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Hypoxia-induced miR-424 decreases tumor sensitivity
to chemotherapy by inhibiting apoptosis

D Zhang1,2, Z Shi1, M Li*,2 and J Mi*,1

Chemotherapy resistance of tumor cells is a big challenge. Adaption to hypoxia is an essential cellular response that is

controlled by the master oxygen-sensitive transcription factor HIF1 (hypoxia-inducible factor 1). The mechanism by which tumor

cells acquire resistance to chemotherapy under hypoxic conditions is not fully understood. In this study, we found that hypoxia

induces miR-424 expression and that miR-424 in turn suppresses the level of PDCD4 protein, a tumor suppressor that is involved

in apoptosis, by targeting its 30 untranslated region. Functionally, miR-424 overexpression decreases the sensitivity of cancer

cells (HCT116 and A375) to doxorubicin (Dox) and etoposide. In contrast, the inhibition of miR-424 enhanced apoptosis and

increased the sensitivity of cancer cells to Dox. In a xenograft tumor model, miR-424 overexpression promoted tumor growth

following Dox treatment, suggesting that miR-424 promotes tumor cell resistance to Dox. Furthermore, miR-424 levels are

inversely correlated with PDCD4 expression in clinical breast cancer samples. These results suggest that miR-424 is a potential

molecular target for tumor therapy.
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Hypoxia is a common feature of rapidly growing tumors.

Hypoxic stress induces various physiological or pathophysio-

logical responses in conditions including high-altitude adapta-

tions, development, wound healing, ischemic heart disease,

advanced atherosclerosis, stroke, and tumorigenesis.1 These

multifaceted changes are controlled by a panel of hypoxia-

inducible genes.2 Among these genes, hypoxia-inducible

factor 1a (HIF1a) is the key transcription factor that is robustly

induced by oxygen deprivation; in turn, HIF1a increases the

expression of hundreds of genes that are involved in

angiogenesis, cell cycle arrest, and metastasis.2 Moreover,

hypoxia also promotes tumor cell resistance to apoptosis;3,4

however, the detailed mechanism is not fully understood.

MicroRNAs are evolutionarily conserved, endogenous,

non-coding, single-stranded RNAs, 20–23 nucleotides in

length, that negatively regulate gene expression in a

sequence-specific manner.5–8 The human genome is pre-

dicted to encode as many as 1000 miRNAs, which equates to

3% of the total number of human genes.7 The 50 portion of the

miRNA sequence containing bases two to eight, termed the

seed region, is important for target messenger RNA (mRNA)

recognition. miRNAs negatively regulate target gene expres-

sion through complementarity between the miRNA seed

sequence and the 30 untranslated region (UTR) of the target

mRNA. miRNAs that bind with perfect complementarity to the

protein-encoding mRNA result in the degradation of the target

mRNA, whereas miRNAs with imperfect complementarity to

the 30UTR of the target mRNA will repress mRNA translation.

Expression of B30% of the human proteins appears to be

regulated by miRNAs.9 Through interactions with 30UTRs,

miRNAs can modulate the expression of many genes

simultaneously, often regulating individual signaling pathways

at multiple levels.10,11

Inside a primary tumor, the rapid proliferation of cancer

cells frequently outgrows its blood supply, leaving many

tumor cells in regions where the oxygen concentration is

significantly lower than the normal tissues.12 To survive in

the hypoxic microenvironment, cancer cells have altered

their intrinsic gene expression patterns to inhibit apoptosis.

Recent studies have demonstrated that hypoxia induces the

expression of a number of miRNAs, termed ‘hypoxamirs’,

and these miRNAs coordinate HIF signaling to regulate cell

growth, apoptosis, and metastasis.13 For example, the

elevated expression of miR-210 under hypoxic conditions

in breast cancer, melanoma, pancreatic cancer, and ovarian

cancer has been reported to correlate with cell growth and

metastasis by suppressing the expression of MYC, the cell

cycle regulator E2F transcription factor 3, the receptor

tyrosine kinase ligand ephrin A3, and the DNA repair protein

RAD52.14-16 miR-424 is also induced by hypoxia in endothe-

lial cells, leading to the suppression of the scaffolding protein

cullin 2 (CUL2), which is critical for the assembly of the

ubiquitin ligase system, resulting in the stabilization of HIF1a

and the promotion of angiogenesis.17 However, whether
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miR-424 is increased and regulates apoptosis in the tumor is

unclear.

In this study, we demonstrated that the level of miR-424

increases in cancer cells and promotes chemotherapy

resistance in tumor cells, suggesting that miR-424 is a

potential molecular target for sensitizing treatment.

Results

Hypoxia induces the expression of miR-424 in tumor

cells. Previous studies have shown that hypoxia induces

miR-424 expression in endothelial cells, but whether hypoxia

regulates miR-424 expression in tumor cells had not been

elucidated. The microRNA profiling by deep sequencing

showed that the expression of miR-424 increased in human

melanoma A375 cells after 6 h in 1% oxygen (Figure 1a).

To select tumor cells that upregulate miR-424 under

hypoxia, melanoma A375 cells, glioblastoma U251 cells,

and colon cancer HCT116 cells were grown for 12 h in 1%

oxygen or were treated with H2O2 or DMOG, a prolyl

hydroxylase domain (PHD) enzyme inhibitor. Both DMOG

and H2O2 are well-established reagents that induce the

accumulation of HIF1-a. The mature miR-424 and pri-miR-

424weremeasured using quantitative PCR in these cells. The

data show that the levels of both the mature miR-424 and pri-

miR-424 increased in all three cell lines under hypoxic

conditions and were B2–3-fold higher than normoxic cells

(Figures 1b and c). Moreover, the levels of both mature miR-

424 and pri-miR-424 also increased in the three tumor cell

lines treated with DMOG or H2O2 (Figures 1b and c), which

accumulated the protein level of HIF1a in these cells, as

evaluated by western blot analysis (Figure 1d). As expected,

the knockdown of HIF1a decreased the expression of miR-

424 (Supplementary Figure S1A). These observations sug-

gest that HIF1a is involved in the regulation of miR-424

expression.

To identify whether HIF1a regulates miR-424 expression,

conserved HIF1a-binding sequences GCGTG (hypoxia

response element, HRE) accompanied by CACA were found

in the B2.5 kb pairs upstream of pri-miR-424 (Figure 1e).

To investigate whether HIF1a binds to the promoter of the

miR-424 gene, chromatin immunoprecipitation (ChIP) assays

were performed. Our data showed that HIF1a binds to HRE

elements in the 2.5 kb upstream of the miR-424 promoter,

suggesting that HIF1a regulates miR-424 expression.

Although Ghosh et al.
17 showed that miR-424 expression in

endothelial cells is induced by hypoxia at the transcriptional

level via PU.1 transactivation, our data demonstrated that

HIF1a regulates miR-424 expression in tumor cells, at least in

these three tumor cell lines; nevertheless, we cannot exclude

the possibility that PU.1 also regulates miR-424 expression.

To further confirm whether the putative HRE in the miR-424

promoter is functional, a 1000-bp fragment encompassing the

miR-424 promoter HRE was inserted into pGL3 promoter.

293T cells transfected with wild-type miR-424 promoter

reporter, control reporter, mutant miR-424 promoter, and

pSV-Renilla vector were exposed to 20% O2 or 1% O2 for

12 h. The wild type of miR-424 promoter significantly

increased FLuc activity in hypoxia cells (Figure 1f). The

mutation of HRE at the core binding site, eliminating HIF1a

binding, significantly decreased hypoxia-induced Fluc activity.

Knockdown of HIF1a using short hairpin RNAs (shRNAs)

significantly reduced miR-424 promoter HRE-dependent Fluc

activity in hypoxic cells (Supplementary Figure S1B). Taken

together, these data demonstrated that HIF1a binds to the

HRE site in the miR-424 promoter and directly activates its

transcription.

miR-424 increases tumor cell resistance to apoptosis.

To explore the biological significance of miR-424 in tumors,

doxorubicin (Dox)-induced apoptosis was first analyzed in

the A375 and HCT116 cells, as both of these cell lines

overexpress miR-424. The tumor cells infected with empty

lentivirus were used as a control. Western blot analysis

showed that Dox dramatically induced the cleavage of

caspase-3 and PARP, both of which are markers of

apoptosis; overexpression of miR-424 attenuated the level

of cleaved caspase-3 and PARP, suggesting that miR-424

inhibits the Dox-induced apoptosis (Figures 2a and b).

Moreover, etoposide-induced apoptosis was also analyzed

in the A375 and HCT116 cells transfected with miR-424

mimics; the transfection efficiency was assessed by quanti-

tative PCR (Supplementary Figure S2A). Flow cytometry

analysis showed that etoposide significantly induced the

turnover of annexin V, another marker of apoptosis; over-

expression of miR-424 minimized the percentage of annexin

V-positive cells in both cell lines, suggesting that miR-424

overexpression suppresses etoposide-induced apoptosis

(Figures 2c and d).

To further confirm the effects of miR-424 on apoptosis in

tumor cells, Dox-induced apoptosis was analyzed in A375 and

HCT116 cells transfected with the miR-424 inhibitor (anti-

sense oligomer), and the tumor cells transfected with non-

specific oligos were used as a control. The transfection

efficiency was detected by quantitative PCR (Supplementary

Figure S2B). Western blot analysis showed that Dox treat-

ment resulted in the cleavage of caspase-3 and PARP; the

miR-424 inhibitor enhanced the levels of cleaved caspase-3

and PARP (Figure 2e). Furthermore, etoposide-induced

apoptosis was also analyzed in the A375 and HCT116 cells

transfected with the miR-424 inhibitor. Flow cytometry

analysis showed that etoposide significantly induced the

turnover of annexin V; transfection of the miR-424 inhibitor

increased the percentage of annexin V-positive cells in both

cell lines (Figures 2f and g). These observations suggest that

miR-424 inhibits Dox-induced apoptosis, and both Dox and

etoposide themselves did not affect the expression of miR-

424 (Supplementary Figures S2C and D). Finally, the survival

ratio of HCT116 cells treated with 10 nM Dox was determined

using theCCK8 assay, and the data show that overexpression

of miR-424 improved the survival of HCT116 cells. The

survival ratio increased from 30.9 to 54.5% on the third day

(Figure 2h), suggesting that miR-424 increased the number of

HCT116 cells resistant to Dox.

Briefly, these observations suggested that overexpression

of miR-424 protects the tumor cells from apoptosis and

increases tumor cell resistance to therapeutic chemicals.

miR-424 suppresses the expression of PDCD4, a tumor

suppressor involved in apoptosis. To dissect the
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Figure 1 Hypoxia increases miR-424 expression in cancer cells. (a) Hypoxia increases miR-424 expression in melanoma A375 cells. A selected heatmap of microRNA
profiling, which was analyzed by deep sequencing in melanoma A375 cells, is shown for different time points under hypoxic conditions. The color from green to dark red
indicated the expression level of miRNAs, from low to high. (b). Hypoxia increases the level of mature miR-424 in different cancer cell lines. The level of miR-424 was
individually analyzed using quantitative PCR analysis in A375, U251, and HCT116 cells, which were treated with 1% O2, 2 mM DMOG, or 40mM H2O2. (c) Hypoxia increases
miR-424 expression in different cancer cell lines. The level of pri-miR-424 was analyzed using quantitative PCR in the A375, U251, and HCT116 cancer cell lines treated as
above. (d) The protein level of HIF1a increased under hypoxia. The A375, HCT116, and U251 cells were treated with 1% O2, 2 mM DMOG, or 40mM H2O2; the protein level of
HIF1a was evaluated by western blot analysis. (e) HIF1a spefically binds the putative HRE site in the promoter of miR-424. Chromatin IP was performed in hypoxia-induced
A375 cells (12 h) using antibody against HIF1a, or IgG, and analyzed by qPCR. MiR-424 occupancy by HIF1a was significantly enriched compared to IgG. (f) 293 T cells were
cotransfected with pGL3p control, pGL3p-wt miR-424 HRE (HRE wt), or pGL3p-mutant miR-424 HRE (HREmut) and pSV-Renilla and were exposed to 20% or 1%O2 for 12 h.
The ratio of Fluc:Rluc activity was normalized to control at 20% O2. The miR-424 HRE significantly increased Fluc activity in hypoxic condition
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mechanism by which miR-424 increases tumor cell resis-

tance to therapeutic chemicals, the downstream effectors of

miR-424 were identified using the web-based software

TargetScan. PDCD4, PDCD11, PDCD6IP, and DEDD are

apoptosis-related proteins that are potentially targeted by

miR-424 based on pairing of the seed sequence of miR-424

(Figure 3a). The 30UTR of these candidates was cloned into

a dual-luciferase UTR vector, as shown in the schematic

Figure 2 The overexpression of miR-424 suppresses the apoptosis of tumor cells induced by anti-cancer chemicals. (a and b) Cleaved PARP and cleaved caspase-3
were detected using western blot analysis in HCT116 and A375 cells, which were transfected with a scrambled oligo or a miRNA-424 mimic. The final concentration of
doxorubicin was 1 nM. (c and d) The annexin V-positive population of HCT116 or A375 cells was analyzed using flow cytometry. The final concentration of etoposide was
100mM or 5mM. (e) Cleaved PARP and cleaved caspase-3 levels were detected using western blot analysis in A375 cells that were transfected with a scrambled oligo or the
miRNA-424 inhibitor. (f and g) The annexin V-positive populations of HCT116 or A375 cells were analyzed using flow cytometry. The final concentration of etoposide was
100mM and 5mM, respectively. (h) The survival ratio was analyzed using the CCK8 assay in HCT116 cells treated with doxorubicin (10 nM). HCT116 cells were transfected
with the miRNA-424 mimic or inhibitor
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(Figure 3b), and the 30UTR luciferase assay was performed.

However, the luciferase activity was only significantly

reduced by miR-424 in the cells expressing the wild-type

PDCD4 30UTR (Figure 3c), but not in the cells expressing the

30UTRs of PDCD11, PDCD6IP, or DEDD (data not shown).

The capital letters indicate the potential binding sequence of

miR-424; when the three nucleotides indicated in red were

mutated into their complimentary nucleotides, miR-424 could

no longer affect the luciferase activity.

Therefore, the protein level of PDCD4 was further

determined using western blot analysis in A375, HCT116,

and U251 cells and fibroblasts overexpressing miR-424. The

data showed that overexpression of miR-424 dramatically

decreased the PDCD4 protein level (Figure 3d). Moreover,

the mRNA level of PDCD4 was also analyzed using

quantitative PCR in A375, HCT116, and U251 cells trans-

fected with themiR-424mimic oligos. As the graph shows, the

miR-424 mimics reduced the PDCD4 mRNA level to 40%,

15%, or 25% in the A375, HCT116, or U251 cells, respectively

(Figure 3e). In contrast, miR-424 knockdown increased the

PDCD4 protein level in A375, U251, and HCT116 cells

(Figure 3f), and themRNA level of PDCD4 increased sixfold in

A375, HCT116, or U251 cells transfected with the miR-424

inhibitor (Figure 3g), compared to the control A375 cells.

Figure 3 miR-424 regulates PDCD4 expression. (a) Proteins regulating apoptosis were predicted to be targets of miR-424. (b) This sequence in the 30UTR of PDCD4 was
predicted to bind to miR-424. The nucleotides in red were mutated to their complementary nucleotides. (c) 30UTR luciferase assay showing the repression of wild-type UTR or
mutant UTR following transfection of the miR-424 mimic or scrambled miRNA (*Po0.05; #P40.05). (d) miR-424 overexpression inhibits the protein level of PDCD4 in A375
and fibroblast cells, which were evaluated using western blot analysis. (e) miR-424 knockdown increased the protein level of PDCD4 in A375, U251, and HCT116 cells. (f) The
miR-424 mimic inhibited the mRNA level of PDCD4 in A375 and HCT116, as analyzed by quantitative PCR. (g) The miR-424 inhibitor increased the mRNA level of PDCD4 in
A375 and HCT116 cells
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miR-424 increases tumor resistance to therapeutic

chemicals in vivo. To evaluate the impact of miR-424 on

tumor resistance to therapeutic drugs, Balb/c nude mice

were used for the xenograft tumor model. The control A375

cells or A375 cells overexpressing miR-424 were subcuta-

neously injected into the bilateral armpits of nude mice. Dox

(2mg/ml) was administered in the drinking water 7 days after

injection, and the volumes of the xenograft tumors were

measured after sacrifice at the 15th day post inoculation. As

shown in Figure 4a, Dox treatment dramatically inhibited

tumor growth in both the miR-424 overexpression group and

control group, but there was a significant increase in tumor

size in the miR-424 overexpression group as compared with

the control group. However, without Dox treatment, there

was no significant difference in tumor size between the miR-

424 group and control group. Moreover, with Dox treatment,

the tumor also grew faster in the miR-424 overexpression

group than the control group (Figure 4b), suggesting that

miR-424 increased tumor resistance to Dox treatment.

In situ TUNEL analysis on cryogenic sections from

xenograft tumor showed that the tumors overexpressing

miR-424 had less TUNEL-positive cells than the control

group, 4.5% versus 11% (Figure 4c). Western blots analysis

on the xenograft tumor showed that miR-424 decreased the

protein level of PDCD4, whose knockdown reduced the level

of cleaved PARP (Supplementary Figure S3). However, Dox

Figure 4 miR-424 decreases the sensitivity of tumor cells to doxorubicin in vivo. (a) Dox (2 mg/ml) was administrated to xenograft mice in the drinking water. The photo is a
representative image of the xenograft tumors. (b) The tumor growth rate were analyzed between the four groups. (c) The TUNEL-positive cells were analyzed in the tumor
sections (original magnification, 20� ); the percentage of TUNEL-positive cells in this four groups was quantified. (d) Dox treatment did not change PDCD4 expression. The
expression of PDCD4 in xenograft tumors was analyzed by western blot. (e) Correlation analysis of miR-424 and PDCD4 expression in clinical breast cancer samples using the
Pearson correlation (R¼ � 0.48035, Po0.01, n¼ 257)
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itself had no effect on PDCD4 expression in tumors (Figure 4c

and Supplementary Figures S2C and D). These results are

consistent with our in vitro data that showed that miR-424

regulates apoptosis by targeting PDCD4.

Finally, we performed a comprehensive analysis of miR-

424 expression and PDCD4 expression in clinical breast

cancer samples, which were obtained from a previously

published data set (Gene expression omnibus accession

GSE19783) comprising matched mRNA and miRNA expres-

sion. This analysis showed that miR-424 expression had a

strong inverse correlation with PDCD4 expression in the

clinical samples (Figure 4e).

Briefly, these observations suggest that the hypoxia-

induced miR-424 promotes tumor resistance to apoptosis,

which may result in tumor cell resistance to therapeutic drugs

under hypoxic conditions, suggesting that miR-424 level could

link to poor prognosis, which was consistent with the data from

the Berghmans group.18

Discussion

The resistance of cancer cells to chemotherapy remains a

major obstacle for the successful treatment of cancer patients.

Multiple mechanisms, including both intracellular and extra-

cellular causes, contribute to chemotherapy resistance. Gene

mutations or gene amplifications in tumor cells that influence

the uptake, metabolism, or export of drugs were considered

the main reasons for chemotherapy resistance. Additionally,

recent studies have shown that the specific microenvironment

of solid tumors, including the hypoxic conditions and the acidic

microenvironment, also increases drug efflux and alters drug

metabolism in tumor cells through epigenetic regulation,

which might play an important role in chemotherapy resis-

tance. Thus, determining how hypoxic conditions or acidic

microenvironments regulate tumor cell chemotherapy resis-

tance is a promising approach for tumor treatment.

Our data and the data from other groups have demon-

strated that hypoxia induces the expression of miR-424 in

several cell lines. The increased miR-424 expression then

targets different downstream genes to regulate cellular

functions, including CUL2, which is a scaffolding protein

critical for the assembly of the ubiquitin ligase system. The

Ramakrishnan group has shown that miR-424 stabilizes

HIF1a and promotes angiogenesis in endothelial cells by

targeting CUL2.17 Our data demonstrated that the hypoxia-

inducedmiR-424 enhanced tumor cell resistance to apoptosis

by targeting PDCD4, and A375 cells overexpressing miR-424

were more resistant to Dox treatment in the xenograft tumor

model, as compared to the control cells; together, these data

suggest that hypoxia increased the tumor cell resistance to

chemotherapy and that miR-424 mediates this regulation.

These observations suggest that miR-424 might be a

molecular target for chemotherapy sensitization.

Additionally, the transcription factor PU.1 was reported to

regulate miR-424 expression in endothelial cells. Never-

theless, we also found that HIF1a increases miR-424

expression. The PHD enzyme inhibitor DMOG, as well as

H2O2 and hypoxia, increase miR-424 expression in fibroblast

and tumor cells, suggesting that HIF1a also regulates miR-

424 expression. The conserved HIF1a binding sequences

‘GCGTG’ are located B2.5 kb upstream of the pri-miR-424

sequence and inside the sequence of pri-miR-424. Chromatin

immunoprecipitation assays further confirmed that HIF1a

regulates the expression of miR-424.

Briefly, our data demonstrated that hypoxia-induced

miR-424 expression increases the resistance of tumor cells

to apoptosis, resulting in chemotherapy resistance. Therefore,

miR-424 is a potential molecular target for tumor therapy.

Materials and Methods
Cell culture and reagents. The A375, U251, HCT116, and HEK293T
cancer cell lines were obtained from ATCC (Manassas, VA, USA). Human
fibroblasts were isolated from skin foreskin. All cell lines were cultured in DMEM
supplemented with 10% heat-inactivated fetal bovine serum (FBS). SYBR Green
PCR master mix and TaqMan microRNA reverse transcription kit were purchased
from ABI (Foster City, CA, USA). Antibodies against PDCD4, PARP, and cleaved
caspase-3 were purchased from Cell Signaling Technology (Boston, MA, USA). The
Dual-Luciferase Reporter Assay kit was purchased from Promega (Madison, WI,
USA). Etoposide, DMOG, and Dox were obtained from Sigma (St Louis, MO, USA).

Vector construction. To construct the pmirGLO-PDCD4-30UTR-WT plas-
mid, a fragment of the wild-type 30UTR of human PDCD4 mRNA (GenBank
accession number: NM_014456.4) containing the putative miR-424 binding
sequences (377–398) was amplified and cloned into the SacI and XhoI sites
downstream of the luciferase reporter gene in the pmirGLO-control vector
(Promega). pmirGLO-PDCD4-30UTR-MUT, which carried mutations in the
sequence complementary to the seed region of miR-424, was generated based
on the pmirGLO-PDCD4-30UTR-WT plasmid by site-specific mutagenesis using
the following primers: forward primer: 50-AAGTTAACCAGGTAAAACCCCATGTTG
GGTCCAGGT-30; reverse primer: 50-ACCTGGACCCAACATGGGGTT-30.

To construct the miR-424 overexpression vector, two oligonucleotides were
synthesized (forward primer: 50-TCGACAGCAGCAATTCATGTTTTGAAGTGTGCT
GTCCTTCAAAACATGAATTGCTGCTGTTTTT-30; reverse primer: 50-AATTAAAAA
CAGCAGCAATTCATGTTTTGAAGGACAGCACACTTCAAAACATGAATTGCTG
CTG-30) and were cloned into the EcoRI and XhoI sites in the pGIPZ vector
(OpenBiosystem, Pittsburgh, PA, USA) after annealing.

To construct the pGL3-wtHRE, a fragment of the wild-type HRE from miR-424
promoter was amplified using the following primers: F: 50-TTTACGCGTTCTCGGTG
TTGGTTACTCTG-30; R: 50-TTTCTCGAGGTCACTTCAGGAGAGGGTCA-30and
cloned into the MiuI and XhoI sites upstream of the luciferase reporter gene in
the pGL3-control vector (Promega). pGL3-mutHRE, which carried mutations in the
HRE, was generated based on the pGL3-wtHRE plasmid by site-specific
mutagenesis using the following primers: F: 50-GAGCGCGTGTGCCGCACGCCAC
GCCCCCCG-30; R: 50-CGGGGGGCGTGGCGTGCGGCACACGCGCTC-30.

Transfections. All transfections were performed using Lipofectamine 2000
(Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s instructions. The
miR-424 inhibitor, negative controls, and miR-424 mimics were purchased from
GenePharam (Shanghai, China). The miRNA inhibitor and mimics were used at a
final concentration of 50 nM.

Luciferase reporter assay. For the luciferase reporter assay, 293T cells
were seeded in a 24-well plate and were grown to 80–90% confluence. To detect
the interaction between miR-424 and PDCD4 30UTR, the cells were then
cotransfected with 800 ng of either pGIPZ or pGIPZ-miR-424 and 40 ng of either
pmirGLO-PDCD4-30UTR-WT or pmirGLO-PDCD4-30UTR-MUT using Lipofecta-
mine 2000 (Invitrogen) according to the manufacturer’s protocol. To detect
whether the putative HRE in the miR-424 promoter is functional, the cells were
collected 48 h after co-transfection and analyzed using the Dual-Luciferase
Reporter Assay System (Promega). Luciferase activity was detected using a M200
microplate fluorescence reader. A plasmid constitutively expressing Renilla
luciferase was cotransfected as an internal control to correct for differences in both
the transfection and harvesting efficiencies. The transfections were performed in
duplicate, and at least three independent experiments were performed.

RNA extraction and real-time PCR. The culture medium was removed,
and the cells were immediately washed with ice-cold PBS. Subsequently, 1ml of
TRIzol reagent was added, and total cellular RNA was extracted using the acid
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guanidinium thiocyanate–phenol–chloroform method. Total RNA (1mg) was used as
a template for MMLV-RT reverse transcriptase reaction, which was performed
according to the manufacturer’s instructions. Real-time quantitative reactions were
set up in triplicate in a 96-well plate; each reaction contained 1ml of cDNA and the
SYBR Green PCR mix to which gene-specific forward and reverse PCR primers
were added. b-Actin was used to normalize the expression of the target genes.
Melting curves were analyzed to verify the specificity of the RT-PCR reaction and
the absence of primer dimer formation. For the quantitation of miRNAs, the TaqMan
MicroRNA reverse transcription kit was used according to the manufacturer’s
instructions with the stem loop primer, and the results were normalized to RNU48.

Protein extraction and western blot analysis. The cells were placed
on ice immediately and washed with ice-cold PBS. Total protein extract was
prepared using RIPA lysis buffer containing 1� protease inhibitor mixture
(Roche, Basel, CH, Switzerland) and 1� PMSF. The proteins were resolved on
8–12% SDS-polyacrylamide gels and were transferred by electroblotting to
nitrocellulose membranes (Bio-Rad, Hercules, CA, USA). The membranes were
blocked with 5% nonfat dry milk in TBST for 1 h and incubated overnight at 4 1C in
5% BSA in TBS with an anti-PDCD4, anti-PARP, or anti-cleaved caspase-3
antibody. Immunolabeling was detected using the ECL reagent (Sigma). b-Actin
expression levels were used as a loading control.

Lentiviral production and transduction. HEK 293T cells were seeded
in 60mm plates (4� 106 cells/plate) in DMEM supplemented with 10% heat-
inactivated FBS 1 day prior to transfection. The cells were transfected with 5.2mg
of the miR-424 overexpression vector, along with 2.36mg of psPAX2 and 0.8mg of
pMD2G using Lipofectamine 2000 in DMEM. After 6 h, the transfection media
were removed and replaced with DMEM containing 10% heat-inactivated FBS
without penicillin–streptomycin. Lentiviral particles were harvested 72 h post
transfection. The melanoma A375 cells were plated in DMEM with 10% FBS at
20% confluence 1 day prior to transduction. The A375 cells were seeded in 60mm
plates and were transduced in 3 ml of additional media containing the viral
particles, along with 6mg/ml polybrene. After 16 h, the conditional media were
removed and replaced with DMEM supplemented with 10% FBS.

Cell viability assays. Cells (5000 cells/well) were seeded into a 96-well plate
and treated with Dox. After incubation for 24, 48, 72, or 96 h, the cells were
labeled with CKK8 (Dojindo, Tabaru, Japan) for 2 h. Cell viability was measured at
an absorbance of 450 nm.

ChIP assays. A375 cells cultured in 20% O2 or 1% O2 were fixed in 1%
formaldehyde for 20min at 37 1C and quenched in 0.125M glycine. Chromatin
was immunoprecipitated with HIF1-a antibody or IgG against sonicated cell lysates
and quantified using SYBR Green Real-time PCR analysis. Fold enrichment was
calculated based on Ct as 2�D(DCt), where DCt¼DCtIP�DCtInput and
D(DCt)¼DCtantibody�DctIgG. Primer sequences were as follows: miR-424-F:
50-GCAGCGGGCCAAGGCTGCGG-30; miR-424-R: 50-AACGCTCCCTTGGAGGC-
GAG-30.

TUNEL analysis. OCT-embedded sections of tumors were fixed with 4%
paraformaldehyde. After permeabilization with 0.1% Triton X-100 in PBS for
10min, slides were incubated with methanol containing 3% H2O2, followed by
dUTP nick end labeling at 37 1C for 1 h.

Apoptosis assay. Apoptosis was assessed used Annexin-V-PI. At the ending
of the incubation period, floating as well as adherent cells were harvested by
trypsinization and washed with PBS. Cells were stained with 5ml annexin V in 60ml
1� binding buffer for 15min at room temperature in dark. After staining, to the cell
suspension was added 120ml 1� binding buffer and 5ml propidium iodide and
analyzed using FACS Calibur flow cytometer (BD, Franklin Lakes, NJ, USA).

Xenograft tumor model. A375 cells (1� 106 cells) stably expressing miR-424
or the vector control were inoculated bilaterally into the armpit region of 3–4 week-old
immunodeficient nude mice. Dox (2mg/ml) was administered in the drinking water
7 days after injection. The tumors weight were measured 15 days after inoculation.

Statistical analysis. The data are presented as the mean±S.D. The
samples were analyzed using a two-tailed unpaired Student’s t-test, unless
otherwise noted, and P-valueso0.05 were considered statistically significant.
P-values o0.05, o0.01, and o0.001 are indicated with one, two, and three
asterisks, respectively.
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