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Aim: Many studies reveal an association between the acquired chemoresistant phenotype of cancer cells and tumor-initiating cell-
like properties. The aim of this study was to determine the impact of c-Jun N-terminal kinase (JNK) on the tumor-initiating cell-like

properties of acquired chemoresistant human cancer cells.

Methods: Two well-established human acquired chemoresistant cancer cell lines K562/A02 and KB/VCR, as well as their respective
parental counterparts K562 and KB were tested. The expression of relevant mRNAs and proteins was detected using qRT-PCR and
Western blotting, respectively. Sphere formation and self-renewal assays were used to study the tumor-initiating cell-like properties.
Soft agar and colony formation assays were used to investigate tumorigenic ability.

Results: We observed that suppressing JNK activity by its specific small molecule inhibitor SP600125 or by limiting JNK1/2 expression
with JNK1/2 shRNA lentiviruses inhibited the expression of pluripotent stem cell markers such as Oct4, Sox2, and Nanog in KB/VCR
cells and K562/A02 cells as well as sphere formation and self-renewal abilities of K562/A02 cells. Additionally, inhibition of JNK
activity significantly inhibited the in vitro and in vivo tumor-initiating abilities of KB/VCR cells. Furthermore, our data suggest that
blocking JNK activity abundantly inhibited the Hedgehog (Hh) pathway activity, as reflected by reduction of Hedgehog (Hh) pathway
target genes Glil and ptchl at the mRNA level as well as Gli-luciferase activity.

Conclusion: JNK maintains the tumor-initiating cell-like properties of acquired chemoresistant K562/A02 and KB/VCR cells potentially
through activating the Hedgehog pathway. Thus, disruption of tumor-initiating cell-like properties by targeting JNK may be a new

approach to combating acquired chemoresistance.
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Introduction

Despite the great advances that have been made in molecular
targeted therapy, chemotherapy using traditional cytotoxic
drugs is still a useful avenue for cancer therapies. A major
obstacle for successful chemotherapy is acquired drug resis-
tance, namely, multiple-drug resistance!'. To combat acquired
chemoresistance and improve chemotherapy efficiency, sub-
stantial efforts have been devoted to elucidate the mechanisms
underlying chemoresistance. A variety of molecular events
are associated with acquired chemoresistance including drug
efflux pumps, detoxifying enzyme activation, and apoptotic
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defects”. Cytotoxic anti-cancer drugs, which may efficiently
debulk tumor mass, often fail to eradicate the tumor and con-
sequently promote cancer relapse. This phenomenon is most
likely due to a minor subpopulation of tumor-initiating cells
within the tumor®. Tumor-initiating cells, also designated
as cancer stem cells, are characterized by their indefinite self-
renewal ability while maintaining their ability to generate both
tumorigenic and non-tumorigenic cells. These cells possess a
chemoresistance phenotype, likely due to their enhanced abil-
ity for DNA repair, decreased apoptosis, and elevated expres-
sion of ATP-binding cassette transporters”. On the other
hand, our lab and other laboratories have demonstrated that
acquired chemoresistant cancer cells possess multiple tumor-
initiating cell-like characteristics**. We further report that
the Hedgehog (Hh) pathway activity is critical for maintaining
the tumor-initiating cell-like properties of acquired chemo-
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resistance!®

. These findings suggest that the tumor-initiating
cell-like properties that are possessed by the acquired che-
moresistant cancer cells play a critical role in maintaining the
chemoresistance phenotype that occurs during chemotherapy,
thereby raising the possibility of combatting acquired che-
moresistance via disrupting the tumor-initiating properties
of acquired chemoresistant cancer cells. In this regard, it is
important to identify feasible molecular targets for abolishing
the tumor-initiating cell-like properties of acquired chemore-
sistant cancer cells, as it may be useful for combating acquired
chemoresistance and subsequently improve chemotherapy
efficiency.

The c-Jun N-terminal kinases (JNKs), which are key mem-
bers of the mitogen-activated protein kinase (MAPK) fam-
ily, are encoded by the three genes JNK1, JNK2, and JNK3.
Among them, JNK1 and JNK2 are widely expressed, while
JNK3 is specifically expressed in neurons”. JNKs can be acti-
vated by environmental stresses, mitogens, and oncogenes,
and they play a crucial role in various biological events such
as proliferation, differentiation, survival and migration via
activating the downstream effector activating protein 1 (AP1)
including c-Jun, JunB, and JunD¥. JNK signaling has been
implicated in numerous aspects of cancer progression such as
the initiation, proliferation, survival and metastasis of cancers
as well as the occurrence of acquired chemoresistance during

chemotherapy™ *!

. However, whether and how JNK signal-
ing may maintain the tumor-initiating cell-like properties
of acquired chemoresistant cancer cells remains to be fully
elucidated. We have previously demonstrated that JNK is
involved in signal transduction of the Hh pathway™. In this
study, we determined that suppression of JNK activity may
abolish the tumor-initiating cell-like properties of acquired
chemoresistant cancer cells potentially through inhibiting Hh
pathway activity, thus paving the way for reversal of acquired
chemoresistance by targeting JNK.

Materials and methods

Drugs and antibodies

Doxorubicin (Dox), Vincristine (VCR), and SP600125 were
purchased from Sigma-Aldrich (St Louis, MO, USA). Rabbit
monoclonal antibodies for Oct4, Sox2, and Nanog were pur-
chased from Bioss Corporation (Woburn, MA, USA). Rabbit
monoclonal antibodies against phospho-c-Jun, JNK1/2, GFP,
Flag, and GAPDH were purchased from Cell Signaling Tech-
nology (Beverly, MA, USA).

Cell culture

The K562 human chronic myelogenous leukemia cell line and
KB human epidermoid carcinoma cell lines were purchased
from the American Type Culture Collection (Manassas, VA,
USA) and were cultured according to the manufacturer’s
instructions. The Dox-selected multidrug-tolerant K562/ A02
subline and the VCR-selected multidrug-tolerant KB/ VCR
subline were cultured as previously described®. These two
resistant cell lines were authenticated by comparing their fold
resistances with those of the parental cells and examining ABC
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transporter (MDR1 and BCRP) expression. The K562/A02
and KB/VCR cells were grown in the absence of Dox or VCR
for at least 5-7 d prior to experiments to avoid drug-associated
secondary effects®.

Plasmid and lentivirus transfection

The pCDNA3 Flag JNK1(APF) plasmids was purchased from
Addgene (Cambridge, MA, USA) and engineered into pLVX-
EGFP-3FLAG-Puro lentivectors. JNK1/2 shRNA harbored by
pLVX-EGFP-3FLAG-Puro lentivectors were purchased from
Sunbio (Shanghai, China).

Transient transfections were performed using Lipofectamine
2000 reagent (Invitrogen; Grand Island, NY, USA) according
to the manufacturer’s instructions. The lentiviruses were pre-
pared according to previously reported methods™.

Quantitative reverse transcription PCR (qRT-PCR)
After various treatments as indicated, cells were collected
for extracting total RNA by RNAiso Plus Kit from TaKaRa
(Dalian, China) according to the instructions provided by
the manufacturer. The samples were then processed directly
to cDNA by reverse transcription using a SuperScript III kit
(TaKaRa). Quantitative PCR assays were performed in trip-
licate with a SYBR-Green kit (TaKaRa) in iCycler iQ system
(Bio-Rad; Hercules, CA, USA). The mRNA levels of interested
genes were normalized to that of TATA.
Primers for the genes tested were obtained from Invitrogen
(Grand Island, NY, USA):
Oct4: 5-ATTCAGCCAAACGACCATCT-3,
5-TTGCCTCTCCACTCGGTTCTC-3;
Sox2: 5'-ACACCAATCCCATCCACACT-3,
5-GCAAA CTTCCTGCAAAGCTC-3;
Nanog: 5'-GTCCCGGTCAAGAAACAGAA-3,
5-TGCGTCACACCATTGCTATT-3’;
Glil: 5-GTGGGAAAGGTCTGGGATGT-3,
5-TGCGCCTGTCTCAGAGTAAAA-3;
Ptchl: 5-CCACAGAAGCGCTCCTACA-3,
5-CTGTAATTTCGCCCCTTCC-3;
TATA: 5-ACCCTTCACCAATGACTCCTATG-3,
5-TGACTGCAGCAAATCGCTTGG-3'.

Sphere-formation assay and self-renewal assay

Cells were seeded into ultra-low adherent 96-well plates
(Corning; Lowell, MA, USA) at 1000 cells/well in DMEM/F12
medium (Invitrogen; Grand Island, NY, USA) containing B-27
(Invitrogen; Grand Island, NY, USA), 2 mmol/L glutamine,
10 ng/mL human epidermal growth factor (Sigma-Aldrich,
St Louis, MO, USA), 10 ng/mL basic fibroblast growth factor
(Sigma-Aldrich), 0.5 mg/mL hydrocortisone and 10 mg/mL
insulin. The culture medium was refreshed every three days.
After routine culture for 15 d, spheres were counted under a
microscope!"'l. The spheres were collected, dissociated into
single cells, and re-plated into ultra-low attachment 96-well
plates for determining their self-renewal ability. The number
of spheres was counted as described above after culture under
the same conditions for 15 d.
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Clonogenic assay

KB and KB/ VCR cells were seeded at approximately 1000 cells
in 10-cm dishes. The culture medium that had been supple-
mented with SP600125 or not was refreshed every three days.
After culture for 10 d, the cells were fixed with 4% paraformal-
dehyde in PBS, stained with crystal violet solution and photo-
graphed.

Soft agar assay

Cells were harvested and suspended in culture medium. One
milliliter of 0.5% agar (Invitrogen; Grand Island, NY, USA)
was added to 6-well plates to make the bottom layer. Next,
500 uL 0.5% agar was mixed with 500 pL cell suspension con-
taining 5000 cells. This mixture was added above the bottom
layer and allowed to solidify at room temperature, followed
by adding 2 mL culture medium to the top layer. After rou-
tine incubation for 2 weeks, the colonies were photographed.

Western blot analysis

Cells after transfections were lysed in lysis buffer (50 mmol/L
Tris, pH 7.4, 150 mmol/L NaCl, 1% NP-40, 1 mmol/L sodium
vanadate, 1 mmol/L PMSF, 1 mmol/L DTT and 10 mg/mL
leupeptin and aprotinin) and subjected to immunoblot analy-
sis. Various primary antibodies as indicated were used for
immunoblot analysis according to the standard procedure.

Dual-luciferase reporter assay

Cells were plated into 48-well plates and cotransfected with
8xGli binding site luciferase expression constructs and Renilla
luciferase plasmids using Lipofectamine 2000 reagent (Invitro-
gen; Grand Island, NY, USA). Luciferase activities present in
cellular lysates were measured using a dual-luciferase reporter
assay system from Promega (Madison, WI, USA) and a lumi-
nometer (Molecular Device; Sunnyvale, CA, USA). Firefly
luciferase values were normalized to Renilla values.

Tumorigenesis assay

Aliquots of 2x10° KB or KB/ VCR cells that had been infected
with GFP, JNK DM, or JNK1/2 shRNA lentiviruses were
injected subcutaneously into nude mice (Vital River; Beijing,
China). Tumor incidence was monitored for 45 d after injec-
tion. All of the procedures were pre-approved by the Animal
Care and Use Committee of Fudan University and performed
according to institutional policies.

Statistical analysis

The data are expressed as the mean+SD. Statistical analysis
was performed by Student’s t-test. P<0.05 was considered sta-
tistically significant.

Results

Inhibition of JNK activity suppresses the expression of stem cells
markers in acquired chemoresistant cancer cells

To determine whether JNK interference may disrupt the
tumor-initiating cell-like properties of acquired chemoresistant
cancer cells, we utilized SP600125, a specific small molecule

JNK inhibitor™ to inhibit JNK activity. We first examined the
effect of SP600125 on the expression of pluripotent stem cell
markers such as Oct4, Sox2, and Nanog, which are frequently
expressed in poorly differentiated tumors and are recognized
as markers of tumor-initiating cells"” . qRT-PCR assays
revealed that after SP600125 treatment, Oct4, Sox2, and Nanog
expression was clearly suppressed in KB/VCR cells, while
SP600125 had no effect on the expression of these stem mark-
ers in KB cells (Figure 1A-1C). Concomitantly, SP600125 also
inhibited Oct4, Sox2, and Nanog protein expression in KB/
VCR cells as revealed by Western blot analyses (Figure 1D).
Similarly, we also limited JNK1/2 expression in K562/ A02 by
JNK1/2 shRNA lentiviruses to inhibit JNK activity. GFP blots
were used as readouts of lentivirus infection efficiency, and
p-c-Jun expression served as reduction in JNK activity. we
observed that limiting JNK1/2 expression by shRNA in K562/
AQ2 cells reduced Oct4, Sox2, and Nanog protein expression
(Figure 1E).

Inhibition of JNK activity suppresses the sphere formation ability
and self-renewal capacity of acquired chemoresistant cancer
cells

Sphere formation and self-renewal abilities are two critical
tumor-initiating cell-like properties™ . We observed that
limiting JNK1/2 expression in K562/A02 cells (Figure 1E)
and KB/VCR cells (Figure 2A) significantly inhibited sphere
formation in K562/ A02 cells (Figure 2B) and KB/VCR cells
(Figure 2C), as reflected by fewer cellular clusters formed com-
pared with controls, suggesting that J]NK1/2 is essential for
maintaining the sphere formation ability of acquired chemore-
sistant cancer cells. We further dissociated the cellular clusters
formed by K562/ A02 cells or KB/VCR cells into single cells
for measuring self-renewal capability, an ability of cancer stem
cells to refresh stem cells with identical, intact potential for
proliferation, expansion, and differentiation, thus maintaining
the cancer stem cell pool. We determined that knocking down
JNK expression significantly reduced the numbers of cellular
clusters that were formed by cells dissociated from the first
generation of K562/ A02 (Figure 2D) or KB/VCR (Figure 2E)
spheres, indicating an inhibition of the self-renewal ability of
acquired chemoresistant cancer cells by blocking JNK activity.
The impact of JNK1/2 shRNA on sphere formation and self-
renewal ability was well recapitulated by SP600125, the small
molecular inhibitor of JNK, in K562/ A02 cells (Figure 2F, 2G).

Blocking JNK activity inhibited the in vitro tumor-initiating ability
of KB/VCR cells

To determine whether blocking JNK activity may inhibit the
tumorigenic ability of acquired chemoresistant cancer cells,
we used a soft agar assay and a colony assay, which are two
widely used in vitro tumorigenic assays'’. Colony formation
assays revealed that KB/VCR cells formed many more colo-
nies than the counterpart KB cells. Treatment with SP600125
clearly reduced the number of colonies formed in KB/VCR
cells, while SP600125 had little effect on the colony forma-
tion ability of KB cells (Figure 3A). We observed that JNK1/2
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Figure 1. Inhibition of JNK activity suppresses stem cell markers of acquired chemoresistant cancer cells. (A-C) After treatment with or without

SP600125 (10 umol/L) for 24 h, KB and KB/VCR cells were collected for qRT-PCR and Western blot analyses. Treatment with SP600125 reduced the
expression of Oct4 (A), Sox2 (B), and Nanog (C) at the mRNA level. (D) Western blot analysis of p-c-Jun, Oct4, Sox2, and Nanog expression in KB and
KB/VCR cells treated with or without SP600125. (E) JNK, p-c-Jun, GFP, Oct4, Sox2, and Nanog immunoblots in K562/A02 cells that had been infected

with shRNA control or JNK1/2 shRNA lentiviruses. Mean+SD. n=3.

knockdown also suppressed the colony formation ability of
KB/VCR cells (Figure 3B). Furthermore, colonies formed by
KB/VCR cells in an anchorage-independent situation were
also suppressed by SP600125 exposure, while SP600125 treat-
ment exhibited no effect on KB cell colony formation in the
anchorage-independent situation (Figure 3C). We further
confirmed this observation by limiting JNK1/2 expression
with JNK1/2 shRNA lentivirus in KB/VCR cells (Figure 3D).
Hence, these observations suggest that blocking JNK activity
may inhibit the in vitro tumorigenic ability of acquired chemo-
resistant cancer cells.

Blocking JNK activity inhibits the in vivo tumor-initiating ability of
KB/VCR cells

To test the effect of blocking JNK activity on the in vivo
tumorigenic ability of acquired chemoresistant cancer cells, we
infected KB/ VCR cells with lentiviruses harboring JNK1(APF),
a dominant negative mutant of JNK (JNK DM)™.  Inhibition
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of c-Jun phosphorylation served as inhibition efficiency of
JNK DM (Figure 4A); GFP or Flag immunoblots were used
as a readout of GFP or JNK DM expression (Figure 4A). We
xenografted subcutaneously KB/VCR cells (2x10% that had
been infected with lentiviruses harboring GFP or JNK DM
into nude mice. The result demonstrated that KB/ VCR cells
infected with lentiviruses harboring GFP formed 8 tumors of
12 injections, whereas only one and two tumors were gener-
ated by KB/ VCR cells that had been infected with lentiviruses
harboring JNK DM and JNK1/2 shRNA, respectively (Figure
4B), suggesting that blocking JNK activity may inhibit the in
vivo tumorigenic ability of acquired chemoresistant cancer
cells.

Inhibition of JNK activity suppressed Hh activity in acquired
chemoresistant cancer cells

We have previously demonstrated that the Hh signaling
pathway is required for maintaining tumor-initiating cell-like
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Figure 2. Inhibition of JNK activity suppressed the sphere formation ability and self-renewal capacity of acquired chemoresistant cancer cells. (A) JNK,
p-c-Jun, and GFP immunoblots of KB/VCR cells that had been infected with shRNA control or JNK1/2 shRNA lentiviruses. GAPDH was used as a loading
control. Sphere formation (B) and self-renewal ability (D) of K562/A02 cells that were infected with shRNA control or JNK1/2 shRNA lentiviruses.
Sphere formation (C) and self-renewal ability (E) of KB/VCR cells that had been infected with shRNA control or JNK1/2 shRNA lentiviruses. Exposure of
SP600125 inhibited sphere formation (F) and the self-renewal abilities (G) of K562/A02 cells. Mean+SD. n=3. °P<0.05, °P<0.01.

properties of acquired chemoresistant cancer cells”. In this
context, we asked whether JNK maintained the tumor-initiat-
ing cell-like properties of acquired chemoresistant cancer cells
by activating the Hh pathway. As anticipated, we observed
that suppressing JNK activity in K562/A02 cells by SP600125
clearly inhibited the mRNA expression of Gli1 (Figure 5A) and
Ptch1 (Figure 5B), which are two transcriptional target genes of
Hh signaling pathway transcription factors and are often used
as readouts of Hh pathway activity!"’.
were further confirmed by limiting JNK1/2 expression with
JNK1/2 shRNA lentiviruses in KB/ VCR cells (Figure 5C and
5D). We further examined Hh pathway activity using dual

These observations

Gli-luciferase reporter assays in acquired chemoresistant can-
cer cells after SP600125 treatment. As demonstrated in Figure
5E and 5F, SP600125 treatment reduced Gli-luciferase activity
in K562/ A02 cells (Figure 5E) and KB/ VCR cells (Figure 5F).
Hence, our data suggest that JNK inhibition may suppress Hh
pathway activity, thereby disrupting the tumor-initiating cell-
like properties of acquired chemoresistant cancer cells.

Discussion
In this study, using two well-established acquired chemoresis-
tant cancer cell lines K562/A02 and KB/VCR and their paren-

tal counterparts, we observed that targeting JNK may disrupt
the tumor-initiating cell-like properties of acquired chemo-
resistant cancer cells such as inhibition of pluripotent stem
cell marker expression, sphere formation and self-renewal
abilities, and in vitro and in vivo tumorigenic abilities. These
observations suggest that J]NK is required for maintaining the
tumor-initiating cell-like properties of acquired chemoresis-
tant cancer cells. We further observed that JNK activity inhibi-
tion may suppress Hh pathway activity as monitored by Hh
pathway target genes Glil and ptchl at the mRNA level as well
as Gli-luciferase activity, thus indicating that J]NK maintains
tumor-initiating cell-like properties potentially by activating
the Hh pathway. Hence, our data in the present study pave
the way of abolishing tumor-initiating cell-like properties and
consequently combatting acquired chemoresistance by JNK
inhibition.

JNK, also termed stress-activated protein kinase (SAPK), can
be activated by environmental and genotoxic stress as well as
other extracellular stimuli®”.
the contribution of JNK to acquired chemoresistance. How-

Many studies have implicated

ever, the role of JNK in acquired chemoresistance remains con-
troversial, as JNK activation may promote acquired chemore-
sistance, or reverse acquired chemoresistance!. In the present

Acta Pharmacologica Sinica
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Figure 3. Blocking JNK activity inhibited the in vitro tumor-initiating ability of KB/VCR cells. (A) Colony formation of KB and KB/VCR cells that were
treated with or without SP600125. (B) Colony formation of KB and KB/VCR cells that were infected with shRNA control or JNK1/2 shRNA lentiviruses.
(C) Anchorage-independent colony formation in KB and KB/VCR cells after treatment with or without SP600125. (D) Anchorage-independent colony
formation in KB and KB/VCR cells that were infected with shRNA control or JNK1/2 shRNA lentiviruses.

study, we determined that inhibition of JNK activity may
abolish the tumor-initiating cell-like properties of acquired
chemoresistant cancer cells. Thus, this finding improves the
interpretation of the role of JNK in acquired chemoresistance
and provides a novel mechanism underlying the contribution
of JNK to acquired chemoresistance.

The Hh signaling pathway is a highly conserved pathway
that ranges from insects to humans and plays a critical role
for a various physiological and pathological conditions, for
example embryonic patterning, maintenance of postnatal tis-
sue homeostasis and cancer initiation and progression!”. The
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Hh signaling pathway is essential for tissue repair and cancer
initiation by acting on stem cells and cancer stem cells®. Our
prior study demonstrated that Hh signaling pathway inhibi-
tion may disrupt tumor-initiating cell-like properties and sub-
sequently circumvent acquired chemoresistance!”. This study
suggests a critical role of the Hh signaling pathway for main-
taining the tumor-initiating cell-like properties of acquired
chemoresistant cancer cells. In this study, we observed that
inhibition of JNK activity can suppress Hh signaling pathway
activity, thus suggesting a role for JNK in activating the Hh
pathway. These observations support that disrupting the
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Figure 4. Blocking JNK activity inhibited the in vivo tumor-initiating ability
of acquired chemoresistant cancer cells. (A) Expression of phosphorylated
c-Jun, Flag, and GFP in KB/VCR cells after infection with GFP or JNK DM
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tumor-initiating cell-like properties caused by JNK inhibition
may be due to Hh pathway activity suppression. It warrants
further investigation to elucidate how JNK promotes Hh path-
way activity, which is currently being investigated in our labo-
ratory.
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