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Methotrexate (MTX) has been used to treat various hematological
malignancies. Since MTX prevents tumor cells from proliferating
by inhibiting dihydrofolate reductase (DHFR), DHFR expression is a
key determinant of resistance to MTX in malignant hematological
tumor cells. The antiproliferative effect of MTX was significantly
enhanced by the knockdown of DHFR expression by siRNA in
Jurkat cells. Therefore, a novel strategy down-regulating DHFR
expression seems promising for enhancing sensitivity to MTX. We
found that SU9516, a cyclin-dependent kinase inhibitor, reduced
the expression of both DHFR mRNA and protein. Moreover, we
found that DHFR promoter activity was attenuated by SU9516
dependent on the E2F site. Finally, pretreatment with SU9516
significantly enhanced sensitivity to MTX in a colony formation
assay. We conclude that a combination of cyclin-dependent kinase
inhibitors and MTX may be useful for overcoming resistance to
MTX. (Cancer Sci 2010; 101: 728–734)

M ethotrexate (MTX), a classical anti-folate drug, has been
used in the treatment of leukemia, osteosarcoma, and

breast cancer. Lower doses of MTX are also used as an immuno-
suppressant for a variety of other diseases including graft-
versus-host disease, rheumatoid arthritis, and psoriasis.(1)

MTX was originally designed to inhibit dihydrofolate reduc-
tase (DHFR) by way of polyglutamated derivatives, which
inhibit nucleotide synthesis, the cell cycle, and the proliferation
of tumor cells.(2,3) DHFR is a key enzyme for intracellular
folate metabolism, and functions to regenerate tetrahydrofolate
from dihydrofolate as a product of thymidylate synthase.
Therefore, DHFR represents an important target for anticancer
chemotherapy. As a consequence of DHFR’s inhibition, intra-
cellular levels of tetrahydrofolate coenzymes are decreased,
resulting in the inhibition of thymidylate and consequently,
DNA biosynthesis.(1)

Drug resistance is occasionally a limiting factor in successful
chemotherapy against cancer. Actually, drug resistance in the
clinical use of MTX for chemotherapy is often observed. The
mechanisms of resistance to MTX have been studied exten-
sively. Five common mechanisms of resistance have been iden-
tified: (i) an increase in DHFR; (ii) decreased uptake due to
impaired transport; (iii) decreased retention as a consequence of
lack of polyglutamylation; (iv) an altered (mutated) DHFR that
binds MTX less than the normal enzyme; and (v) an increased
level of a lysosomal enzyme, c-glutamyl hydrolase, that hydro-
lyses MTX polyglutamates.(4–6)

We focused on the increase in DHFR expression in these
resistant mechanisms. MTX is a tight-binding inhibitor of
DHFR, and the amount of MTX required to inhibit DHFR activ-
ity increases in proportion to the amount of DHFR in tumor
cells. An important mechanism of resistance to MTX is an
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increase in DHFR activity due to high expression of the DHFR
gene.(7–9) Therefore, small compounds that repress DHFR
expression may be useful as chemosensitizers in combination
with MTX.

On the other hand, the expression of DHFR has been assumed
to be controlled by the transcription factor E2F.(10) Furthermore,
retinoblastoma (RB) protein is known to bind and inhibit the
E2F family.(11) Actually, it has been reported that RB protein,
which acts as a negative regulator of cell cycle transition, sup-
presses the expression of DHFR.(12) When RB is phosphorylated
by cyclin-dependent kinase (CDK)-cyclins, E2F is released from
the complex and binds to a cis-element in the promoter region
of various genes involved in cell proliferation and DNA synthe-
sis. In other words, CDK inhibitors such as p16INK4a and the
p21Waf1 family can activate RB function and inhibit E2F func-
tion.(13,14)

Based on these findings, we investigated whether a CDK
inhibitor acted as a suppressor of DHFR, and whether it could
be used to enhance sensitivity to MTX. Our results demonstrated
that SU9516, a small chemical CDK inhibitor,(15–18) effectively
reduced DHFR expression and enhanced sensitivity to MTX in
human leukemic cells.

Materials and Methods

Reagents. SU9516, Purvalanol A, Cdk4 ⁄ 6 Inhibitor IV, and
MTX were purchased from Calbiochem (San Diego, CA, USA).
SU9516, Purvalanol A, and Cdk4 ⁄ 6 Inhibitor IV were dissolved
in dimethyl sulfoxide (DMSO). DMSO alone was used as a con-
trol. The maximum volume (%) of DMSO in the assays was
0.1%. MTX was dissolved in phosphate-buffered saline (PBS).
PBS alone was used as a control.

Cell culture and cell growth. Human T-cell leukemia Jurkat
cells and CCRF-CEM cells, and human erythroleukemia K562
cells were cultured in RPMI-1640 medium (Nissui Pharmaceuti-
cal, Tokyo, Japan) supplemented with 10% heat-inactivated fetal
bovine serum (FBS), 1 mmol ⁄ L L-glutamine, and antibiotics
(penicillin and streptomycin). The cells were incubated at 37�C
in a humidified atmosphere containing 5% CO2 and regularly
passaged to maintain exponential growth. For the experiments
described herein, the cells were exposed to designated concen-
trations of the CDK inhibitors and ⁄ or MTX. To measure the cell
growth, the cells were seeded at a density of 1 · 104 cells in a
12-well plate. SU9516 was added at various concentrations
simultaneously. Cell growth was compared with a control
culture with equivalent DMSO alone. From 24 to 72 h after the
treatment, the numbers of viable cells were counted using a
Trypan blue dye exclusion test. Following these treatments, cells
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or cell pellets were washed free of the drug(s) prior to the exper-
iments.

Small-interfering RNA-mediated knockdown of endogenous
DHFR. A synthetic ready-to-use siRNA (21 nucleotides)
complementary to a region of a DHFR-specific domain and
Silencer Negative Control #1 siRNA were purchased from
Ambion (Austin, TX, USA). For electroporation, 5 lmol of
dsRNA was added to prechilled 0.4-cm electrode gap cuvettes
(Bio-Rad, Hercules, CA, USA). Jurkat cells (1.5 · 107) were
resuspended to 3 · 107 cells ⁄ mL in cold OPTI-MEM, added to
the cuvettes, mixed, and pulsed once at 280 V and 1000 lF with
a Gene Pulser electroporator Xcell (Bio-Rad). The cells were
plated into six-well culture plates containing 2 mL of complete
medium and incubated for 48 h at 37�C in a humidified 5% CO2

chamber. The cells were then harvested for Western blotting.
Western blotting. The Western blot analysis was performed

as described previously.(19) Briefly, the cells were treated with
the indicated concentrations of the CDK inhibitors for predeter-
mined periods. The cultured cells were washed once with PBS,
lysed with 100–150 lL of sodium dodecyl sulfate (SDS) buffer
(50 mM Tris-HCl [pH 7.5] 1% SDS, 0.5 mM PMSF, 2 lg ⁄ mL
aprotinin, 2 lg ⁄ mL leupeptin, and 1 mM DTT) by incubation
on ice, and clarified by centrifugation at 18 000g for 15 min at
4�C. The whole-cell lysates were boiled for 5 min in the pres-
ence of SDS sample buffer, electrophoresed with 12% (for
DHFR detection) or 7% (for RB detection) SDS-polyacrylamide
gels, and electrophoretically transferred onto polyvinylidene
difluoride membranes (Millipore, Bedford, MA, USA). A mouse
monoclonal anti-DHFR antibody (BD Biosciences, San Jose,
CA, USA), a rabbit polyclonal anti-phospho-RB (Ser780) anti-
body (Cell Signaling, Danvers, MA, USA), and a mouse mono-
clonal anti-glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) antibody (BD Biosciences) as a loading control were
used as the primary antibodies. For the electroporation of
siRNA, a mouse monoclonal anti-b-actin antibody (Oncogene
Res. Prod., San Diego, CA, USA) was used. The signal was then
developed with the enhanced chemiluminescence system (GE
Healthcare, Buckinghamshire, UK) for detection.

Colony formation assay. To study the effect of DHFR siRNA,
Jurkat cells were transfected with the DHFR siRNA or negative
control siRNA in 10-cm dishes and washed in RPMI-1640 med-
ium after 48 h. Next, they were treated with various concentra-
tions of MTX, and 200 cells were inoculated into soft agarose in
six-well dishes containing RPMI-1640 medium with 10% FBS
in triplicate. The soft agarose was adjusted to 0.53% for the
lower layer and 0.4% for the upper layer. The cells were incu-
bated without a change of medium for 14–21 days, and colony
numbers per dish were counted. To study the effect of SU9516,
Purvalanol A, and Cdk4 ⁄ 6 Inhibitor IV, the Jurkat cells were
treated with designated concentrations of the CDK inhibitors in
10-cm dishes for 24 h, and washed in RPMI-1640 medium.
Next, they were treated with various concentrations of MTX,
and seeded in soft agarose in six-well dishes containing RPMI-
1640 medium with 10% FBS in triplicate. As mentioned above,
cells were incubated in growth medium for 14–21 days, and the
number of colonies per dish was counted. To study the effect on
CCRF-CEM cells and K562 cells of SU9516, these cells were
also treated with designated concentrations of SU9516 in 10-cm
dishes for 24 h, and washed in RPMI-1640 medium. In the same
way as in the colony formation assay, the cells were incubated
without a change of medium for 14–21 days, and the number of
viable colonies was counted. The data are presented as a per-
centage compared to the untreated control cells.

Quantitative real-time PCR analysis. Jurkat cells were treated
with DMSO or various concentrations of SU9516 as for 24 h.
Alternatively, the cells were treated with DMSO or 2 lM of
SU9516 for the indicated hours. After the treatment, the cells
were lysed, and total RNA was extracted using Sepasol-RNA I
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(Nacalai Tesque, Kyoto, Japan), according to the manufacturer’s
instructions. Reverse-transcribed cDNA was constructed from
10 lg of total RNA using the SuperScript reverse transcriptase
(Invitrogen, Carlsbad, CA, USA) and oligo (dT) primer
(Toyobo, Osaka, Japan) according to the manufacturer’s instruc-
tions. For the analysis of mRNA expression, we performed a
real-time PCR. The reaction mixture was incubated at 42�C for
50 min, and then at 70�C for 15 min to stop the reaction. An
equivalent volume (1 lL) of cDNA solution was used for the
quantification of specific cDNAs by quantitative real-time PCR.
The Taqman probes and DHFR-specific primers were purchased
from Applied Biosystems (Foster, CA, USA). Quantitative real-
time PCR was carried out using the RT-PCR system GeneAmp
5700 (Applied Biosystems). The relative mRNA expression data
were normalized to GAPDH (Applied Biosystems) expression.
Each sample was tested in triplicate, and the level of DHFR
mRNA was normalized to that of GAPDH mRNA.

Preparation of plasmids. The human DHFR promoter–lucif-
erase fusion plasmid, pDHFR-luc, a kind gift from Dr. K. Ohtani
(Tokyo Medical and Dental University, Tokyo, Japan), was
constructed as previously described.(20) A QuikChange site-
directed mutagenesis kit (Stratagene Cloning Systems, La Jolla,
CA, USA) was used to generate point mutations at the E2F site
of the pDHFR reporter plasmid. The primer used to mutate the
E2F site in the region from )12 to )1 bp of pDHFR was 5¢-gc
ggccacaatt tcgatccaaa cttgaccgcg c-3¢ (the mutated nucleotides
are underlined). The vacant control luciferase plasmid pGVB2
was purchased from Nippon Gene (Tokyo, Japan).

Transient DNA transfection and luciferase assay. Jurkat cells
were seeded in six-well plates, and 0.5 lg of pDHFR (wild type
and mutant type), or vacant vector plasmid (pGVB2) was trans-
fected by the DEAE dextran method using a CellPhect transfec-
tion kit (GE Healthcare). After 24 h of incubation, the cells
were treated with or without SU9516, and 48 h after the trans-
fection, they were collected for luciferase assays. Cells were
washed twice with PBS and lysed by PGC 50 (Toyo Ink, Tokyo,
Japan). The luciferase activity was measured as previously
described.(21) Levels of activity were normalized to the amount
of protein in cell lysates, and measured using a Bio-Rad protein
assay kit (Bio-Rad). All luciferase assays were carried out in
triplicate, and each assay was done at least twice.

Statistical analysis. Values are expressed as the mean ± SD.
All the data were analyzed using the two-tailed Student’s t-test.
Differences were considered to be statistically significant com-
pared with the control when P-values were less than 0.05.

Results

The knockdown of DHFR expression contributed to the
enhancement of sensitivity to MTX in Jurkat cells. First, we
examined whether the knockdown of DHFR expression contrib-
uted to the enhancement of sensitivity to MTX in Jurkat cells.
The expression of DHFR was efficiently reduced by siRNA tran-
siently transfected using electroporation (Fig. 1a). We subse-
quently confirmed the sensitivity of Jurkat cells to MTX in vitro
with colony formation assays. As shown in Figure 1(b), MTX
inhibited the growth of colonies pretreated with DHFR siRNA
more strongly than that of negative control siRNA-treated colo-
nies. Pretreatment with DHFR siRNA significantly enhanced
sensitivity to MTX at a concentration of 0.05 lM MTX or more
(*P < 0.05, **P < 0.01).

SU9516 inhibited growth and DHFR protein levels in Jurkat
cells. The expression of DHFR is known to be up-regulated by
E2F. Furthermore, E2F is inactivated by RB protein. Therefore,
we have examined whether the expression of DHFR is repressed
by a CDK inhibitor, SU9516, which can unphosphorylate RB
protein inactivating E2F. First, we examined the effect of
SU9516 on the growth of Jurkat cells. Figure 2(a) shows the
Cancer Sci | March 2010 | vol. 101 | no. 3 | 729
ªª 2010 Japanese Cancer Association



Fig. 1. The knockdown of dihydrofolate reductase (DHFR) expression
enhanced sensitivity to methotrexate (MTX) in Jurkat cells. (a) Jurkat
cells were transfected with DHFR siRNA or negative control siRNA by
electroporation. After 48 h, cells were subjected to a Western blot
analysis using DHFR and b-actin antibodies to verify the reduction in
DHFR expression by siRNA. (b) Transfected cells were cultured with
the indicated concentrations of MTX and subjected to colony
formation assays. The data are presented as a percentage compared
to the control with an equivalent amount of PBS, and the bars show
SDs (*P < 0.05, **P < 0.01). PBS, phosphate-buffered saline.

Fig. 2. The effects of SU9516 on growth, dihydrofolate reductase
(DHFR), and retinoblastoma (RB) proteins in Jurkat cells. (a) Numbers
of cells measured every 24 h were compared in the presence or
absence of various concentrations of SU9516 by counting the cells a
Trypan blue dye exclusion test. The data represent means of triplicate
and the bars show SDs (*P < 0.05, **P < 0.01). (b) Whole-cell extracts
from Jurkat cells treated with the indicated concentrations of SU9516
or vehicle control (dimethyl sulfoxide, DMSO) for 24 h were subjected
to a Western blot analysis using DHFR and GAPDH antibodies. (c)
Whole-cell extracts from Jurkat cells treated with the indicated
concentrations of SU9516 or DMSO for 24 h were subjected to a
Western blot analysis using phosphorylated pRB (Ser780) and GAPDH
antibodies. (d) Whole-cell extracts from Jurkat cells treated with
DMSO or 2 lM of SU9516 for the periods indicated were subjected to
a Western blot analysis using DHFR and GAPDH antibodies. GAPDH,
glyceraldehyde 3-phosphate dehydrogenase.
growth rate of Jurkat cells in the presence or absence of various
concentrations of SU9516. A significant dose-dependent inhibi-
tion of cell growth was observed (*P < 0.05, **P < 0.01). After
72 h, cell growth was inhibited to 56%, 31%, 17%, and 9% of
controls by SU9516 at 1, 2, 5, and 10 lM, respectively. How-
ever, few dead cells were detected by counting the cells using a
Trypan blue dye exclusion test in cell growth study and sub-G1
population were hardly detected by flow cytometry in the con-
centration of 2 lM SU9516 (data not shown). Next, to confirm
the effect of SU9516 on DHFR expression, we carried out a
Western blot analysis. We found that the treatment of Jurkat
cells with SU9516 repressed the levels of DHFR protein in a
dose-dependent manner (Fig. 2b). DHFR protein started to
decrease after treatment with SU9516 at 2 lM or more. SU9516
treatment also inhibited the levels of phospho-RB (Ser780) pro-
tein in a dose-dependent manner, suggesting that SU9516 acti-
vates the RB pathway (Fig. 2c). A time-course study showed
that DHFR protein started to decrease 12 h after the treatment
with 2 lM of SU9516 (Fig. 2d).

SU9516 attenuated DHFR mRNA levels. To ascertain the effect
of SU9516 on DHFR mRNA in Jurkat cells, we carried out real-
time quantitative RT-PCR. We found that DHFR mRNA
expression was decreased by 24 h of exposure to SU9516 in a
dose-dependent manner (Fig. 3a). A time-course study showed
that DHFR mRNA expression started to decrease 6 h after the
treatment with 2 lM of SU9516 (Fig. 3b).

DHFR promoter activity was attenuated by SU9516 and
mediated through an E2F site in Jurkat cells. We investigated
the effect of SU9516 on DHFR promoter activity in Jurkat
cells using a DHFR promoter–luciferase reporter plasmid
with a transient luciferase assay. As shown in Figure 4(a),
SU9516 inhibited the activity in a dose-dependent manner.
The results suggested that SU9516 inhibited DHFR expres-
sion at the promoter level. Moreover, to determine whether
an E2F-binding site of the DHFR promoter is responsible for
730
the repression by SU9516, we generated point mutations at
the E2F site of the DHFR promoter–luciferase reporter plas-
mid. We then studied the effect of SU9516 on the DHFR
promoter activity in Jurkat cells using the DHFR promoter–
luciferase reporter plasmids with the wild-type or mutant
E2F site. Notably, as compared to the effect on the mutant
DHFR promoter, the wild-type DHFR promoter activity was
more strongly inhibited by SU9516 in Jurkat cells, suggest-
ing that SU9516 inhibited DHFR promoter activity through
the E2F site (Fig. 4b).

SU9516 enhanced sensitivity to MTX in Jurkat cells. Next, to
assess whether the repression of DHFR expression by the
CDK inhibitor contributes to the enhancement of sensitivity
to MTX in Jurkat cells, we investigated the sensitivity to
MTX in vitro by conducting a colony formation assay after
the treatment with DMSO or SU9516. As shown in Fig-
ure 5(a), MTX inhibited the growth of colonies pretreated
with SU9516 more strongly than that of colonies pretreated
with DMSO. Pretreatment of SU9516 significantly enhanced
sensitivity to MTX at a concentration of 0.1 lM MTX or
more (*P <0.05, **P <0.01).
doi: 10.1111/j.1349-7006.2009.01449.x
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Fig. 3. SU9516 decreased dihydrofolate reductase (DHFR) mRNA
expression in Jurkat cells. (a) Jurkat cells were treated with the
indicated concentrations of SU9516 or dimethyl sulfoxide (DMSO) for
24 h, and DHFR mRNA expression was evaluated using real-time
RT-PCR as described. Total RNA (10 mg) was probed with DHFR cDNA.
The quantity of DHFR mRNA obtained was normalized to the quantity
of GAPDH mRNA (*P < 0.05, **P < 0.01). (b) Jurkat cells were treated
with DMSO or 2 lM of SU9516 for the periods indicated, and DHFR
mRNA was determined using real-time RT-PCR as described. Total RNA
(10 lg) was probed with DHFR cDNA. The quantity of DHFR mRNA
obtained was normalized to the quantity of GAPDH mRNA (*P < 0.05,
**P < 0.01). GAPDH, glyceraldehyde 3-phosphate dehydrogenase.

Fig. 4. Dihydrofolate reductase (DHFR) promoter activity was
inhibited by SU9516 in Jurkat cells. (a) Jurkat cells were transiently
transfected with a DHFR promoter–luciferase reporter plasmid or
vacant vector for a luciferase assay. Relative luciferase activity: raw
light units (RLU) in cell lysates per lg of protein. Data are presented
as means ± SD (n = 3; *P < 0.05, **P < 0.01). (b) Jurkat cells were
transiently transfected with a vacant vector or a DHFR promoter–
luciferase reporter plasmid with a wild-type (h) or mutant E2F site
( ) for a luciferase assay. Relative luciferase activity: RLU in cell
lysates per lg of protein. The data are presented as a percentage
compared to the control, and the bars show SDs (*P < 0.05,
**P < 0.01).
SU9516 attenuated DHFR protein levels and enhanced
sensitivity to MTX in CCRF-CEM cells and K562 cells. Furthermore,
it was also observed that treatment with SU9516 repressed the
levels of DHFR protein and the levels of phospho-RB (Ser780)
in human T-cell leukemia CCRF-CEM cells and human erythro-
leukemia K562 cells (Fig. 5b,d). Correspondingly, we investi-
gated the sensitivity to MTX in vitro by conducting a colony
formation assay after the treatment with DMSO or SU9516 in
CCRF-CEM cells and K562 cells. As shown in Figure 5(c),
MTX inhibited the growth of colonies pretreated with SU9516
more strongly than that of colonies pretreated with DMSO in
CCEF-CEM cells. Pretreatment of SU9516 significantly
enhanced sensitivity to MTX at a concentration of 0.05 lM
MTX or more (*P < 0.05, **P < 0.01). As shown in Fig-
ure 5(e), MTX also showed strong growth inhibition as a pre-
treatment in SU9516 compared with the use of DMSO as a
pretreatment in K562 cells. Pretreatment of SU9516 signifi-
cantly enhanced sensitivity to MTX at a concentration of
0.05 lM MTX or more (*P < 0.05, **P < 0.01). These results
might indicate that pretreatment of SU9516 is effective to
enhance sensitivity to MTX in not only the T-cell leukemia cell
lines but also erythroleukemia cell lines such as K562 cells.

Other CDK inhibitors, Purvalanol A and Cdk4 ⁄ 6 Inhibitor IV,
attenuated DHFR protein levels and enhanced sensitivity to MTX
in Jurkat cells. Finally, to assess whether other CDK inhibitors
contribute to the enhancement of sensitivity to MTX in Jurkat
cells, we investigated the expression of DHFR and the sensitiv-
ity to MTX in vitro by conducting a colony formation assay
after the treatment with DMSO, Purvalanol A, or Cdk4 ⁄ 6 Inhibi-
tor IV. As shown in Figure 6(a), it was observed that treatment
with Purvalanol A or Cdk4 ⁄ 6 Inhibitor IV repressed the levels
of DHFR protein and the levels of phospho-RB (Ser780) in Jur-
kat cells. Moreover, as shown in Figure 6(b,c), MTX inhibited
the growth of colonies pretreated with Purvalanol A or Cdk4 ⁄ 6
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Inhibitor IV more strongly than that of colonies pretreated with
DMSO. Pretreatment of Purvalanol A significantly enhanced
sensitivity to MTX at a concentration of 0.1 lM MTX or more
(*P < 0.05, **P < 0.01). Pretreatment of Cdk4 ⁄ 6 Inhibitor IV
significantly enhanced sensitivity to MTX at a concentration of
0.05 lM MTX or more (*P < 0.05, **P < 0.01).

Discussion

Drug resistance is occasionally a limiting factor in successful
anticancer chemotherapy. Mechanisms of resistance to MTX
have already been investigated extensively. Most of the mecha-
nisms are supposed to be positively related to the quantity and
quality of DHFR, such as an increase in DHFR or mutated
DHFR not binding MTX.(22–24) We focused on the high expres-
sion of the target enzyme DHFR in these MTX-resistant mecha-
nisms. In the present study, we found that knockdown of the
target enzyme DHFR using siRNA enhanced sensitivity to
MTX. Although the human osteosarcoma cell line Saos2 lacking
pRB is intrinsically resistant to MTX, reintroducing cDNA
encoding pRB into this cell line restored sensitivity to MTX.(25)

Therefore, we also considered that the lack of a functional reti-
noblastoma protein (pRB) might lead to resistance to MTX as a
consequence of an increase in DHFR mRNA expression. Since
E2F regulates the expression of DHFR, this increase of DHFR
has been linked to an increase in free and active E2F, a tran-
scription factor that is bound and inactivated by hypophosphory-
lated RB protein.
Cancer Sci | March 2010 | vol. 101 | no. 3 | 731
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Fig. 5. Effect of SU9516 on the sensitivity of Jurkat cells to
methotrexate (MTX). (a) Cells were treated with dimethyl sulfoxide
(DMSO) or SU9516 (2 lM) for 24 h. Then the cells were cultured with
the indicated concentrations of MTX, and subjected to a colony
formation assay. The data are presented as a percentage compared to
the control with vehicle only, and the bars show SDs (*P < 0.05,
**P < 0.01). (b) Whole-cell extracts from CCRF-CEM cells treated with
the indicated concentrations of SU9516 or DMSO for 24 h were
subjected to a Western blot analysis using DHFR, phosphorylated pRB
(Ser780), and GAPDH antibodies. (c) CCRF-CEM cells were treated with
DMSO or SU9516 (5 lM) for 24 h. Then the cells were cultured with
the indicated concentrations of MTX, and subjected to a colony
formation assay. The data are presented as a percentage compared to
the control with phosphate-buffered saline (PBS), and the bars show
SDs (*P < 0.05, **P < 0.01). (d) Whole-cell extracts from K562 cells
treated with the indicated concentrations of SU9516 or DMSO for
24 h were subjected to a Western blot analysis using DHFR,
phosphorylated pRB (Ser780) and GAPDH antibodies. (e) K562 cells
were treated with DMSO or SU9516 (5 lM) for 24 h. Then the cells
were cultured with the indicated concentrations of MTX, and
subjected to a colony formation assay. The data are presented as a
percentage compared to the control with PBS, and the bars show SDs
(*P < 0.05, **P < 0.01).

Fig. 6. Effect of Purvalanol A and Cdk4 ⁄ 6 Inhibitor IV on the
sensitivity of Jurkat cells to methotrexate (MTX). (a) Whole-cell
extracts from Jurkat cells treated with the indicated concentrations of
SU9516, Purvalanol A, Cdk4 ⁄ 6 Inhibitor IV, or dimethyl sulfoxide
(DMSO) for 24 h were subjected to a Western blot analysis using
dihydrofolate reductase (DHFR), phosphorylated pRB (Ser780), and
GAPDH antibodies. (b) The cells were treated with DMSO or
Purvalanol A (20 lM) for 24 h. Then the cells were cultured with the
indicated concentrations of MTX, and subjected to a colony formation
assay. The data are presented as a percentage compared to the
control with PBS only, and the bars show SDs (*P < 0.05, **P < 0.01).
(c) The cells were treated with DMSO or Cdk4 ⁄ 6 Inhibitor IV (20 lM)
for 24 h. Then the cells were cultured with the indicated
concentrations of MTX, and subjected to a colony formation assay.
The data are presented as a percentage compared to the control with
phosphate-buffered saline (PBS) only, and the bars show SDs
(*P < 0.05, **P < 0.01).
Therefore, we speculated that CDK inhibitors might act as a
DHFR repressor through the inhibition of E2F caused by
dephosphorylated and activated RB protein. Concretely, we
found that the CDK inhibitor SU9516 decreased the expression
of DHFR protein and mRNA in a dose- and time-dependent
manner as shown in Figures 2(b,d) and 3. Furthermore, the inhi-
bition of DHFR expression by SU9516 was associated with
dephosphorylation of pRB (Fig. 2c). These results may reflect
that the inhibition of DHFR expression occurred through the
inhibition of CDK and activating the RB pathway.

In the present study, we showed that SU9516 down-regulates
DHFR protein expression, resulting in increased sensitivity to
732
MTX. Regarding the mechanism down-regulating DHFR
expression, we observed that the expression was reduced at the
promoter level through the E2F site on treatment with SU9516.
These findings suggested that the E2F–RB pathway is important
in regulating sensitivity to MTX.

Many investigators have been evaluating the role of CDK’s
inhibition in cancer therapeutic strategy.(26,27) In recent years, var-
ious CDK inhibitors have been developed. Flavopiridol is a CDK
doi: 10.1111/j.1349-7006.2009.01449.x
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inhibitor that has completed phase I and II clinical trials. However,
despite promising preclinical results, clinical activity observed
with flavopiridol has been limited in solid and hematologic malig-
nancies.(28–34) A recent phase I study of a pharmacokinetically
new schedule of administering flavopiridol for refractory chronic
lymphocytic leukemia showed an improvement in clinical out-
come.(35) Another CDK inhibitor, AZD5438, a novel and orally
bioavailable CDK inhibitor, is also under phase I study.(36)

We previously proposed a strategy for chemotherapy against
malignancies with inactivated p53, which we called ‘‘gene-
regulating chemotherapy,’’ to reactivate gene targets of p53,
such as p21 ⁄ WAF1 ⁄ Cip1, gadd45, and DR5 genes.(37–45) Since
the expression of DHFR affects sensitivity to MTX, we consider
that the expression of DHFR is also a target for gene-regulating
chemotherapy to overcome MTX resistance. Similarly, we have
previously reported that a CDK inhibitor enhanced sensitivity to
5-FU through repression of the thymidylate synthase gene.(46)

In most malignant tumors, function of RB protein is inacti-
vated by the hyperactivation of CDKs. Against such malignan-
cies, CDK inhibitors can reactivate pRB, resulting in G1 arrest
through suppression of E2F. The CDK inhibitors SU9516,
Purvalanol A, and Cdk4 ⁄ 6 Inhibitor IV are potential drugs in the
Uchiyama et al.
treatment of some malignancies with MTX as suppressors of
DHFR. The CDK inhibitors significantly enhance sensitivity to
MTX by inhibiting the expression of DHFR. This finding impli-
cates that the CDK inhibitors are promising for combined use
with MTX in cancer therapy.

In conclusion, we showed for the first time that SU9516 sig-
nificantly enhanced sensitivity to MTX through the inhibition of
DHFR expression in human T-cell leukemia Jurkat cells and
CCRF-CEM cells, and human erythroleukemia K562 cells.
Although further study is needed, these results raise the possibil-
ity that a combination of CDK inhibitors and MTX might be a
suitable chemotherapeutic option to overcome resistance to
MTX when treating hematological malignancies.
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