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Abstract MicroRNAs (miRNAs) are short *21-nt non-

coding RNA molecules that have been shown to regulate a

number of biological processes. Previous reports have

shown that overexpression of miR-128 in glioma cells

inhibited cell proliferation. Literature also suggests that

miR-128 negatively regulates prostate cancer cell invasion.

Here, we show that overexpression of hsa-miR-128, a

brain-enriched microRNA, induces apoptosis in HEK293T

cells as elucidated by apoptosis assay, cell cycle changes,

loss of mitochondrial membrane potential and multicaspase

assay. By in silico analysis, we identified a putative target

site within the 30 untranslated region (UTR) of Bax, a

proapoptotic member of the apoptosis pathway. We found

that ectopic expression of hsa-miR-128 suppressed a

luciferase reporter containing the Bax-30 UTR and reduced

the levels of Bax in HEK293T cells. Taken together, our

study demonstrates that overexpression of hsa-miR-128 not

only induces apoptosis in HEK293T cells but also is an

endogenous regulator of Bax protein.

Keywords miRNA � Apoptosis � Bax � Reactive oxygen

species � Mitochondrial membrane potential

Abbreviations

DHE Dihydroethidium

ROS Reactive oxygen species

DiOC6 3,30 Dihexyloxacarbocyanine iodide

Dwm Mitochondrial membrane potential

SR-VAD-FMK Sulforhodamine-valyl-alanyl-aspartyl-

fluoromethyl-ketone

endoG Endonuclease G

Introduction

miRNAs are a new class of non-protein-coding, small,

highly conserved RNA molecules which are about

18–24 nt long. These tiny molecules play around the genes

by regulating their expression either by translational

repression or degradation of their target message [1, 2]. It is

estimated that miRNAs account for *1% of predicted

genes in higher eukaryotic genomes and that up to 30% of

genes might be regulated by miRNAs [3]. They have been

found to control a number of fundamental biological

processes such as development, differentiation, cell pro-

liferation, apoptosis and stress responses in a variety of

organisms ranging from Caenorhabditis elegans to plants

and Drosophila melanogaster to mammals (including

humans) [4–7]. To date, more than 720 miRNAs have been

identified in mammals; however, their mRNA targets have

not yet been completely identified. Due to their functional

importance, miRNAs are under intense study at present and

many reports have been published in recent years on

miRNA functional characterization.

Deregulation or ablation of miRNA expression has led

to major pathologies like cancer [8]. Aberrant expression of

miR-128 has been found to be implicated in different

cancers; for example, it is downregulated in glioblastoma

[9] whereas it is upregulated in endometrial cancers [10].

MiR-128 is encoded by two distinct genes, miR-128-1 and

miR-128-2, which are processed into an identical mature

sequence. MiR-128-1 and miR-128-2 are both intronic and
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present on two different chromosomes. miR-128-1 is

embedded in the R3HDM1 (R3H domain containing 1)

gene on chromosome 2q21.3 and miR-128-2 is in the

ARPP21 (cyclic AMP-regulated phosphoprotein, 21 kDa)

on chromosome 3p22.3, respectively. The role of miR-128

in the molecular events modulating neuroblastoma pro-

gression and aggressiveness has already been shown [11].

Zhang et al. [12] recently showed that ectopic expression

of miR-128 inhibits cell proliferation in glioma cells.

Proteomic alterations of prostate cancer progression have

also revealed miR-128 as a potentially important negative

regulator of prostate cancer cell invasion [13]. Although

hsa-miR-128 is modulating these physiological events, yet

the knowledge about the mechanism of action of this

miRNA is scanty, so we overexpressed hsa-miR-128 in

HEK293T cells and looked for the cellular response. Here,

we show that overexpression of miR-128, a brain-enriched

microRNA, induces apoptosis in HEK293T cells. More-

over, both bioinformatics prediction and experimental

results indicate that hsa-miR-128 can target Bax protein.

Bax (Bcl-2-associated X protein) is a small 23-kDa pro-

apoptotic member of Bcl-2 family. Its structure consists

mainly of a-helical segments as well as three BH-domains

(BH1–BH3), which is the signature of the Bcl-2 family of

proteins [14]. In healthy cells, Bax is localized in the

cytosol as a monomer. On the arrival of any stress signal,

cleavage of the BH3-only proteins triggers the insertion/

oligomerization of Bax into the mitochondrial outer

membrane, resulting in pore formation and decrease in the

mitochondrial membrane potential [15]. This in turn leads

to release of apoptogenic proteins including cytochrome c,

AIF, Smac/Diablo, endoG (endonuclease G) from mito-

chondria to the cytosol. In the cytosol, cytochrome c along

with Apaf1 and pro-caspase-9 form a wheel-like structure,

called apoptosome, where pro-caspase-9 gets activated and

finally activating executioner caspase, i.e., caspase-3. The

executioner caspase is responsible for the final morpho-

logical changes observed during apoptosis.

Materials and methods

Plasmid constructs

Primer 3 software was used for primer designing

(http://frodo.wi.mit.edu/). The miRNA sequence was

retrieved from miRBase (http://microrna.sanger.ac.uk/

sequences/). To construct a plasmid expressing miR-128,

a 705-bp genomic sequence spanning mature miR-128 was

amplified by PCR from human genomic DNA using the

following primers: forward primer 50-CCGCCG GGATC

CGCAGAAAGTCAACCATGTCC-30 and reverse primer

50-CGCCGAAGCTTATCC TTGGCAAGAACTGCAC-30

having BamH1 and HindIII restriction sites. Amplified

fragment was next cloned in pSilencer4.1 vector (Ambion,

Austin, TX, USA) and designated as p(128). To generate

30UTR reporter construct, we cloned the full length 30UTR

of Bax gene (accession number: NM_004324.3, 164 nt,

position ?727 to ?891) in pMIR-REPORT miRNA

Expression Reporter Vector (Ambion) between SpeI and

HindIII restriction sites using forward primer 50-ACTAGT

TGCGTTTTCCTTACGTGTCT-30 and reverse primer 50-C
CCAAGCTTAGCTAGGGTCAGAGGGTCATC-30 and

designated as Bax 30UTR. For mutant construct of Bax

30UTR, site directed mutagenesis was performed using

QuickChange kit (Stratagene, USA). Mutation was done by

replacement of the predicted miR-128 binding site cactgtga

with a tgttgtga using the following primers: forward primer

50-CCTCCCAGTGACCC TGACCTTGTTGTGACCTTG

ACTTG-30 and reverse primer 50-AATCAAGTCAAGG

TCA CAACAAGGTCAGGGGTCACTGG-30. The result-

ing plasmids were sequenced to ensure accuracy.

Cell culture and transfection

HEK293T (human embryonic kidney) and NCI-H460

(large cell lung carcinoma) cells were obtained from

National Centre for Cell Science, Pune, India, and main-

tained in DMEM and RPMI medium, respectively,

containing 10% (v/v) fetal calf serum, 100 U/ml penicillin,

100 lg/ml streptomycin, 0.25 lg/ml amphotericin at 37�C

in a humidified atmosphere at 5% CO2.

For overexpression studies in HEK293T cells, trans-

fections were done in six-well plates (for cell cycle,

western blot, caspase activity, multicaspase assay, north-

ern, Taqman and luciferase assay) and 24-well plate (for

Annexin, ROS and Mito potential assay) using lipofect-

amine 2000 with p(128) in a dose-dependent manner.

Incase of NCI-H460 cells, transfections were done in

the same manner using FuGENE HD (Roche, Germany).

AntimiR-128 was also used wherever indicated at a

concentration of 100 nM (Ambion). p135a was used as

non-specific control as this was not predicted to target Bax

(confirmed by immunoblot analysis and luciferase assay).

The cells were harvested by trypsinization 24-h post-

transfection and used for all experiments.

Apoptosis assay

Apoptosis was assessed by using the Guava Nexin kit and

the Guava PCA system (Guava Technologies, Hayward,

CA, USA). The exposure of phosphatidyl serine (PS) on

the cell surface is the basis of the Guava Nexin assay. The

Guava Nexin assay utilizes two stains [annexin V and

7-amino actinomycin D (7-AAD)]. Annexin V-PE binds to

PS on the cell surface of apoptotic cells and 7-AAD, the
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cell impermeant dye is an indicator of membrane structural

integrity. 7-AAD is excluded from live, healthy and early

apoptotic cells, but permeates late stage apoptotic and dead

cells. The Nexin assay was performed according to the

manufacturer’s protocol. Annexin-PE fluorescence was

analyzed by cytosoft software (Guava Technologies). A

minimum of 2,000 events were counted.

Cell cycle analysis

For analysis of cell cycle distribution, cells were fixed with

ice-cold 70% ethanol and treated with 1 mg/ml RNase for

30 min at 37�C. Intracellular DNA was labeled with pro-

pidium iodide (50 lg/ml; Sigma, USA) at 4�C for 30 min

and analyzed using flow cytometer (Guava Technologies).

A minimum of 5,000 events were counted. AntimiR-128

was also used wherever indicated at a concentration of

100 nM (Ambion).

Multicaspase assay

Multi-caspase activity was measured using a flow-cytom-

etry based Multicaspase Assay Kit (Guava Technologies).

Cells were trypsinized, washed in PBS and stained with a

fluorochrome-conjugated inhibitor of caspases called

sulforhodamine-valyl-alanyl-aspartyl-fluoromethyl-ketone

(SR-VAD-FMK) as described by the manufacturer. This

inhibitor readily crosses cell membranes and covalently

binds to the active forms of multiple caspases, which are

cleaved from inactive precursors (pro-caspases) during

apoptosis induction. The fluorescent signal in the cell is

proportional to the number of active caspase enzymes that

were present in the cell. The samples were acquired using

Guava Flow Cytometer (Guava Technologies). A mini-

mum of 2,000 events were counted.

Caspase activity measurements

Caspase-3 and caspase-9 activity was determined as

described by the the manufacturer (Calbiochem, Germany).

Briefly, transfected and untransfected HEK293T cells (and

NCI-H460 cells) were homogenized in a buffer containing

50 mM HEPES, pH 7.4, 100 mM NaCl, 0.1% CHAPS,

1 mM DTT, 0.1 mM EDTA, 1 lg/ml aprotinin, 1 lg/ml

leupeptin, 1 lg/ml pepstatin, 1 mM PMSF, 1 mM sodium

orthovanadate and 1 mM sodium fluoride. Then, 100 lg of

total protein was incubated with colorimetric caspase-3

substrate Ac-DEVD-pNA or colorimetric caspase-9 sub-

strate Ac-LEHD-pNA in an assay buffer [50 mM HEPES,

pH 7.4, 100 mM NaCl, 0.1% CHAPS, 10 mM dithiothre-

itol (DTT), 0.1 mM EDTA, 10% glycerol], at 37�C for 1 h

in the dark. The assay was based on the ability of the active

enzyme to cleave the chromophore from the enzyme

substrates, Ac-DEVD-pNA and Ac-LEHD-pNA, respec-

tively. pNA released upon caspase cleavage produces a

yellow color, which is measured by a spectrophotometer at

405 nM. The amount of yellow color produced upon

cleavage is proportional to the amount of caspase activity

present in the sample. One unit is defined as the amount of

enzyme that will cleave 1 pmol of the substrate per minute

at 37�C, pH 7.4. Results are represented as the fold change

of the activity, as compared to the untransfected control.

Western blotting

Cells were trypsinized and lysed with modified RIPA

buffer (50 mM Tris–HCl, pH 7.4; 150 mM NaCl, 1%

NP40, 0.25% Na-deoxycholate, 1 mM EDTA) containing

protease inhibitors (1 lg/ml aprotinin, 1 lg/ml leupeptin,

1 lg/ml pepstatin, 1 mM PMSF, 1 mM sodium orthovan-

adate and 1 mM sodium fluoride). Protein concentration

was determined in cell lysates by BCA (Sigma) method.

Equal amount of proteins (30–40 lg) were separated on

10–12% sodium dodecyl sulphate polyacrylamide gel

electrophoresis (SDS-PAGE) and transferred to PVDF

membrane (Mdi; Advanced Microdevices, India). Mem-

brane was blocked using 3% skimmed milk and incubated

with respective antibodies. Primary antibodies anti-Bax,

anti-p53, anti-Bcl-2, anti-Caspase-3, anti-Caspase-9, anti-

Bid, anti-Bcl-xL proteins were from Santa Cruz (Santa

Cruz Biotechnology, CA, USA) and anti-PARP and anti-

phospho-p53 were from Cell Signaling (Cell Signaling

Technology, USA). The secondary antibodies were anti-

mouse ALP-linked or anti-rabbit HRP-linked and blots

were developed using NBT-BCIP (Sigma) or ECL

(Kodak). Equal loading of protein was confirmed using

b-actin antibody. Integrated density values were then cal-

culated using AlphaImager 3400 (Alpha InnoTech, San

Leandro, CA, USA). These values were then normalized to

b-actin. All experiments were repeated at least three times;

representative results are presented [16].

Measurement of mitochondrial membrane

potential (Dwm)

The mitochondrial membrane potential (Dwm) was mea-

sured with DiOC6 (3) (3,30-dihexyloxacarbocyanine

iodide; Sigma), a fluorochrome that is incorporated into

cells depending upon the Dwm [17]. Loss in DiOC6 (3)

fluorescence indicates reduction in the mitochondrial

inner transmembrane potential. Briefly, Cells were stained

with DiOC6 (3) at a final concentration of 40 nM for

20 min at 37�C in the dark. Cells were washed and the

fluorescence intensity was analyzed with flow cytometer

(Guava Technologies). A minimum of 5,000 events were

counted.
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Measurement of ROS

Intracellular ROS production was assessed using oxidative

sensitive fluorescent probe Dihydroethidium (DHE;

Molecular Probe, USA). After 24 h of transfection, cells

were collected and loaded with 10 lM DHE at 37�C for

30 min. Cells were washed with PBS and fluorescence

intensity was monitored using flow cytometer (Guava

Technologies). A minimum of 5,000 events were counted.

H2O2, a known generator of ROS, was used as a positive

control.

Subcellular fractionation

The untransfected and p(128) transfected HEK293T cells

were homogenized and subjected to subcellular fraction-

ation in ice-cold isolation buffer [0.3 M Mannitol, 0.1%

BSA, 0.2 mM EDTA, 10 mM HEPES, 1 9 protease

inhibitor cocktail (Sigma), pH 7.2]. Cells were spun at

14,000g for 25 min at 4�C. The resulting supernatant,

representing the cytosolic fraction, and the pellet repre-

senting mitochondrial fraction was collected and subjected

to immunoblot analysis with a monoclonal antibody to

cytochrome c and Bax. Cox IV was used to check the

purity of cytosolic and mitochondrial fractions.

In-silico miRNA target predictions

Although several target prediction softwares have been

developed to depict the potential miRNA-target pair, yet the

rate of false positive result is very high due to lack of

specificity of prediction. To avoid the over-prediction, we

used three target prediction softwares and a selection cri-

teria. Selection criteria of miRNA’s target were based on

the common detection in these three softwares as well as the

full complementarity between the seed region of miRNA

and its target’s 30UTR. When we queried miRanda [18]

(http://www.microrna.org/), RNAhybrid [19] (http://bibiserv.

techfak.unibielefeld.de/rnahybrid/welcome.html) and Tar-

getScan 5.1 [20] (http://www.targetscan.org) targets of hsa-

miR-128, we found Bax, a pro-apoptotic protein, harbors

the hsa-miR-128 binding site in its 30UTR.

RNA extraction and northern blot analysis

Total RNA was extracted with the Trizol reagent as per the

manufacturer’s instructions (Invitrogen, USA). For north-

ern blotting, the total RNA (40 lg) was run on a 15%

polyacrylamide-urea gel, transferred to a Hybond

N?membrane (GE Healthcare Ltd, UK) using semidry

apparatus (BioRad, Hercules, CA, USA) and UV-cross-

linked using Stratalinker (Stratagene, USA). The blot was

probed with a RNA probe made by miRVana probe

construction kit (Ambion). The blot was scanned in the

phosphorimager (Spinco Laboratory) after overnight

exposure. The normalization of the result was done by

stripping the same blot in 0.01% SDS at 80�C for 2 h and

probing it for U6 expression.

Reverse transcription and real-time PCR

For Bax mRNA detection, 2 lg of total RNA, was reverse

transcribed using the RevertAidTM H Minus first strand

cDNA synthesis kit (Fermentas, USA) according to mau-

facturer’s protocol.

Real-time PCR was performed using Bax cDNA with

SYBR Green PCR master mix (Applied Biosystems, Foster

City, CA, USA) in an ABI Prism 7000 Sequence Detection

System (Applied Biosystems), and amplifications were

performed in triplicate and repeated thrice. Results were

normalized with 18S rRNA and analysis was done using

the Pfaffl’s method [21].

Primer sequences for real time PCR were as follows:

Bax FP 50-GGGTTGTCGCCCTTTTCTA C-30; Bax RP

50-GGAGGAAGTCCAATGTCCAG-30; 18S FP 50-GTA

ACCCGTTGAACCCC ATT-30; 18S RP 50-CCATCCA

ATCGGTAGTAGCG-30.

Real time Taqman PCR

TaqMan microRNA assay (Applied Biosystems) that

includes specific RT primer and TaqMan probe was used to

quantify the expression of mature miR-128 (PN 002216) as

described by the manufacturer. 18S rRNA (PN 4333760F)

was used for normalization. The reaction was incubated in

a 7500 Real-Time PCR System (Applied Biosystems) in

96-well plates at 95�C for 10 min, followed by 40 cycles of

the following steps: 95�C for 15 s and 60�C for 1 min. The

real-time PCR data was normalized using Pfaffl’s method

[21].

Luciferase assay

Cells were seeded in 12-well plate and co-transfected with

700 ng of pMIR-REPORT miRNA Expression Reporter

Vector containing 30UTR region of the Bax and/or 700 ng

p-Silencer 4.1 vector expressing hsa-miR-128 p(128) or

p135a (non-specific control) using Lipofectamine 2000

(Invitrogen) as described by the manufacturer. AntimiR-

128 (30/60 nM; Ambion) was also used wherever indi-

cated. To monitor the transfection efficiency, the samples

were also co-transfected with 40 ng pRL-CMV plasmid

that expressed Renilla luciferase (Promega, Madison, WI,

USA). For mutant studies, cells were cotransfected with

700 ng of BAX 30UTR reporter (wild-type or mutated),

700 ng of p(128) (miR-128) or non-specific control
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(p135a), and 40 ng of pRL-CMV by using Lipofectamine

2000. At 24 h post-transfection, the firefly luciferase

activity was measured using the dual-luciferase reporter

assay system as described by the manufacturer (Promega).

The firefly luciferase activity was normalized by dividing

with the Renilla luciferase activity and then compared with

that transfected with the pMIR control vector (without Bax

30UTR). pcDNA3.1 plasmid was also used to normalize the

amount of total DNA.

Statistical analysis

Results are given as mean of 3 independent experi-

ments ± SEM. An independent Student’s two-tailed,

paired t test was performed using replicate values. Values

of P \ 0.05 were considered statistically significant.

Results

Induction of apoptosis in HEK293T cells

by hsa-miR-128

Earlier reports on hsa-miR-128 have shown that overex-

pression of miR-128 in glioma cells inhibited cell

proliferation [12]. Literature also confirms miR-128 as a

negative regulator of prostate cancer cell invasion [13].

However, the exact mechanism of action of hsa-miR-128 is

still not known. One of the possible mechanisms, which

could account for inhibition of cell proliferation, could be by

induction of apoptosis. However, there is no conclusive

evidence to support this mechanism. We thus made an

attempt to investigate whether hsa-miR-128 has any anti-

proliferative effect on human embryonic kidney cells

(HEK293T) and, if so, by what mechanisms. As shown in

Fig. 1a(i–viii), there was a dose-dependent increase in

annexin V positive cells after overexpression of p(128) for

24 h in HEK293T cells. The percentage of annexin V

positive cells increased from 3.5 ± 0.41% in untransfected

HEK293T cells to 14 ± 0.78 and 27.1 ± 0.94% after

overexpression of p(128) in HEK293T cells in a dose-

dependent manner. Moreover, in the presence of Anti-miR-

128, the annexin V positive cells came down to 7.2 ± 0.41

and 15.7 ± 1.30% in a dose-dependent manner. Transfec-

tion with non-specific control p(135a) showed only

6.7 ± 0.082% annexin V positive cells. Similar results were

observed in NCI-H460 cells (Fig. 1a(ix–xii)). The annexin

V positive cells increased to 13 ± 0.58 and 22 ± 0.79%

after overexpression of p(128) in a dose-dependent manner

as compared to 2.5 ± 0.3% in untransfected NCI-H460

cells. Non-specific control also showed reduced apoptotic

death (7.2 ± 0.67%) in NCI-H460 cells.

Since induction of apoptosis is often preceded by

changes in cell cycle kinetics, we next investigated the cell

cycle changes using Guava flow cytometer (Guava Tech-

nologies). As shown in Fig. 1b, overexpression of p(128) in

HEK293T cells caused an increase in proportion of the

cells in the sub G1 phase correlating with decreased

number of cells in G0/G1, S and G2/M phase. p(128)

transfected HEK293T cells showed a marked increase

(31.7 ± 1.96%) in the sub-G1 population reflective of

apoptotic cells as compared to untransfected cells

(3.4 ± 1.39%). In untransfected HEK293T cells, 3.4%

cells were in sub G1 phase, 47% in G0/G1, 11.1% in S, and

38.8% in G2/M phase, respectively. After overexpression

of p(128), an increase in sub G1 phase cells to

31.7 ± 1.96% and decrease in cells in G0/G1, S and G2/M

phase to 35, 8.9 and 24.5% was observed, respectively. As

shown in Fig. 1b, the increase in Sub-G1 population was

reduced to 16.1 ± 1.47% after the addition of anti-miR-

128. Anti-miR-128 alone showed 8.2 ± 0.08% cells in sub

G1 phase. The above flow cytometry results confirmed the

apoptotic nature of hsa-miR-128.

Caspase involvement in hsa-miR-128 induced

apoptosis in HEK293T cells

Caspase activation plays a central role in the execution of

apoptosis [22]. To check whether caspases play a role in

hsa-miR-128 induced apoptosis, we checked caspase acti-

vation by multicaspase assay kit (Guava Technologies). As

shown in Fig. 2a, there was a significant increase in multi-

caspase activity (2.3- to 4.3-fold, p \ 0.05) after overex-

pression of p(128) in HEK293T cells in a dose-dependent

manner as compared to untransfected cells after 24 h. The

increase in multi-caspase activity was not observed when

HEK293T cells were transfected with non-specific control.

In addition, there was a loss of pro-caspase-3 and pro-

caspase-9 after overexpression of p(128) in HEK293T cells

as shown by immunoblotting (Fig. 2b), suggesting cleav-

age of pro-caspase-3 and pro-caspase-9 and subsequent

activation of caspase-3 and caspase-9, respectively. We

found 1.21- to 1.6-fold (p = 0.025) decrease in the

expression of proform of caspase-3 and 1.6- to 2.0-fold

(p = 0.03) decrease in the expression of proform of cas-

pase-9 in p(128) overexpressed HEK293T cells as

compared to untransfected cells (Fig. 2b). To further con-

firm the involvement of caspases in miR-128 induced

apoptosis, caspase-3 and caspase-9 activity was further

examined using colorimetric substrates. As shown there

was 10- to 12-fold (p = 0.004) increase in caspase-3

activity (Fig. 2c(i)) and 12–15-fold (p = 0.0025) increase

in caspase-9 activity (Fig. 2c(ii)) after p(128) overexpres-

sion in HEK293T cells as compared to non-specific control

in a dose-dependent manner. Similar increase in caspase-3

miRNA-128 induces apoptosis in HEK293T cells 1419
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activity was observed when we used another cell line

NCI-H460 cells (Fig. 2c(i)). We next checked for

cleavage of PARP [poly (ADP-ribose) polymerase] pro-

tein, an endogenous substrate of caspase-3. We observed

1.37- to 1.8-fold (p = 0.017) increase in cleaved PARP

protein (86 kDa band) in p(128) overexpressed HEK293T

cells in a dose-dependent manner. We can decipher from

these observations that overexpression of hsa-miR-128

might be inducing apoptosis through caspase-3 and -9

activation.

hsa-miR-128 disrupts mitochondrial membrane

potential (Dwm), generates ROS and releases

cytochrome c in HEK293T cells

To explore the effect of hsa-miR-128 on mitochondrial

membrane integrity, we investigated disruption of mito-

chondrial membrane potential (Dwm) using the specific

fluorescence probe DiOC6 by flow cytometry. As

depicted in Fig. 3a, in comparison to untransfected

HEK293T cells, where only 14.42 ± 1.69% of cells
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Fig. 1 hsa-miR-128 induces apoptosis in HEK293T and NCI-H460

cells. a Annexin V-staining in HEK293T and NCI-H460 cells. Upper
panel (i)–(viii) are HEK293T cells: (i) untransfected, (ii) non-specific

control, (iii) 2 lg p(128), (iv) 4 lg p(128), (v) anti-miR 200 nM,
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H460 cells: (ix) untransfected, (x) non-specific control, (xi) 2 lg

p(128), (xii) 4 lg p(128). After 24 h of transfection, annexin V assay

was done as described in ‘‘Materials and methods’’. X-axis represents

Annexin V-PE positive cells whereas Y-axis represents 7-AAD

positive cells. % here indicates the percentage of dead cells.

Representative of three independent experiments has been shown

with similar results (p \ 0.05) b Cell cycle distribution of HEK293T

cells. (i) Untransfected, (ii) transfected with 4 lg p(128),

(iii) transfected with anti-miR 100 nM, (iv) transfected with 4 lg

p(128) ? anti-miR 100 nM. Cells were harvested after 24 h of

transfection and subsequently assayed for their DNA content by flow

cytometry. X-axis represents DNA content whereas Y-axis represents

count scale. Top panel shows the representative of three independent

experiments with similar results and the bottom panel represents the

bar diagram of cells in different phases of cell cycle. Bar graph
represents mean ± SEM from three independent experiments.

*p \ 0.05 versus control, **p \ 0.001, (*) p \ 0.05 versus untrans-

fected, (**)p \ 0.001 versus hsa-miR-128
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shifted towards the left, approximately 41.86 ± 2.05 to

54.80 ± 2.56% cells shifted towards the left in p(128)

transfected HEK293T cells in a dose-dependent manner

after 24 h thereby indicating that the overexpression of

hsa-miR-128 causes disruption of mitochondrial mem-

brane potential.

It has also been reported that production of reactive

oxygen species (ROS) contributes to mitochondrial damage

that may facilitate the further release of ROS into the

cytoplasm [23]. To check whether ROS plays any role in

hsa-miR-128 induced apoptosis, we measured levels of

ROS using DHE by flow cytometry. As shown in Fig. 3b,

we observed dose-dependent increase of fluorescence

intensity from 17.96 ± 0.96% in untransfected HEK293T

cells to 28.5 ± 1.22 and 32.18 ± 0.98% in p(128) trans-

fected HEK293T cells after 24 h. H2O2 was used as

positive control where we observed 63.92 ± 1.35%

increase in fluorescence intensity.
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Fig. 2 Involvement of Caspase activation in hsa-miR-128 induced

apoptosis in HEK293T cells. a Multicaspase assay was done using

SR-VAD-FMK inhibitor of caspases as described in ‘‘Materials and

methods’’. (i) Untransfected, (ii) non-specific control, (iii) transfected

with 2 lg p(128), (iv) transfected with 4 lg p(128). X-axis represents

SR-VAD-FMK positive cells whereas Y-axis represents 7-AAD

positive cells. Results shows the representative of three independent

experiments with similar results (p \ 0.05) b Western blot analysis of

the expression of the Pro-caspase-3, Pro-caspase-9 and PARP protein

performed on total cell extracts from untransfected HEK293T cells

and HEK293T cells transfected with 2 or 4 lg p(128). b-actin was

used as a loading control. The protein band was quantified and

normalized to b-actin intensities. Bar graph represent the mean ±

SEM, p \ 0.05. Normalized ID values represent normalized inte-

grated densitometric values. c Caspase 3 (i), and 9 (ii) activity was

checked in untransfected and transfected HEK293T cells with either

non-specific control or 2 or 4 lg p(128). The assay was done as

described in ‘‘Materials and methods’’ by determining the extent of

cleavage of caspases substrates: N-acetyl-Asp-Glu-Val-Aspp-nitroa-

nilide (Ac-DEVD-pNA), N-acetyl-Leu-Glu-His-Asp-p-nitroanilide

(Ac-LEHD-pNA), respectively. Caspase-3 activity assay was also

done in NCI-H460 cells. Data are the mean ± SEM of the fold

increase above untransfected absorbance values of three independent

experiments performed in duplicate. Statistical significance: p \ 0.05
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Mitochondrial involvement was further bolstered in hsa-

miR-128 induced apoptosis by checking the release of

cytochrome c in cytosol. As shown in Fig. 3c, our western

blot analysis showed that in the cytosol, the cytochrome

c protein levels were increased from 1.5 to 2.27-fold

(p = 0.035) after the overexpression of p(128) in HEK293T

cells as compared to untransfected cells in a dose-dependent

manner. Correspondingly, cytochrome c levels in the mito-

chondrial fraction were found to be decreased by 1.5–2.85-

fold (p = 0.039). Purity of the mitochondrial fraction was

checked by immunoblotting using Cox IV antibody (mito-

chondrial loading control). Loading was also normalized

using b-actin antibody. Taken together, these results

demonstrated that hsa-miR-128 generates ROS and damages

mitochondria in HEK293T cells.

Modulation of expressions of apoptotic pathway

proteins by hsa-miR-128

We next made an attempt to address the perturbations in

pro- and anti-apoptotic molecules by western blotting after

overexpression of p(128) in HEK293T cells. As shown in

Fig. 4(i–vi), we observed dose-dependent increase or

decrease in the expression of pro- and anti-apoptotic pro-

teins in untransfected and p(128) transfected HEK293T

cells. We observed 1.34–1.9-fold (p = 0.01) decrease in
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Fig. 3 Disruption of mitochondrial membrane potential, ROS gen-

eration and release of cytochrome c in cytosol in HEK293T cells by

hsa-miR-128. a Dwm was estimated using DiOC6. (i) Untransfected,

(ii) transfected with 2 lg p(128), (iii) transfected with 4 lg p(128) for

24 h. 30 min prior to harvesting, cells were incubated with 40 nM

DiOC6. After incubation, cells were harvested, and change in

fluorescence was measured using flow cytometry p \ 0.05 b ROS

generation was checked by DHE. (i) untransfected, (ii) transfected

with 2 lg p(128), (iii) transfected with 4 lg p(128) for 24 h (iv) H2O2

was used as a positive control. The illustrated histograms are

representative of three independent experiments p \ 0.05 with similar

results. c Release of Cytochrome c from mitochondria to cytoplasm

after the overexpression of miR-128. Mitochondrial and cytoplasmic

fractions were separated as described in the ‘‘Materials and methods’’

section. C represents Cytoplasmic fraction and M represents Mito-

chondrial fraction. The purity of the fractions was determined by the

expression of Cox 4 (mitochondrial specific protein). b-actin was used

as a loading control. The protein band was quantified and normalized

to b-actin intensities. Bar mean ± SEM, *p \ 0.05, n = 3. Normal-
ized ID values represent normalized integrated densitometric values

1422 Y. K. Adlakha, N. Saini

123



Bax levels and 1.2–1.66-fold (p = 0.01) increase in

Bak levels in p(128) transfected HEK293T cells as com-

pared to untransfected cells. While non-significant changes

in Bcl-2, Bcl-xL and Bid expression (p [ 0.05) were

observed after p(128) transfection in HEK293T cells as

compared to untransfected cells. We next observed 1.5- to

1.88-fold (p = 0.005) increase in total p53 levels after

p(128) transfection in HEK293T cells as compared to

untransfected cells. Further, we observed 2.7- to 3.6-fold

increase in phosphorylated p53 levels in p(128) transfected

HEK293T cells as compared to untransfected cells. Similar

increase in phosphorylated p53 levels was also observed in

NCI-H460 cells (data not shown). These results show that

hsa-miR-128 induces apoptosis through mitochondrial

pathway by increasing Bak, p53 and by reducing Bax [24].

Bax harbors putative hsa-miR-128 binding site

It is widely accepted that miRNAs mediate gene regulation

by reducing the stability of their target transcripts. To

explore the mechanisms behind the function of miR-128

that was observed above, we looked at the predicted target

genes of hsa-miR-128 using publicly available databases

miRanda [18], RNAhybrid [19], and TargetScan 5.1 [20].

We found that the transcript (ENST00000293288) of Bax

harbored the hsa-miR-128 binding site in its 30UTR. There

was complete complementarity between the first nine

nucleotides (including the 2- to 7-nt seed region) of hsa-

miR-128 and 49–57 nt of 30UTR of Bax (Fig. 5a).

Expression of hsa-miR-128 and bax protein levels was

studied in several cancer cells (lung, kidney, cervix, leu-

kemic and glioma-U87MG) (unpublished data). Hsa-miR-

128 levels and Bax protein levels were found to be very

low in U87-glioma cells. The expression of Bax protein

was found to be high in HEK293T cells and NCI-H460

cells. Moderate levels of hsa-miR-128 were found in

HEK293T cells and NCI-H460 cells. To ascertain if hsa-

miR-128 regulates Bax, we transfected HEK293T cells

with p(128). As shown in Fig. 5b(i), our northern blot data

confirmed increased expression of mature form of hsa-

Fig. 4 Effect of hsa-miR-128 on the apoptotic pathway proteins in

HEK293T cells. Western blot analysis of Bax, p53, p-p53, Bcl-2, Bcl-

xL, Bak and Bid performed on total cell extracts from untransfected

HEK293T cells and HEK293T cells transfected with 2 or 4 lg

p(128). b-actin was used a loading control. Data are representative of

a typical experiment repeated three times with similar results. The

protein band was quantified and normalized to b-actin. Bar graph
represents the mean ± SEM, *p \ 0.05 versus control. Normalized
ID values represent normalized integrated densitometric values
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miR-128 (2.22- and 3-fold) 24 h post-transfection of

p(128) in a dose-dependent manner in HEK293T cells.

Consistent with our data, hsa-miR128 overexpression led

to a significant decrease in the Bax protein levels. As

shown in Fig. 5c(i,) there was 1.4- to 2.4-fold (p = 0.01)

decrease in the expression of Bax levels in a dose-depen-

dent manner in HEK293T cells. Similar experiments were

also done in another cell line, NCI-H460 cells. TaqMan-

based real-time PCR assay for the mature form of miR-128

showed 6.4- to 13.4-fold increase in the levels of the

mature form of miR-128 after overexpression of p(128) in

a dose-dependent manner in NCI-H460 cells as compared to

untransfected as well as non-specific control (Fig. 5b(ii)).

Similarly, there was 1.4- to 1.62-fold (p = 0.032) decrease

in the Bax protein levels in a dose-dependent manner in NCI-

H460 cells after overexpression of p(128) (Fig. 5c(ii)). To

Fig. 5 Bax is the predicted target of hsa-miR-128. a Schematic

representation of Bax and its 30UTR indicating the binding site of hsa-

miR-128 as predicted. First nine nucleotides of miR-128 and its target

region (Bax 30UTR): red colored, bold shows complete complemen-

tarity. b (i) Northern blot analysis of total RNA extracted from

untransfected HEK293T cells and HEK293T cells transfected with 2

or 4 lg p(128). Hybridization to the U6 small nuclear RNA is shown

as a loading control. Graph shows relative hsa-miR-128 expression.

*p \ 0.05 versus control, (ii) Taqman assay for mature miR-128 in

NCI-H460 cells showing overexpression of miR-128 in cells trans-

fected with 2 or 4 lg p(128). c Western blot of Bax performed on

total cell extracts (i) from untransfected HEK293T cells and

HEK293T cells transfected with 2 or 4 lg p(128) (left panel), and

(ii) NCI-H460 cells (right panel). b-actin was used a loading control.

The protein band was quantified and normalized to b-actin. Graph is

plotted as mean of three independent experiments. Error bars
± SEM, *p \ 0.05 versus control. Normalized ID values represent

normalized integrated densitometric values. d Real-time RT–PCR

analysis of Bax expression in untransfected HEK293T and HEK293T

cells transfected with 2 or 4 lg p(128). Data are expressed as the

average ± SEM of three independent experiments performed in

triplicate. *p \ 0.05 versus control. e Subcellular fractionation of Bax

protein in untransfected HEK293T and HEK293T cells transfected

with either non-specific control or 2 or 4 lg p(128). Cytosolic and

mitochondria extracts were prepared as described in ‘‘Materials and

methods’’. C Cytoplasmic fraction, M mitochondrial fraction. The

purity of the fractions was determined by the expression of Cox 4

(mitochondrial specific protein). b-actin was used as a loading

control. Blot is a typical representative of three experiment with

similar results
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investigate whether the decrease of Bax protein levels was

accompanied by a decrease of its mRNA levels, we measured

the Bax mRNA levels by real-time RT-PCR analysis. As

shown in Fig. 5d, Bax mRNA levels were significantly

decreased (*50%) after overexpression of miR-128. Pre-

vious studies have shown that Bax translocates from cytosol

to mitochondria in response to certain cell death stimuli.

Therefore, subcellular fractionation was performed to

examine the distribution of Bax protein in both cytosol and

mitochondria by western blotting upon p(128) overexpres-

sion in HEK293T cells. As shown in Fig. 5e, we observed

significant decrease in cytosolic and mitochondrial Bax

levels as compared to non-specific control. The above results

suggest that hsa-miR-128 downregulates Bax by different

mechanisms, i.e., through mRNA degradation as well as

through translational repression.

hsa-miR-128 negatively regulates Bax

The bioinformatic search revealed that seed region of hsa-

miR-128 binds to the 49–57 nt of 30UTR of Bax. The

alignment of hsa-miR-128 with the 30UTR insert is

illustrated in Fig. 6a. This miR-128 binding site at 49–57

nt of the Bax-30UTR has been found to be highly

Fig. 6 hsa-miR-128 negatively regulates the Bax expression in

HEK293T cells. a Comparison of binding site of miR-128 in Bax

30UTR in three different species. Target site of miR-128 in the 30UTR

of Bax is completely conserved in H. sapiens (Human), P. troglodytes
(Chimpanzee) and M. mulata (Rhesus). The miR-128 binding site has

been mutated in Bax 30UTR as shown by asterisks. b Luciferase assay

in HEK293T and NCI-H460 cells. Cells were cotransfected with

pMIR-REPORT-Bax 30UTR (wild type) with either p(128) or non-

specific control or in combination with p(128) ? anti-miR-128 at 30

or 60 nM. Luminescence was measured at 24 h post transfection. The

luciferase activity relative to pMIR-REPORT (intact) was plotted.

The bar diagram represents mean ± SEM for three independent

experiments. *p \ 0.05 versus pMiR (Parental luciferase construct).

#p \ 0.02 versus Bax 30UTR ? p(128). c Upper panel shows western

blot analysis for Bax after transfection of clone expressing miR-128

(p(128)) in a dose-dependent manner, either alone or with anti-miR-

128 at 100 nM. Non-specific control was also used wherever

indicated in figure. The same blot was probed for b-actin for

normalization. Data are representative of a typical experiment

repeated three times with similar results. Lower panel shows the

bar diagram represents mean ± SEM for three independent experi-

ments. *p \ 0.05 versus untransfected. #p \ 0.02 versus 4 lg p(128).

d The reporter constructs including wild type or mutant Bax 30UTR

was cotransfected with either miR-128 or non-specific control.

Relative firefly luciferase activities were normalized with the Renilla

luciferase activities. The luciferase activity relative to non-specific

control was plotted. The bar diagram represents mean ± SEM for

three independent experiments. *p \ 0.05 versus control
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conserved among two other species, i.e., P. troglodytes

(Chimpanzee) and M. mulata (Rhesus) after comparing

the human sequence for interspecies homology (as shown

in Fig. 6a). To verify whether Bax is a direct target of

miR-128, a dual-luciferase reporter system was employed.

We cloned the full 30UTR of Bax (165 nt) into pMIR-

REPORT miRNA Expression Reporter Vector (Ambion)

as described in ‘‘Materials and methods’’. We transfected

HEK293T and NCI-H460 cells with this Bax reporter

construct in absence or in presence of p(128) or in

combination with anti-miR-128 and measured the lucif-

erase activity at 24 h post transfection as described in

‘‘Materials and methods’’. Luciferase activity was

diminished by 50% in HEK293T cells and by 75% in

NCI-H460 cells (Student’s t test, p \ 0.05) when Bax

30UTR reporter vector was co-transfected with p(128) as

compared to parental luciferase construct (without the

Bax 30UTR) (Fig. 6b). This suppression was relieved by

anti-miR-128. Inhibition of hsa-miR-128 by anti-miR-128

led to increased firefly luciferase activity by 40 and 35%

in HEK293T cells and by 20 and 30% in NCI-H460 cells

at 30 and 60 nM concentrations of anti-miR-128,

respectively. p135a (non-specific control) did not affect

luciferase activity of Bax 30UTR construct. We next

performed western blot analysis for Bax on cell lysates

from HEK293T cells transfected with p(128), p135a (non-

specific control) and anti-miR-128 (100 nM) at 24 h post-

transfection. Quantitation of the Bax by western blot

showed 1.2- to 1.8-fold (p = 0.018) decrease in expres-

sion of Bax by miR-128 in a dose-dependent manner

whereas addition of anti-miR-128 increased the Bax

expression by 2.26-fold (p = 0.02) (Fig. 6c). However,

non-specific control did not affect the Bax protein

expression. To demonstrate that miR-128 interacts with a

specific target sequence localized in the Bax 30UTR, an

additional reporter mutant construct was generated in

which the predicted miR-128 binding site cactgtga in the

30UTR of BAX mRNA was mutated with tgttgtga by site

directed mutagenesis (site of mutation has been shown by

asterisks in Fig. 6a). The resulting mutant construct

(mutant Bax 30UTR) was cotransfected with non-specific

control or p(128) in HEK293T cells. Similarly, wild-type

Bax 30UTR (wt Bax 30UTR) was cotransfected with non-

specific control or p(128) in HEK293T cells and lucifer-

ase activity was measured. There was significant decrease

(*50%) in luciferase activity when p(128) was cotrans-

fected with the wild-type Bax 30UTR as compared to

when non-specific control (p135a) was cotransfected with

Bax 30UTR. However, there was no change in the lucif-

erase activity when mutant Bax 30UTR was cotransfected

with p135a or p(128) (Fig. 6d). These results strongly

suggest that hsa-miR-128 directly inhibits the expression

of Bax by binding to its target sequence.

Discussion

Earlier reports by Zhang et al. and Godlewski et al. [12, 25]

suggested that miR-128 is downregulated in the glioma

tissues and cell lines when compared to normal brain tis-

sues. They also suggested that miR-128 expression reduces

glioma cell proliferation and specifically blocked glioma

cell self renewal. Similarly, Cui et al. [26] showed that

introduction of exogenous miRNA-128 to glioblastoma

multiforme cell lines decreased proliferation of the same

cell lines. There is also a report by Evangelisti et al. [11]

suggesting that ectopic miR-128 expression reduced neu-

roblastoma cell motility and invasiveness, and impaired

cell growth. Proteomic alterations of prostate cancer pro-

gression also revealed miR-128 as a potentially important

negative regulator of prostate cancer cell invasion [13].

Although all these reports show anti-proliferative effect of

hsa-miR-128, the underlying mechanism of the inhibition

of cell proliferation has not yet been found. In this report,

we describe for the first time the biological implications of

a neuronal enriched microRNA (miR-128) in human

embryonic kidney cells. The present study clearly dem-

onstrated that ectopic expression of hsa-miR-128 induces

apoptosis in HEK293T cells, causes cell cycle changes,

dissipation of mitochondrial membrane potential, release of

cytochrome c from mitochondria into the cytosol, and

caspase activation. We also observed induction of apop-

tosis in NCI-H460 cells after ectopic expression of hsa-

miR-128. Our results are in harmony with the finding that

the region 3p22.3 that transcribes miR 128-2 is lost in most

aggressive forms of neuroblastoma as well as lung carci-

noma. There is also an assumption that this loss of miR-

128-2 would be equivalent to the loss of a tumor-sup-

pressor gene that may stop tumor growth and induce

apoptosis upon its ectopic expression [11, 27].

Mitochondria, a key regulator of apoptosis have been

shown to be involved in integrating different pro-apoptotic

pathways via release of cytochrome c into the cytosol [28,

29]. The released cytochrome c then complexes with Apaf1

and pro-caspase-9 proteins in a dATP-dependent manner to

form the ‘apoptosome’ from which the release of activated

caspase-9 further initiates the activation of caspase cascade

leading to biochemical and morphological changes asso-

ciated with apoptosis [15]. Activation of caspases (a family

of cysteine proteases) and PARP cleavage are regarded as

relevant biomarkers in apoptosis induction [22]. Consistent

with these reports, we also observed that hsa-miR-128

induces apoptosis in HEK293T cells by activating caspases

(caspase-9, caspase-3). This in turn is followed by PARP

protein cleavage (one of the substrates of caspase-3 like

proteases). Our western blot analysis of cytosolic fraction

also showed that hsa-miR-128 causes cytochrome c release

from mitochondria into the cytosol. There is also evidence
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in the literature that increase in ROS and disruption of Dwm

plays a pivotal role in initiation of apoptotic induction [30].

Similar to these findings, we observed decrease in mito-

chondrial membrane potential, and increase in ROS after

overexpression of hsa-miR-128 in HEK293T cells. Our

findings strongly suggested the involvement of mitochon-

dria in hsa-miR-128 mediated apoptotic death of HEK293T

cells. Further dissection of the biological effects of hsa-

miR-128 in HEK293T cells revealed upregulation of p53,

p-p53 and Bak proteins. However, no significant changes

were observed in the expression of Bcl-xL, Bid and Bcl-2

levels.

Several observations in our study suggest that hsa-miR-

128 regulates Bax expression: for example, overexpression

of miR-128 reduces both RNA as well as protein levels of

Bax, whereas inhibition of miR-128 increases Bax

expression in HEK293T and NCI-H460 cells. The ability

of miR-128 to regulate Bax expression is likely direct as it

binds to the 30UTR region of Bax mRNA with complete

complementarity to its seed region as shown by luciferase

assay in both the cell lines. All these results led us to

hypothesize that hsa-miR-128 downregulates Bax by dif-

ferent mechanisms, i.e., through mRNA degradation as

well as through translational repression.

Bax is a proapoptotic member of Bcl-2 superfamily. To

our surprise, hsa-miR-128 downregulates Bax and unex-

pectedly induces apoptosis in HEK293T and NCI-H460

cells. Similar to our findings, Lewis et al. [31] showed that

Bax deficiency can promote rather than inhibit apoptosis in

mice infected with Sindbis virus. They also indicated that

the anti-apoptotic versus pro-apoptotic function of Bax is

determined by cell-specific factors. Zhang et al. [32] in

their study also showed that the absence of Bax completely

abolished the apoptotic response to the chemopreventive

agent sulindac and other nonsteroidal anti-inflammatory

drugs (NSAIDs) in human colorectal cancer cells. Fur-

thermore, our results of specific decrease of Bax coupled to

the increase of Bak are in agreement with a report by Wei

et al. [24] who showed with knockout MEFs that Bak and

Bax are functionally redundant and can substitute each

other. Increase in Bak might be triggering the whole cas-

cade of mitochondrial-mediated apoptosis in HEK293T

cells after overexpression of hsa-miR-128. There are

reports in the literature where it has been shown that p53

can act as a transcription factor both for Bak and Bax [33]

and thus regulate the transcription of these genes. Since in

our study we observed activation of p53, upregulation of

Bak and downregulation of Bax, it seems that here p53

might be inducing the expression levels of Bak and not

Bax.

The nucleotides surrounding the target site of miR-128

are highly conserved among three species which implies

that miR-128 may exert different regulatory activities in

different species under different conditions. Until now,

neither promoters of hsa-miR-128 gene, nor transcription

factors binding proteins, chromosomal structures or epi-

genetic factors, have been identified that interact with the

regulatory region of this miRNA [34]. So this area remains

open for investigation that may further help in the devel-

opment of miR-128 related cancer therapeutics.

In summary, our studies show that overexpression of

hsa-miR-128 induces mitochondria-mediated apoptosis in

HEK293T cells. Our findings also show that, in addition to

transcriptional and post-transcriptional regulation, Bax can

also be regulated at the translational level by miRNA.

Although this contention cannot be underestimated that

there are other miRNAs which are also predicted to target

Bax. Whether these miRNAs are also involved in the

induction of apoptosis by targeting Bax remains an open

question. Because of these conflicted roles of Bax in

apoptotic process (as inducer or inhibitor of apoptosis),

mechanisms regulating this important Bcl-2 family protein

need to be elucidated. Regulation of genes by miRNA-128

would open the gate for new insights in cancer research,

and investigation regarding in vivo manipulation of hsa-

miR-128 by using anti-miRNAs against it holds good

promise in the near future for cancer therapeutics.
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