting control for siRNA experiments) were pur-
chased from Thermo Fisher Scientific. Transfection of siRNAs
was performed using Lipofectamine RNAiMAX (Thermo Fisher
Scientific) according to the manufacturer’s instructions.
pcDNA3-FLAG-MKK7B2JNK1a1, which expresses an activated
JNK1 protein, was a gift from Roger Davis (Addgene plasmid
#19726) (75). To achieve sustained knockdown of the target
genes or prolonged gene expression from the plasmid, siRNA/
plasmid transfection was repeated 4 days after the initial
transfection.

RT-PCR analysis

RT-PCR analysis was performed as described previously
(28). Total RNA was extracted using TRIzol (Thermo Fisher
Scientific). Total RNA was reverse-transcribed into cDNA
using the PrimeScriptTM first-strand cDNA synthesis kit
(Takara Bio Inc., Shiga, Japan) according to the manufacturer’s

instructions. Amplification was performed by 28 cycles of 97 °C
for 30 s, 58 °C for 30 s, and 72 °C for 20 s in a thermal cycler
(Takara PCR Thermal Cycler Dice). RT-PCR analysis was per-
formed using the following primers: MKP-1 (forward, 59-GGA-
TACGAAGCGTTTTCGGC; reverse, 59-GGTTGTCCTCCA-
CAGGGATG), survivin (forward, 59-CCTTTCTCAAGGA-
CCACCGCATCT; reverse, 59-CGCACTTTCTCCGCAGTT-
TCCT), and b-actin (forward, 59-CCCATGCCATCCTGC-
GTCTG; reverse, 59-CGTCATACTCCTGCTTGCTG).

Cell death assay

Viable and dead cells were identified by their ability and
inability to exclude vital dyes, respectively (15, 73). Briefly, cells
(1 3 105) were treated with drugs, as described in the figure
legends and stained with 0.2% trypan blue for 1 min at RT, and
the numbers of viable and dead cells were counted using a
hemocytometer. The percentage of dead cells was defined as
100 3 (number of dead cells/(number of viable 1 dead cells)),
and cell viability (%) was defined as 100 3 (number of viable
cells/(number of viable 1 dead cells)). Alternatively, cells were
incubated in situ with propidium iodide (PI; 1 mg/ml) and
Hoechst 33342 (10 mg/ml) for 10 min at 37 °C in a CO2 incuba-
tor to stain the dead cells and nuclei, respectively. Subse-
quently, the numbers of PI- and Hoechst-positive cells were
scored under a fluorescence microscope (CKX41, Olympus,
Tokyo, Japan), and the percentage of PI-positive (dead) cells
relative to Hoechst-positive (both viable and dead) cells was
calculated.

Mouse studies

For subcutaneous implantation, 6–9-week-old male BALB/
cAJcl-nu/nu mice (CLEA Japan Inc., Tokyo, Japan) were
implanted subcutaneously in the flank region with cells sus-
pended in 200 ml of sterilized PBS under avertin (0.375 g/kg in-
traperitoneally) anesthesia. After implantation, the recipient
mice were monitored for general health status and presence of
subcutaneous tumors. For serial transplantation, primary
tumors treated as described in the figure legend were excised
and, after being washed in chilled sterile PBS, were transferred
into DMEM/F-12, minced with scissors, and incubated in
Accutase (Sigma–Aldrich) for 30 min at 37 °C. After rinsing
with DMEM/F-12, the cells were resuspended in DMEM/F-12
and filtered through a 70-mm strainer. The single-cell suspen-
sion was subcutaneously injected after cell number and viability
were assessed. Alternatively, the cells were subjected to immu-
noblot analysis. For systemic administration, DEX and GEM
were dissolved in PBS to prepare 0.2 and 16 mg/ml stock solu-
tions, respectively. These stock solutions were diluted in PBS to
prepare 200-ml solutions for each injection. The DEX or GEM
solutions were injected intraperitoneally into nude mice. The
tumor volume was determined by measuring tumor diameters
(measurement of two perpendicular axes of tumors) using a
caliper and calculated as ½ 3 (larger diameter) 3 (smaller di-
ameter)2. As the subcutaneous injection of cell suspension may
lead to the transient formation of a noncancerous lump of tis-
sue that regresses spontaneously, in this study, animals were
judged to have a tumor when the volume of the subcutaneous
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mass exceeded 100 mm3 (76, 77). All animal experiments were
performed following a protocol approved by the Animal
Research Committee of Yamagata University.

Statistical analysis

Results are expressed as means and S.D., and data were ana-
lyzed using a Student’s t test for comparisons between two
groups and a one-way analysis of variance followed by Dun-
nett’s test for comparisons of more than two groups. p values of
,0.05 were considered significant and are indicated with aster-
isks in the figures.
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