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Methotrexate induces apoptosis through p53/p21-dependent pathway and
increases E-cadherin expression through downregulation of HDAC/EZH2
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A B S T R A C T

Methotrexate (MTX) is a dihydrofolate reductase (DHFR) inhibitor widely used as an anticancer drug in

different kinds of human cancers. Here we investigated the anti-tumor mechanism of MTX against non-

small cell lung cancer (NSCLC) A549 cells. MTX not only inhibited in vitro cell growth via induction of

apoptosis, but also inhibited tumor formation in animal xenograft model. RNase protection assay (RPA)

and RT-PCR demonstrated its induction of p53 target genes including DR5, p21, Puma and Noxa.

Moreover, MTX promoted p53 phosphorylation at Ser15 and acetylaion at Lys373/382, which increase

its stability and expression. The apoptosis and inhibition of cell viability induced by MTX were

dependent on p53 and, partially, on p21. In addition, MTX also increased E-cadherin expression through

inhibition of histone deacetylase (HDAC) activity and downregulation of polycomb group protein

enhancer of zeste homologue 2 (EZH2). Therefore, the anticancer mechanism of MTX acts through

initiation of p53-dependent apoptosis and restoration of E-cadherin expression by downregulation of

HDAC/EZH2.
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1. Introduction

Lung cancer, the major cause of malignancy-related deaths
worldwide, has high mortality and poor prognosis due to difficulty
of early diagnosis and high potential of invading locally and
metastasizing to distant organ [1]. Non-small cell lung cancers
(NSCLCs) account for approximately 80% of all lung cancers, and
the 5-year overall survival rate is less than 15% [2]. Despite
advances in surgery, chemotherapy, and radiotherapy, survival
benefits remain poor [3]. Therefore, development of more
molecular-targeted therapies is imperative.

The tumor suppressor, p53, functions as a transcriptional
regulator in response to stress signals. It is maintained at low level
by MDM2 in unstressed cells [4]. However, in response to DNA
damage, both quantity and activity of p53 are greatly increased,
leading to the expression of p53 target genes including p21,
GADD45, DR5, and Bax to elicit various responses, such as cell cycle
arrest, apoptosis and DNA repair [5]. Post-translational modifica-
tion (such as phosphorylation, acetylation and ubiquitination)
plays a critical role in the regulation of p53 activity and stability.
Phosphorylation generally modulates its stability and DNA binding
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activity [6]. Additionally, p53 is the first non-histone protein
acetylated at lysine residues by the acetyltransferases p300 and
CBP [7], leading to destabilization of p53-MDM2 interaction and
increase of p53-mediated stress response [8].

Overexpression of histone deacetylase (HDAC) and histone-
lysine N-methyltransferase EZH2, a catalytic component of
polycomb repressive complex 2 (PRC2), have been found in
tumors and inhibit the expression of tumor suppressor genes [9–
12]. EZH2 could recruit HDAC through EED, another subunit of
PRC2, to repress transcription cooperatively [9,10,13]. Therefore,
inhibition of HDAC and EZH2 could reactivate tumor suppressive
genes and serves as potential anticancer treatments [14–16]. E-
cadherin is one of the classic cadherins that mediate cell–cell
adhesion at adherens junctions via homophilic binding [17].
Compelling evidences show that E-cadherin is repressed in
invasive tumors such as breast, gastric and lung cancers, and its
overexpression prevents invasiveness of human carcinoma cells
[18,19]. Inhibition of HDACs or EZH2 upregulates E-cadherin and
prevents transformation of epithelial cells into metastatic mesen-
chymal form [20,21].

Methotrexate (MTX), a structural analogue of folic acid and an
inhibitor of dihydrofolate reductase (DHFR), is a widely used and
highly successful anticancer agent, particularly for human
leukemia, severe psoriasis, and some solid tumors [22]. MTX
ceases intracellular folate metabolism and finally blocks the
synthesis of thymine and purines, leading to impairment of tumor
growth and induction of cell death by secondary genotoxic effects

http://dx.doi.org/10.1016/j.bcp.2010.11.014
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or apoptosis [23]. In the present study, the anti-tumor mechanism
of MTX was investigated in vitro and in vivo. We found that MTX
inhibited growth of tumor cells through induction of apoptosis.
MTX induced p53 acetylation at Lys373/382 and phosphorylation
at Ser15, leading to its stabilization and expression. These effects
were correlated with an increase in DNA damage (H2AX
phosphorylation) and upregulation of p53 target genes such as
p21, DR5, Puma and Noxa. In addition, both MTX and HDAC
inhibitor SAHA reduced EZH2 expression. MTX also induced E-
cadherin expression as did by EZH2 inhibitor DZNep. These results
suggest that MTX initiated p53-dependent apoptosis and suppres-
sion of tumor growth, and also induced E-cadherin expression
through downregulation of HDAC/EZH2.

2. Materials and methods

2.1. Materials

The antibodies specific for p53, p21, histone H3 and actin were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-
acetylated p53 (Lys373/382) antibody was from UPSTATE (Bill-
erica, MA). Phospho-H2AX (Ser139) and EZH2 antibody were
purchased from Cell Signaling Technology (Danvers, MA). E-
cadherin antibody was from Zymed (Carlsbad, CA). Dulbecco’s
modified Eagle’s medium (DMEM), fetal bovine serum (FBS),
penicillin, streptomycin, and TRIZOL were from GibcoBRL (Gaithers-
burg, MD). Horseradish peroxidase-labeled donkey anti-rabbit
second antibody, the ECL detecting reagent, and nylon cellulose
membrane were purchased from Amersham Pharmacia Biotech
(Uppsala, Sweden). Methotrexate (MTX), propidium iodine (PI),
trichostatin (TSA), MS-275, sodium butyrate, oxaflatin, valproic
acid (VPA), and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide (MTT) were purchased from Sigma (St. Louis, MO).
Suberoylanilide hydroxamic acid (SAHA) was kindly provided by
Merck (MSD, Taiwan). 3-Deazaneplanocin A (DZNep) was kindly
provided by Dr. Victor E. Marquez (National Cancer Institute, MD).
Annexin V-FITC Apoptosis Detection Kit Plus was purchased from
BioVision (Mountain View, CA).

2.2. Cell culture

A549 human lung carcinoma cells from American Type Culture
Collection (ATCC) in 2006 were cultured in DMEM. HCT-116 wild-
type, p53�/�, and p21�/� cells, kindly provided by Dr. M.W. Van
Dyke (M.D. Anderson Cancer Center, Houston, TX) in 2008, were
cultured in DMEM. H1299 lung epithelial carcinoma cells from
ATCC in 2006 were cultured in RPMI 1640. All mediums were
supplemented with 10% FBS, 100 unit/mL penicillin G and 100 mg/
mL streptomycin sulfate. Cells were daily checked by morphology
and tested to be Mycoplasma-free by DAPI staining within the last
six months. Gene silencing of HCT116 p53�/� and p21�/� cells
was authenticated by ribonuclease protection assay or immuno-
blot analysis within the last three months.

2.3. Preparation of total cell lysates and nuclear extracts

For total cell lysates, cells were lysed in an ice-cold buffer
containing 50 mM Tris–HCl, pH 7.4, 150 mM NaCl, 1 mM EGTA, 1%
Triton X-100, 1 mM Na3VO4, 1 mM NaF, 1 mM PMSF, 5 mg/mL
leupeptin, and 20 mg/mL aprotinin at 4 8C for 30 min. After
centrifugation, the supernatants were transferred to new tubes.
For nuclear extracts, cells were resuspended in buffer A (10 mM
HEPES, pH 7.9, 10 mM KCl, 0.1 mM EGTA, 1 mM DTT, 0.5 mM PMSF,
1 mM NaF, 1 mM Na3VO4), then adding 0.6% NP-40. After mixing
by vortex for 10 s, the cells were incubated on ice for 15 min. After
centrifugation at 5000 rpm for 5 min, the supernatants (cytosolic
fractions) were transferred to new tubes. The pellets were lysed in
buffer B (20 mM HEPES, pH 7.9, 400 mM NaCl, 1 mM EGTA, 1 mM
DTT, 1 mM PMSF, 1 mM NaF, 1 mM Na3VO4). The suspensions were
mixed by vortex for 10 s, followed by sonication in ice-cold water
bath for 30 min. After centrifugation at 13,000 rpm for 5 min, the
supernatants were used as nuclear extracts.

2.4. Western blot analysis

Proteins in the cell lysate (50 mg) are separated on a 7.5–13%
SDS-polyacrylamide gel, then transferred electrophoretically onto
a nylon cellulose membrane. The membrane is pre-hybridized in
5% skim milk/TBST (20 mM Tris–HCl, pH 7.5, 1.5 M NaCl, 0.05%
Tween-20) for 1 h, then transferred to 1% BSA/TBST containing
primary antibody and incubated overnight at 4 8C. After washing
with the TBST buffer, the membrane is submerged in 1% BSA/TBST
containing the horseradish peroxidase conjugated secondary
antibody for 1 h. The membrane is washed with TBST buffer, then
developed by the ECL system and exposed to X-ray film.

2.5. RNase protection assay (RPA)

Total RNA was extracted by TRIZOL reagent. A RiboQuant Multi-
Probe RNase Protection assay (RPA) was performed with the
hStress-1, hAPO-3d and hCC-2 biotin-label probe sets (BD
Pharmingen, Sparks, MD). The probes were hybridized with
3 mg of RNA, and then samples were digested with RNase to
remove single-stranded RNA. Remaining probes were resolved on
denaturing 5% polyacrylamide gels.

2.6. RT-PCR

Total RNA is isolated by TRIZOL reagent. Reverse transcription
reaction is performed using 2 mg of total RNA and reverse
transcribed into cDNA using oligo dT primer, then amplified using
two oligonucleotide primers as following: 50-AGACCGGCGCACA-
GAGGAAG-30 and 50-CTTTTTGGACTTCAGGTGGC-30 (p53), 50-
CAGAGGAGGCGCCATGTCAG-30 and 50-CCTGTGGGCGGATTAGGG-
30 (p21), 50-GACCTCAACGCACAGTA-30 and 50-CTAATTGGGCTC-
CATCT-30 (Puma), 50-AGAGCTGGAAGTCGAGTGT-30 and 50-GCAC-
CTTCACATTCCTCTC-30 (Noxa) or 50-TGACGGGGTCACCCACACTGT-
GCCCATCTA-30 and 50-CTAGAAGCATTTGCGGGGACGATGGAGGG-
30 (b-actin). PCR is carried out at 94 8C for 30 s, at 55 8C for 30 s and
1 min at 72 8C for 25–35 cycles. The PCR products are subjected to
1–2% agarose gel electrophoresis. Quantitative data are obtained
using a computing densitometer and ImageQuant Software
(Molecular Dynamics, Sunnyvale, CA).

2.7. Cell cycle analysis and Annexin V-FITC staining

Cells were plated in 6-well plates for 24 h, then treated with
complete medium containing 50 mM MTX for 24 and 48 h. The
floating and adherent cells were harvested and the cell cycle was
determined by flow cytometry using a PI stain buffer (5 mg/mL PI
and 50 mg/mL RNase A) and analyzed on a BD FACSCalibur
cytometer with CellQuest software.

Apoptosis was analyzed by Annexin V-FITC Apoptosis Detec-
tion Kit Plus. Briefly, the floating and adherent cells were
harvested and resuspended in 0.5 mL of 1� binding buffer
containing 5 mL of Annexin V-FITC and 1 mL of SYTOX Green
Dye. After incubation at room temperature for 10 min, cells were
analyzed by flow cytometry (Ex = 488 nm; Em = 530 nm). The cell
population was separated into three populations: live cells with
only a low level of fluorescence, apoptotic cells with moderate
green fluorescence and necrotic cells with high-intensity green
fluorescence.
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Fig. 1. Effects of MTX on cell growth, apoptosis and tumor formation. (A) A549 cells (107) were xenotransplanted into the right hip region of nude mice. After visible tumor

formation, mice were randomly divided into two groups for oral treatment with MTX (10 mg/kg/day) or vehicle as described in ‘‘Section 2’’. The arrow indicates the day to

administrate MTX. (B) A549 cells were treated with 0.1, 1, 10, 50 or 100 mM for 3 days. MTT assay was performed and absorbance was measured at 550 nm. **p < 0.05,

compared with basal. (C) A549 cells were treated with 50 mM MTX for 24 or 48 h. Cells were harvested and examined by flow cytometry as described in ‘‘Section 2’’. The

percentages of subG1 fraction represented three independent experiments are plotted in (D). (E) Whole cell lysates of A549 cells exposed to 50 or 100 mM MTX for 48 h were

harvested and immunoblotted with anti-PARP antibody.

W.-Y. Huang et al. / Biochemical Pharmacology 81 (2011) 510–517512
2.8. MTT assay

The cell viability after MTX treatment was measured using
MTT assay. Cells were plated in triplicate in 96-well plates and
treated with increasing concentrations of MTX. After 72 h
incubation, 0.5 mg/mL of MTT was added to each well for an
additional 4 h. The blue MTT formazan precipitate was then
dissolved in 100 mL of DMSO. The absorbance at 550 nm was
measured on a multiwell plate reader. Cell viability was expressed
as a percentage of control.

2.9. Animal xenograft assay

4–6-Week-old female Balb/c nude mice were injected with 107

A549 cells (suspended in 0.1 mL PBS and mixed with 0.1 mL
Matrigel) in the rear left flank. Two weeks after administration,
100–200 mm3 tumors were apparent on all mice, then animals
were divided into two groups (n = 6). One group was orally
received MTX (10 mg/kg/day) and the other received vehicle (soy
oil). Mice were observed for 35 days, and tumor growth was
measured every five days with calipers. All mice were survived
during whole experimental period. Tumor volume was calculated
using the formula V (mm3) = 0.52 � [ab2], where a is the length and
b is the width of the tumor.
2.10. Statistical analysis

Data were analyzed using Student’s t test. p values < 0.05 were
considered significant.

3. Results

3.1. MTX inhibits cell growth and induces apoptosis in A549 cells

MTX has been shown to suppress cell growth through the
inhibition of DHFR. To investigate whether MTX inhibits NSCLC
tumor growth in vivo, A549 cells were introduced into nude mice
via subcutaneous administration. Time-dependent increase in
tumor formation was seen after injection of A549 cells. The tumor
volume was decreased when administrating MTX (Fig. 1A). The in

vitro cell growth was also decreased in response to MTX treatment
for 3 days (Fig. 1B). The effect of MTX to primary mouse embryonic
fibroblasts (MEFs) was examined by MTT assay and no toxicity was
observed in response to 100 mM MTX treatment (data not shown).
To examine whether cell cycle arrest or apoptosis contributes to
MTX-induced growth inhibition, A549 cells were treated with
50 mM MTX for 24 and 48 h and the cell cycle distribution was
analyzed by flow cytometry. As shown in Fig. 1C and D, MTX
induced apoptosis (subG1 fraction) but not cell cycle arrest. The
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Fig. 2. Effect of MTX on p21 expression. Total RNA from (A) A549, (B) HCT116 wild-type (p53+/+), or p53�/� cells treated with 50 mM MTX for 24 h were subjected to RPA as

described in ‘‘Section 2’’. GADPH and L32 were shown as internal controls. (C) A549 cells were treated with 50 mM MTX for indicated time intervals. Total RNA were isolated

for RT-PCR analysis using primers specific for p53, p21, Puma and Noxa. (D) A549 cells were treated with 0, 1, 10, 50 and 100 mM MTX for 48 h. Whole cell lysates were

collected and subjected to western blot with anti-p53 (DO-1) or anti-p21 antibodies. (E) A549, H1299, HCT116 wild-type (WT) and p53�/� cells were treated with 50 mM

MTX for 24 and 48 h. Whole cell lysates were collected and subjected to western blot with anti-p53 (DO-1) or anti-p21 antibodies.
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apoptotic induction is further confirmed by PARP cleavage
(Fig. 1E). These findings revealed that MTX inhibits A549 cell
growth via induction of apoptosis.

3.2. MTX induces p53-dependent gene expression

To investigate the genes stimulated by MTX, expression of cell
cycle- and apoptosis-related genes was examined by RPA. As shown
in Fig. 2A and B, MTX increased p21 or DR5 mRNA expression
without affecting p53 mRNA in A549 cells and HCT116 cells.
However, the induction of p21 mRNA was inhibited in p53�/� cells
(Fig. 2B). The mRNA levels of p21 were further evaluated by RT-PCR.
As expected, MTX was able to induce p21 but not p53 mRNA
expression (Fig. 2C). Moreover, Puma and Noxa, which are critical for
the p53-induced apoptotic response [24], were also induced by MTX
(Fig. 2C). Time- and dose-dependent increases of p53 and p21
protein by MTX were observed in A549 and HCT116 cells (Fig. 2D and
E). To investigate whether MTX-induced p21 expression is depen-
dent on p53, A549 and HCT116 wild-type cells were compared to
p53-null H1299 and HCT116 p53�/� cells. MTX-induced p21
expression was abrogated in p53-deficient cells (Fig. 2E). Therefore,
these results indicated that MTX induced p53-dependent gene
transcription.
3.3. MTX induces DNA damage and stabilizes p53 by increasing its

phosphorylation and acetylation

DNA damage might be required for MTX-induced expression of
p53. As shown in Fig. 3A, MTX caused DNA damage as indicated by
the increase of H2AX phosphorylation (g-H2AX). Post-translation-
al modification of p53 such as phosphorylation and acetylation in
response to DNA damage is closely related to its stability and
transcriptional activity. MTX induced p53 phosphorylation at
Ser15/Ser392 and acetylation at Lys373/382 in nucleus and total cell
lysates (TCL), which were coincident with its increase in protein
level (Fig. 3B, left and right panels, lanes 1 and 2). To further confirm
that MTX induced post-translational modification of p53, protea-
some inhibitor MG132 was treated to increase the basal level of p53
(Fig. 3B, right panel, lane 3). In this condition, phosphorylation at
Ser15 and acetylation at Lys373/382 were not seen (Fig. 3B, right
panel, lane 3), indicating that these post-translational modifications
were indeed modified by MTX but not due to an increase of p53
per se (Fig. 3B, right panel, lane 4). However, increase in Ser392
phosphorylation was paralleled with the increase of p53 protein. To
explore whether MTX modulates p53 turnover, its degradation rate
was examined. After treatment with MTX for 24 h, cells were treated
with cycloheximide (CHX) for the indicated time. The degradation of
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Fig. 3. Effect of MTX on post-translational modifications and stability of p53. (A) A549

cells were exposed to 50 mM MTX as indicated time points and total cell lysates were

immunoblotted with anti-g-H2AX or anti-p53 (DO-1) antibodies. (B) A549 cells were

treated with 50 mM MTX for 24 h and 50 mM MG132 was added 2 h before cell

harvest. Nuclear extracts and total cell lysates were prepared as described in ‘‘Section

2.’’ Both kinds of cell extracts were immunoblotted with anti-acetyl-p53 (Lys373/382),

anti-phospho-p53 (Ser392), anti-phospho-p53 (Ser15), or anti-p53 (DO-1) antibodies.

(C) A549 cells pre-treated with 50 mM MTX for 24 h were exposed to 10 mg/mL

cyclohexamide (CHX), and then harvested at different time points as indicated. Total

cell lysates were immunoblotted with anti-p53 (DO-1) antibody. p53 expression

normalized with actin was quantified using ImageQuant and the p53 remaining is

indicated graphically.
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Fig. 4. Effect of p53 and p21 on MTX-induced apoptosis and growth inhibition. (A)

HCT116 wild-type (wt), p53�/� and p21�/� cells were treated with 50 mM MTX

for 48 h. Cells were harvested and examined by Annexin V-FITC staining as

described in ‘‘Section 2’’. The percentage of Annexin-FITC positive fraction

represented three independent experiments. (B) HCT116 wild-type (WT), p53�/

� and p21�/� cells were treated with 0.1, 1, 10 or 50 mM for 3 days. MTT assay was

performed and absorbance was measured at 550 nm. *p < 0.05, compared with

wild-type cells. (C) A549 and H1299 cells were treated with 0.1, 1, 10, 50 or 100 mM

for 3 days. MTT assay was performed and absorbance was measured at 550 nm.

*p < 0.05, compared with A549 cells.
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p53 was greatly reduced in the presence of MTX, indicating that MTX
stabilized p53 by reducing its degradation (Fig. 3C).

3.4. MTX induces p53/p21-dependent apoptosis

To investigate the role of p53 and p21 in MTX-induced
apoptosis, HCT116 wild-type, p53 or p21 deficient cells treated
with 50 mM MTX for 48 h were examined by Annexin V-FITC
staining. MTX increased the Annexin V-FITC-positive cells in
HCT116 wild-type cells (from 8.8% to 25.6%), which was
completely blocked in p53�/� cells (8.8%). Apoptotic induction
was partially rescued in p21�/� cells (16.2%) (Fig. 4A). To further
examine whether the inhibition of cell growth by MTX is
dependent on p53/p21 pathway, HCT116 wild-type, p53�/� and
p21�/� cells treated with MTX was performed by MTT assay.
Compared with wild-type cells, cells deficient in p53 were
resistant to growth arrest induced by MTX (Fig. 4B). However,
MTX still induced cell growth arrest in p21�/� cells, suggesting
that blockade of p21 pathway alone could not rescue cells from
MTX-induced growth inhibition. p53-null H1299 cells were also
more resistant to MTX-induced growth inhibition (Fig. 4C),
confirming the essential role of p53 in MTX-induced cytoxicity.

3.5. MTX increased E-cadherin through downregulation of

HDAC/EZH2

MDM2 has been reported to recruit HDAC1 and remove acetyl
groups from p53 to promote its degradation, leading to the
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Fig. 5. Effect of MTX on EZH2 expression. (A) A549 cells were treated with 50 mM

MTX, 1 mM TSA, 5 mM SAHA, 1 mM sodium butyrate (NaBu), 10 mM MS-275, 5 mM

valproic acid (VPA), 10 mM oxaflatin (Oxa) for 24 h. Total cell lysates were

immunoblotted with anti-p53 (DO-1), anti-acetyl-p53 (Lys373/382) or actin

antibodies. *Non-specific band. (B) A549 cells were exposed to 1, 10, 50,

100 mM MTX for 48 h, and whole cell lysates were collected and blotted with

anti-EZH2 antibody. (C) A549 cells were treated with 50 mM MTX and 5 mM SAHA

for 48 h and whole cell lysates were subjected with immunoblotting with antibody

against EZH2. (D) A549, H1299, HCT116 wt and HCT116 p53�/� cells were treated

with 50 mM MTX as indicated time, and whole cell lysates were immunoblotted

with indicated antibodies.
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Fig. 6. Effect of MTX on E-cadherin expression. (A) A549 cells were treated with

50 mM MTX as indicated time, and whole cell lysates were immunoblotted with

indicated antibodies. (B) A549 and H1299 cells were subjected to 1, 5 and 10 mM

DZNep for 72 h, and whole cell lysates were immunoblotted with indicated

antibodies. (C) The working model for the anticancer effects of MTX.
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inhibition of p53 transcriptional activity [25,26]. Our recent study
demonstrates that MTX inhibits HDAC activity [27]. Whether
HDAC inhibition leads to p53 acetylation was examined. As shown
in Fig. 5A, HDAC inhibitors did not induce p53 acetylation and
expression, suggesting that inhibition of HDAC is dispensable for
MTX to induce p53 expression.

Inhibition of HDAC has been reported to lead to the degradation
of EZH2 [28]. We also found that MTX inhibited EZH2 expression
dose-dependently (Fig. 5B), as did by HDAC inhibitor SAHA
(Fig. 5C). E-cadherin was reported to be transcriptional silenced by
EZH2-mediated trimethlyation of histone H3 lysine 27 [20]. Since
EZH2 was decreased in response to MTX in both p53-wildtype
(A549) and p53-deficient (H1299) cells (Fig. 5D), E-cadherin
protein level was further examined. MTX increased E-cadherin
expression time-dependently in A549 cell (Fig. 6A), as did by the
EZH2 inhibitor DZNep (Fig. 6B). Therefore, MTX increased E-
cadherin expression through downregulation of HDAC/EZH2.

4. Discussion

NSCLC is the most prevalent type of lung cancer. Cisplatin-
based chemotherapy has been extensively used for the past two
decades and MTX is one of the most frequently used agents in
combination with cisplatin [29]. However, the molecular targets of
MTX against NSCLC have not been investigated. In this study, we
showed that MTX inhibits NSCLC A549 cell growth in culture and
xenograft model. The anticancer mechanism of MTX acts through
initiation of p53-dependent apoptosis and restoration of E-
cadherin expression by inhibiting HDAC/EZH2.
Acetylation and deacetylation can modulate protein–protein
interaction, protein stability and subcellular localization [30]. p53
is the first non-histone protein found to be acetylated at lysine
residues [8]. Our results showed that MTX but not HDAC inhibitors
induced acetylation of p53, indicating that inhibition of HDAC by
MTX was dispensable for p53 acetylation. The acetylation of p53
was correlated with its nuclear accumulation and stability. The
lysine residues acetylated are also the sites for ubiquitination.
Acetylation of p53 can prevent its ubiquitination and the
subsequent degradation by proteasome [31]. Phosphorylation of
p53 can increase its stabilization as well. Our results show that
MTX induced phosphorylation of p53 at Ser15, which appears to be
prerequisite for the subsequent post-translational modifications
[32]. However, p53 can also be activated regardless of its
phosphorylation [33,34]. Acetylation of p53 during stress response
is sufficient for abrogating MDM2-mediated repression in the
absence of phosphorylation [35]. The relationship between
phoshorylation and acetylation of p53 in response to MTX
warrants further investigations.

Sequence-specific DNA binding of p53 is a prerequisite for the
transactivation of target genes. The binding affinity on specific p53
response elements (p53REs) differs widely. Generally, binding to
high-affinity p53REs tends to upregulate growth arrest-related
genes, whereas binding to low-affinity p53REs is associated with
proapoptotic genes [36]. Site-specific acetylation dictates the
target preferences of p53 and exerts unique outcomes. For
example, acetylation at Lys320 only allows activation of genes
containing high-affinity p53 binding sites, leading to cell cycle
arrest. In contrast, acetylation at Lys373 enhances its interaction
with low-affinity p53 binding sites, leading to apoptosis [37]. MTX
induced p53 acetylation at Lys373/382, and apoptosis was indeed
observed after MTX treatment. Although MTX induced expression
of p21 probably through high-affinity p53 binding sites, we could
not exclude the possibility that acetylation of the other sites such
as Lys320 might occur. However, cell cycle arrest was not seen
after MTX treatment. It is probable that Lys373/382 acetylation is
sufficient to induce p21 expression. The result that depsipeptide
induces p21 expression through acetylation of p53 at Lys373/382
but not Lys320 supports this notion [38].
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p21 is a member of cyclin-dependent kinase (CDK) inhibitors
(CKI), which negatively modulates cell cycle by inhibiting cyclin–
CDK complex [39]. MTX induced apoptosis but not cell cycle arrest,
and apoptosis was attenuated in p21 deficient cells. Although p21
is required for p53-dependent G1 and G2/M arrest [40,41],
elevating sensitivity to apoptotic stimuli by increasing Bax or
antagonizing Bcl-2 expression has been reported [42–44]. More-
over, cell viability was not fully recovered in p21 null cells,
indicating that other p53-dependent signaling might collabora-
tively contribute to MTX-induced apoptosis. p53 can mediate
apoptosis through intrinsic (such as Bax, Noxa, and Puma) and
extrinsic (such as Fas and DR5 receptor) pathways [45]. MTX-
induced DR5, Puma and Noxa expression might contribute to p53-
dependent apoptosis.

Although E-cadherin expression is reduced in many NSCLC
patients [46], NSCLC expressing E-cadherin may carry a better
prognosis than E-cadherin-negative tumors [47]. Restoring E-
cadherin by HDAC inhibitors or by ecotopic expression can
increase the sensitivity of epidermal growth factor receptor (EGFR)
inhibitors to lung cancer cells [48]. Thus, E-cadherin expression
induced by MTX might provide a therapeutic consideration in
NSCLC. There are several epigenetic mechanisms suppressing E-
cadherin expression. For example, it is silenced by DNA hyper-
methylation in human carcinomas [49,50]. In addition, recruit-
ment of transcriptional corepressors or chromatin-remodeling
protein to E-cadherin promoter suppresses its expression [51–53].
EZH2 has been reported to downregulate E-cadherin through tri-
methylation of histone H3 lysine27 [20]. In this study, inhibition of
EZH2 by DZNep increased E-cadherin expression. MTX induced E-
cadherin expression as well and correlated with its downregula-
tion of EZH2, suggesting that MTX could increase E-cadherin
expression via epigenetic downregulation of EZH2. Consistent with
a previous report that HDAC inhibitors deplete EZH2 [28], the
suppression of EZH2 by MTX might be resulted from its inhibition
on HDAC activity [27].

In sum, we show that MTX exhibits anti-tumor activity against
NSCLC A549 cells in vitro and in vivo. Post-translational modifica-
tions including acetylation at Lys373/382 and phosphorylation at
Ser15 stabilize p53 protein expression. MTX-induced apoptosis is
dependent on p53 and, partially, p21. Furthermore, MTX inhibits
both EZH2 expression and HDAC activity to induce E-cadherin
expression, which might reduce cell migration (Fig. 6D). Our report
provides a molecular mechanism for MTX to suppress NSCLC.
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