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The heat shock 70 family protein, mortalin, has pancytoplasmic distribution pattern in normal and perinuclear in cancer 
human cells. Cancer cells when induced to senesce by either chemicals or stress showed shift in mortalin staining pattern 
from perinuclear to pancytoplasmic type. Using such shift in mortalin staining as a reporter, we screened human shRNA 
library and identified nine senescence-inducing siRNA candidates. An independent Comparative Genomic Hybridization 
analysis of 35 breast cancer cell lines revealed that five (NBS1, BRCA1, TIN2, MRE11A, and KPNA2) of the nine genes 
located on chromosome regions identified as the gain of locus in more than 80% cell lines. By gene-specific PCR, these 
five genes were found to be frequently amplified in cancer cell lines. Bioinformatics revealed that the identified targets 
were connected to MRN (MRE11-RAD50-NBS1) complex, the DNA damage–sensing complex. We demonstrate that 
the identified shRNAs triggered DNA damage response and induced the expression of tumor suppressor protein p16INK4A 
causing growth arrest of cancer cells. Furthermore, cells showed decreased migration, mediated by decrease in matrix 
metalloproteases. Taken together, we demonstrate that the MRN complex is a potential target of cancer cell prolifera-
tion and migration, and staining pattern of mortalin could serve as an assay to identify senescence-inducing/anticancer 
reagents.
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Normal human cells possess limited proliferative 
capacity and after a certain number of divisions in 

vitro enter a stage of permanent growth arrest (1). During 
this stage (called replicative senescence), cells remain 
viable and metabolically active; however, they are refrac-
tory to proliferation stimuli providing a barrier to immor-
talization, a crucial step in human carcinogenesis (2–4). 
Senescent cells are characterized by altered cell morphol-
ogy such as flat, irregular, and giant size; increased cyto-
plasmic granularity and large nucleus; G1 arrest; expression 
of β-galactosidase; increased expression of tumor suppres-
sor proteins including p53, p21WAF1, p16INK4A, pRB, and 
plasminogen activator protein (5–7). Genetic alterations 
that override senescence have been shown to be tightly 
associated with the development of tumors providing evi-
dence that senescence is an innate antitumor mechanism 
in normal cells and offers new perspectives for cancer 
therapy (7,8). In order to form tumors, incipient cancer 
cells must evade senescence and attain additional charac-
teristics such as growth factor–independent proliferation, 
anchorage independence growth, resistant to contact inhi-
bition, invasion and migration by enhanced degradation 

of matrix components, deregulation of apoptosis, and 
angiogenesis. Although these features may serve as good 
targets for anticancer drug, induction of senescence/perma-
nent growth arrest has been predicted to yield beneficial 
outcomes (8). On the other hand, senescence cells show 
resistance to chemotherapy, and hence, induction of senes-
cence remains to be validated as an effective and superior 
approach. Nevertheless, induction of cellular senescence 
has been demonstrated to be a good model to identify com-
ponents and understand the functioning of tumor suppres-
sion mechanisms (7) that may lead to development of new 
anticancer drugs (8).

Mortalin, a member of heat shock 70 (hsp70) fam-
ily proteins, exists in multiple subcellular sites including 
mitochondria, endoplasmic reticulum, plasma membrane, 
cytosol, and nucleus. In addition to its essential role in 
mitochondrial import, energy generation, intracellular traf-
ficking, and chaperoning (9), it promotes tumorigenesis 
by inactivation of tumor suppressor protein p53, deactiva-
tion of apoptosis, and stimulation of angiogenesis (9–12). 
It is upregulated in tumors and tumor-derived cell lines 
(13–16). In normal cells, mortalin is widely distributed in 
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the cytoplasm showing pancytoplasmic staining pattern. In 
tumor-derived cells, it shows perinuclear distribution (17). 
Interestingly, induction of senescence in cancer cells by 
drugs (MKT-077, BrdU, Withaferin A, H

2
O

2
, 5Aza-dC, and 

Epoximicin), by peptides, or by single chromosomes/chro-
mosome fragments caused reallocation of pancytoplamic 
mortalin staining (18–22), suggesting that it could serve 
as an useful reporter to screen cancer targets. Furthermore, 
the shift in mortalin staining pattern was associated with 
abrogation of mortalin-p53 interaction, release of p53 from 
mortalin-p53 complex, and translocation to nucleus result-
ing in an activation of its transcriptional activation function 
(18,20,21). By using mortalin staining as an internal reporter 
to examine the induction of senescence in cancer cells, we 
screened human shRNA library and identified nine antican-
cer candidates (23). In the present study, we investigated 
these nine genes in the Comparative Genomic Hybridization 
(CGH) outcomes of 24 breast cancer cell lines and found 
that 5/9 gene targets (NBS1, BRCA1, TIN2, MRE11A, and 
KPNA2) were located on chromosomal regions that were 
frequently amplified in cancer cell lines. We demonstrate 
that these five genes are commonly amplified in cancer 
cells. Knockdown of their expression by shRNAs triggered 
DNA damage response and activation of tumor suppressor, 
p16INK4A, causing growth arrest and loss of malignant prop-
erties suggesting their potential as cancer targets.

Materials and Methods

Cell Culture and Transfections
Human biliary tract carcinoma (SKCHA-1), gall blad-

der carcinoma (TGBC-2), breast carcinomas (SKBR3, 
T47D, MDA-MB231, MDA-MB157, and MCF7), and 
osteogenic sarcoma (U2OS) were cultured in Dulbecco’s 
modified Eagle’s minimal essential medium (Gibco) sup-
plemented with 10% fetal bovine serum (FBS) and 1% 
penicillin–streptomycin in a humidified incubator (37°C 
and 5% CO

2
). Screening of shRNA library was done as 

described earlier (23,24). For biochemical and visual analy-
ses, selected shRNA expression plasmids (2 μg) were trans-
fected into cells plated in 6-well plate at 70% confluency. 
The cells were processed for various assays as described 
subsequently.

BAC Array and CGH Analysis
CGH analysis, as described earlier (25), was performed 

on 24 breast, 7 gall bladder, and 4 bile duct cancer cell lines. 
Genomic DNA (500 ng) from the test (cancer cells) and the 
reference (human genomic DNA, Promega) were labeled 
by random priming reaction using cyanine 5-dCTP and cya-
nine 3-dCTP (Perkin Elmer; Fremont, CA), Bioprime DNA 
Labeling System (Invitrogen, Carlsbad, CA), and Array Kit 
(Macrogen, Korea). Labeled test and reference DNAs were 
hybridized to the CGH array (4030 BAC clone DNAs in 

duplicate, covering the entire human genome with 1 Mbp 
resolution) provided by Macrogen (MAC Array KARYO 
4,000) using Hybri-station (Genomic Solutions, Ann Arbor, 
MI) (24). The array slides were scanned at 532 and 635 nm 
using GenePix4000A (Axon Instruments, Union, CA) and 
were analyzed by Mac Viewer software (Macrogen) as 
described (25,26).

Genomic PCR
Genomic DNA of 22 cancer cell lines as well as human 

normal genomic DNA was obtained from ATCC. PCR 
conditions for linear range were established using normal 
genomic DNA and internal gene (GAPDH) amplification. 
A total of 100 ng of DNA was amplified in a reaction volume 
of 20 μL consisting of 0.4 μM each primer, 200 μM each 
dNTP, 10× PCR buffer, and 0.2 U of Taq DNA Polymerase 
(Takara, Japan), using the following PCR protocol: 3 min 
initial denaturation at 94°C, followed by 30 cycles of 30 
s at 94°C denaturation, 45 s at separate annealing temper-
ature (KPNA2 at 50°C, TIN2 at 50°C, MRE11A at 46°C, 
NBS1 at 48°C, BRCA1 at 52°C, and GAPDH at 54°C), and 
2 min at 72°C elongation, and then a final 7 min at 72°C for 
extension. PCR products were resolved by 1% agarose gel 
electrophoresis and stained with Red gel (BIOTIUM, CA). 
Gene-specific primer sequences were as follows:

Cell Viability Assays
For cell viability assays, AlamarBlue was used. Cells 

were treated at the density of 4,500 cells/well on 96-well 
plates and incubated at 37°C and 5% CO

2
 overnight. Next 

day, 1/10th volume of AlamarBlue (Invitrogen) was directly 
added to the culture medium and incubated at 37°C for 1–4 
hours. Conversion of the blue nonfluorescent active ingredi-
ent (resazurin) to its reduced form resorufin that produced 
bright red fluorescence was monitored at 570 nm.

For colony forming assay, 500 cells were plated in 10-cm 
dishes and incubated at 37°C and 5% CO

2
 for 1 week. Cells 

were fixed in acetone and ethanol (1:1) followed by staining 
with 0.1% crystal violet in distilled water for 30 min. The 
number of colonies was counted.

Cell Migration Assay
Cells were grown in a monolayer, and a wound was made 

by completely scratching the cells in a line with a 200 μL 
pipette tip. Cells were washed a few times with PBS to 
remove cell debris and incubated with fresh medium. The 
time of scratching wound was designated as time 0. Cells 

Gene Sense primer Antisense primer

KPNA2 CACCTTCATGAAGTCATTGTCTT TCTAGAATGAAAGGCTGGGG

TIN2 CTTCATTCCTACTAAACTACTTG ACTGTAGAGACAGTTCTAGACCT

MRE11A TGTCTCAATTTGTTTGAATATCCTTT CCAAGGGAATATGGTAGATAGTGC

NBS1 CACTCCGTTTACAATTTAATAGC CACAAAATCCCAAAATGAAATACG

BRCA1 GCTAAAAATACACGGATGG TGCAAGACTGCGTCTC

GAPDH TTGCCATCAATGACCCCTTCA CGCCCCACTTGATTTTGGA
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were allowed to proliferate and migrate into the wound dur-
ing the next 24 hours. Migration of cells into the wound 
was recorded under a phase contrast microscope with a 
10× phase objective. Migration capacity was quantitated 
by measuring the percent of open area in 6–10 randomly 
captured images.

Cell Invasion Assay
Invasion chamber (QCM ECMatrix Cell Invasion Assay, 

24-well [8  μm], colorimetric) was brought to room tem-
perature in a tissue culture hood. Serum-free medium 
(SFM, 300 μL, warmed at 37°C) was added to inserts and 
incubated for 2 hours at room temperature for rehydration 
of ECM layer. After rehydration, media were carefully 
removed from the inserts without disturbing the mem-
brane. Cell suspension containing 0.5–1.0 × 106 cells/mL 
in serum-free media was prepared and 300 μL was added 
to each insert. Media (500 μL) containing 10% FBS was 
added to the lower chamber. The invasion chambers were 
incubated for 24–72 hours in CO

2
 incubator. Using cotton-

tipped swabs, the ECMatrix gel and noninvading cells were 
gently removed from the interior of the inserts. In order to 
stain the invasive cells on lower surface of the membrane, 
the inserts were dipped in 500 μL of staining solution that 
was aliquoted in the unused well of the plate for 20 min. 
The stained inserts were rinsed in water and air-dried. Cells 
were quantitated by dissolving stained cells in 10% acetic 
acid (100 μL/well) and transferred to 96-well plate for col-
orimetric reading of optical density at 560 nm.

Immunostaining
For immunostaining, cells were plated on glass cover-

slips placed in a 12-well plate (104 cells/coverslip) and pro-
cessed as described (23). Antibodies used were monoclonal 
anti-mortalin (23), CARF (27), NBS1 (Y112), BRCA1 
(MS13), KPNA2 (ab99288), TIN2 (ab64386; Abcam), 
pRB (Ser795), γH2AX (Ser139), MRE11 (Cell Signaling), 
MMP-2 (H-76), MMP-3 (AA07), p16 (F-12), p21 (C-19), 
and p53 (DO-1; Santa Cruz Biotech, CA) for 1 hour at room 
temperature, washed thrice with 0.2% Triton X-100 in PBS, 
and then incubated with Alexa-594-conjugated and Alexa-
488-conjugated (Molecular Probes, Eugene, OR) second-
ary antibodies. The stained cells were washed twice in PBS 
and then observed immediately on a Carl Zeiss microscope 
(Axiovert 200 M).

Western Blotting
Protein extraction was carried out using standard methods, 

and protein concentrations were determined by BCA assay 
(Pierce, Thermo Scientific). Lysates containing 20 μg protein 
were boiled in sodium dodecyl sulfate sample buffer for 5 min, 
subjected to 10% sodium dodecyl sulfate–polyacrylamide 

gel electrophoresis, and then transferred onto a polyvi-
nylidene difluoride membrane. Membranes were blocked in 
TBS-T containing 5% skim milk. After blocking, membranes 
were incubated with antibodies: BRCA1 (MS13), TIN2 
(ab64386), NBS1 (Y112; ab32074; Abcam), MMP-9 (C20), 
MMP-3 (AA07), MMP-2 (H-76), p16 (C-20), (Santa Cruz 
Biotech, CA), Rad 50 (Cell Signaling), and CARF. Actin was 
used as an internal loading control (Chemicon International, 
CA). After probing with the primary antibody as indicated, 
the blots were incubated with horse radish peroxidase–
conjugated secondary antibody (sc-2004 or sc-2005; Santa 
Cruz Biotech). Finally, the blots were developed using 
enhanced chemiluminescence (RPN2132; GE Healthcare, 
Buckinghamshire, UK).

Senescence Assay
SA-β-galactosidase activity was evaluated using 

the “Senescence-β-Gal Staining Kit” (Cell Signaling 
Technology) following the manufacturer’s instructions.

Results and Discussion

Identification of BRCA1, TIN2, NBS1, KPNA2, and 
MRE11A as Candidate Senescence-Inducing shRNAs

We transfected human breast (MCF7) and bone (U2OS) 
cancer cells with expression vectors encoding 768 human 
shRNAs. Transfected cells were selected in the culture 
medium supplemented with puromycin (0.5  µg/mL) and 
examined for mortalin staining pattern under the automated 
scanning system attached to Axiovert 200M microscope 
(Zeiss). As shown in Figure  1, the shRNAs that caused 
shift in mortalin staining from perinuclear to pancytoplas-
mic in cancer cells were selected for the second round of 
screening. The process was repeated 4 times by transfect-
ing the selected shRNAs from each round, and finally 22 
shRNAs were identified (23) that resulted in induction of 
senescence. The phenomenon was previously demonstrated 
when senescence was induced in cancer cells with antican-
cer drugs, phytochemicals, peptides, and chromosome frag-
ments (18–22,28). Interestingly, all the 22 identified gene 
targets have been predicted to be involved in human carcino-
genesis (23). We previously investigated the effect of the 22 
shRNAs on six other cancer cell lines (four breast carcino-
mas—SKBR3, T47D, MDA-MB231, MDA-MB157; gall 
bladder carcinoma—TGBC-2; biliary tract carcinoma—
SKCHA-1) and found that 9 of the 22 shRNAs triggered 
the shift in mortalin staining pattern in all the six cell lines 
tested, suggesting that the gene targets of these 9 shRNAs 
may play an important or essential role during carcinogen-
esis (23). Furthermore, shift in mortalin staining pattern 
was observed in cell lines with various genetic background 
including cells with wild-type p53 and lack of p16INK4A 
function (U2OS), compromised p53 and lack of p16INK4A 
function (MCF7), mutant p53 and wild-type pRB (SKBR3, 
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T47D, MDA-MB 231), compromised p53 and wild-type 
pRB function (MCF7), and lack of both p53 and pRB 
(Saos-2, MDA-MB157, and TGBC-2), suggesting that the 
phenomenon is independent to the status of p53 and pRB, 
the two main tumor suppressor genes. Furthermore, these 
cell lines possessed different tumor-forming and malignant 
characteristics. Although some of these including U2OS, 
Saos-2, and MCF7 were nontumorigenic and nonmeta-
static, the others including SKBR3, T47D, MDA-MB 231, 
and MDA-MB 157 were tumorigenic and metastatic, sug-
gesting that the shift in mortalin staining pattern is inde-
pendent of the malignant properties of the tumor cells.

In order to further reveal the significance of the identi-
fied gene targets in cancer, we screened the outcomes of 
an independent CGH array analysis in 35 cancer cell lines 
(25,26) and found that the loci of five (BRCA1, TIN2, 
NBS1, KPNA2, and MRE11A) of the nine gene targets were 
located on the chromosomal regions that were identified as 

gain of locus in cancer cells (Figure 1). We then performed 
genomic PCR with specific primers for the five selected 
genes on 22 cell lines and found their amplification in 
majority of them. As shown in Figure 1C, 19/22 cell lines 
showed amplification of BRCA1, 14/22 showed amplifica-
tion of TIN2, 20/22 showed amplification of NBS1, 20/22 
showed amplification of KPNA2, and 16/22 showed ampli-
fication of MRE11A gene loci. Furthermore, these proteins 
have been reported as upregulated in a variety of cancers 
and contribute to carcinogenesis in several studies (23).

BRCA1, TIN2, NBS1, KPNA2, or MRE11A Silencing 
Affected Cancer Cell Migration

We first investigated the induction of senescence by 
selected shRNAs in U2OS and MCF7 cells. The cells were 
transfected with specific shRNAs. Transfection efficacies 
were examined by cotransfection of a reporter gene (GFP in a 

Figure 1.  Identification of candidate anticancer shRNAs, based on the shift in mortalin staining pattern and CGH analysis in cancer cell lines. (A) Schematic 
presentation of shRNA library screening using mortalin staining as a reporter. Human breast carcinoma (MCF7) and osteosarcoma (U2OS) were used. In four rounds 
of screening, 22 shRNA were identified that were seen to shift the mortalin staining from perinuclear to pancytoplasmic type. Subsequent assays in six cancer cell 
lines (4 breast and 2 gall bladder) showed the shift in staining pattern in 9 out of 22. (B) CGH screening of 35 breast cancer cell lines revealed that five (BRCA1, 
TIN2, NBS1, KPNA2, and MRE11A) of nine genes were located on the chromosomal regions that are frequently amplified in cancer cells. (C) Expression analysis of 
five selected shRNAs target genes in human cancer cell lines. Gene-specific PCR was carried on 22 cancer cell lines and human normal genomic DNA. Quantitative 
analysis of gene-specific PCR showed their amplification in majority of the cell lines.
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ratio of 50:1/shRNA:GFP plasmid; Figure 2A). Knockdown 
effect of shRNAs was examined by immunostaining each 
target gene using specific antibodies (Figure 2B). We found 
that the transfected cells (both MCF7 and U2OS) showed 
decreased (about 70%) expression of the targeted genes in 
more than 60%–70% of cells. At 48–72 hours posttransfec-
tions, no immediate cell death was observed in response 
to knockdown of either of the five (BRCA1, TIN2, NBS1, 
KPNA2, and MRE11A) genes. The cells were examined 
for mortalin and senescence-associated β-gal staining. We 
found that the shift in mortalin staining pattern was associ-
ated with increase in β-gal staining in cells compromised 
of either of these five genes (Figure  2C, D, and E). Cell 
viability (determined by Vi-CELL Series Cell Viability 
Analyzers and Alamar Blue assay) and invasion (migration 
through Matrigel and wound scratch assay) assays revealed 
decrease in cell proliferation (20%–50%) and invasion 
through Matrigel (15%–35%) and migration to the wound 
(~2.5- to 3-fold), respectively (Figure 2F, G, and H). Based 
on these data, we subjected the transfected cells to quantita-
tive in vitro real-time invasion assay using RTCA DP instru-
ment (Roche Diagnostics GmbH, Germany). The data also 

revealed that the knockdown of the selected genes caused 
decrease in their migration capacity (data not shown).

Pathway Analysis of Gene Targets
To get further insights into the functional mechanism of 

shRNA-induced senescence in cancer cells, we performed 
bioinformatics analysis on the selected genes (BRCA1, TIN2, 
NBS1, KPNA2, and MRE11A) by MetaCore Pathway and Data 
Mining (http://www.genego.com/genego_lp.php). The analy-
sis revealed that besides their role in diverse pathways includ-
ing apoptosis, telomere maintenance, immune response, and 
protein stability, the five genes were most closely connected 
to the DNA damage response signaling (Figure 3A). The lat-
ter spans a complex network of pathways, ranging from sens-
ing of the DNA lesion, localization of the DNA repair proteins 
to the lesion, and DNA repair and growth arrest by network of 
phosphorylating key players as described subsequently.

BRCA1, the breast- and ovarian cancer–specific tumor 
suppressor, is a multifunctional nuclear protein involved 
in the regulation of DNA repair, cell cycle, transcription, 
chromatin remodeling, and genome integrity. Inherited 

Figure 1.  Continued.
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mutations or loss of BRCA1 confers a high risk for breast 
cancer development, whereas its altered expression occurs 
frequently in sporadic forms of cancer. It has been shown 
that BRCA1 is an autoregulated transcription factor that 
selectively titrates its levels to maintain genome integrity 
in response to genotoxic insults (29). MRE11A (Meiotic 
recombination 11)  is an essential DNA double-strand 
break (DSB) repair protein. It has exonuclease and endo-
nuclease activities and functions in homologous recom-
bination and telomere length maintenance in cancer cells 
(30). NBS1 is a protein involved in Nijmegen breakage 
syndrome (NBS, a chromosomal instability syndrome) 
associated with cancer predisposition, radiosensitivity, 
microcephaly, and growth retardation. It is a component 
of the MRN (MRE11-RAD50-NBS1) complex, a central 
player associated with DSB repair (31). MRN is one of 
the first factors to be localized in the DNA lesion (hence 
also called lesion sensor), where it plays a structural role 
of tethering together the broken chromosomes and initiate 
a cascade of DNA repair signaling events (32) controlled 
by the ATM protein kinase, a major regulator of the DSB. 
NBS1 is phosphorylated by ATM in response to radiation, 

gets transported to the nucleus by KPNA2, and controls the 
nuclear localization of the MRN complexes (33). It func-
tions as a tumor suppressor in preserving genome integ-
rity in the nucleus and acts as an oncogenic protein in the 
cytoplasm by PI3-kinase/AKT-activation pathway (33). 
MRN functions to target ATM and Tip60 acetyltransferase 
to DSBs (34). Overexpression of NBS1 has been shown 
to induce epithelial–mesenchymal transition, contribute to 
transformation, and serve as a marker of aggressive head 
and neck cancer (35). Depletion of NBS1 resulted in an 
inhibition of ALT-, but not telomerase-mediated, telomere 
maintenance (36). TRF1 interacting nuclear protein 2 
(TIN2), essential for embryonic development and cell via-
bility, is a negative regulator of telomere length elongation 
and is enriched in hepatocarcinoma (37). Karyopherin-
alpha2 (KPNA2) was found upregulated in a variety of 
cancers. It mediates nuclear localization of NBS1 complex 
in response to DNA damage (38–40).

In light of the above known functions of these pro-
teins, we examined whether shRNA-mediated knockdown 
of these genes evoked DNA damage response in cancer 
cells. shRNA-transfected cells were examined for DNA 

Figure 2.  Cell viability and migration analysis compromised for the selected gene targets. (A) Transfection efficacy of the shRNA plasmids as revealed by 
cotransfection of GFP reporter. (B) Knockdown efficacy of the shRNAs as revealed by immunostaining of cells with specific antibodies. (C) Shift in mortalin staining 
pattern from perinuclear (vector) to pancytoplasmic (shRNA-transfected cells) type. (D and E) Senescence-associated β-gal (SA-β-gal) staining in control (vector) 
and shRNA-transfected cells and their quantitation from three independent experiments. (F) Viability of MCF7 cells transfected with selected shRNAs was examined 
at approximately 48–72 hours posttransfection. Invasion index as examined by Matrigel invasion assays (G) and invasive capacity of cells in wound scratch assays 
(H). *P < .05; **P < .01; ***P < .001.

 at Pennsylvania State U
niversity on Septem

ber 16, 2016
http://biom

edgerontology.oxfordjournals.org/
D

ow
nloaded from

 

http://biomedgerontology.oxfordjournals.org/


	 Senescence and Reduced Migration of Cancer cells	 Page 7 of 13

Figure 2.  Continued.
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damage response proteins, γH2AX, CARF, and phospho-
CHK2 (pCHK2) (41,42), and their downstream regula-
tors. As shown in Figure  3B, immunostaining assay in 
MCF7 cells transfected with shRNA for BRCA1, TIN2, 
NBS1, KPNA2, or MRE11A showed increase in γH2AX, 
CARF, and pCHK2 that signified DNA damage response. 
We examined the status of p53, p21, and p16INK4A in con-
trol and transfected cells and found that the shRNAs did 
not cause nuclear translocation of p53. The expression of 
p21 also remained unchanged in three of the four cell lines. 
On the other hand, the level of p16INK4A was found to be 
consistently enhanced when BRCA1, NBS1, or MRE11A 
were knockdown in all the four cell lines in several inde-
pendent experiments (Figure  3C). Induction of p16INK4A 
level was also confirmed by Western blotting of control and 
shRNA-transfected MCF7 and U2OS cells (Figure 3D–F). 
p16INK4A is known to be silenced by promoter methylation 
in these cells. The present data strongly suggested that the 

knockdown of target genes may cause demethylation of 
the p16INK4A promoter. Based on these results, it was sug-
gestive that besides their role in DNA damage and repair, 
the target genes might be associated with histone methyla-
tion. Although conventionally, histone demethylases are 
believed to regulate DNA methylation and gene transcrip-
tion, several recent studies have shown a cross talk between 
the DNA damage/growth arrest and DNA demethylation. 
These include role of histone demethylase LSD1 in DNA 
damage response (43) and role of growth arrest and DNA 
damage–induced protein, GADD45 alpha, in DNA demeth-
ylation (44,45). PPARγ was also shown to promote DNA 
demethylation (46). In view of these recent reports and our 
data, it is suggestive that the knockdown of DNA damage 
response proteins (NBS1, BRCA1, TIN2, MRE11A, and 
KPNA2) may cause DNA demethylation as supported by 
expression of p16INK4A. The mechanism of such induction of 
DNA demethylation warrants further studies.

Figure 3.  Selected shRNAs evoke DNA damage response in cancer cells. (A) Bioinformatics analysis on the selected genes (NBS1, BRCA1, TIN2, MRE11A, and 
KPNA2) by MetaCore Pathway and Data Mining showed that they are closely connected to the DNA damage response pathway. (B) MCF7 cell transfected with BRCA1, 
TIN2, NBS1, KPNA2, or MRE11A showed increase in γH2AX, CARF (Collaborator of ARF), and pCHK2. (C) Selected candidate shRNAs induced senescence in 
cancer cells through p16INK4A pathway. Selected candidate shRNAs were transfected into four cell lines (SKBR3, MCF7, U2OS, and TGBC-2) and examined for p53, 
p21WAF1, and p16INK4A by immunostaining. Representative staining for mortalin, p53, p21WAF1, and p16INK4A is shown in control and transfected cells. Results in four cancer 
cell lines are summarized showing consistent induction of p16INK4A. (D) Induction of p16INK4A in shRNA-transfected cells was confirmed by Western blotting. Quantitation 
of induction of p16INK4A expression from four independent experiments (E). (F) Immunostaining of p16INK4A in control and shRNA-transfected MCF7 and U2OS cells. 
*P < .05.
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Figure 3.  Continued.
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Figure 4.  Overexpression of p16INK4A caused growth arrest and loss of migration in cancer cells. (A) p16INK4A overexpressing cells showed growth arrest in colony 
forming assay. Both colony number and size were reduced, and cells showed SA-β-gal staining (B). These cells exhibited loss of cell migration as shown by wound 
scratch (C) and Matrigel assays (D). (E) The p16INK4A overexpressing cells showed cell cycle arrest as marked by decrease in phospho-RB. Loss of migration was 
marked by decrease in MMP-2 and MMP-3 expression. There was a decrease in NBS1, BRCA1, TIN2, MRE11, and RAD50. (F) Immunostaining of control and 
p16INK4A overexpressing cells for the selected gene targets, matrix metalloproteases, and phospho-RB is shown. *P < .05; **P < .01.

Loss of Migration in shRNA-Transfected Cancer Cells 
was Mediated by Induction of p16INK4A

As shown earlier, the knockdown of BRCA1, KPNA2, 
MRE11A, NBS1, or TIN2 triggered growth arrest and loss 
of migration in cancer cells by DNA damage response medi-
ated by induction of p16INK4A in four cancer cell lines. The 
molecular mechanism of induction of p16INK4A by knockdown 
of five shRNAs in different cell lines remains to be resolved 
in an independent study. It is suggestive that the compromised 
expression of DNA damage and repair signaling proteins 
served as a DNA damage signal, triggered the formation of 
DNA damage foci (increase in γH2AX), and caused growth 
arrest (increase in CARF, p21WAF1, and p16INK4A). We verified 
the effect of p16INK4A on cell growth and migration by an alter-
native approach. Cells were stably transfected with p16INK4A 
expression vector. Cell proliferation assays including colony 
forming efficacy, colony size, and viability revealed signifi-
cant growth arrest in p16INK4A overexpressing cells (Figure 4A 
and B). Furthermore, p16INK4A overexpressing cells showed 

increased β-gal staining (Figure 4A). Cell migration analyses 
by wound scratch assay revealed that the p16INK4A overexpres-
sion also caused decrease in migration compared to the con-
trol cells (Figure 4C and D). Although the role of p16INK4A 
in growth arrest has been well documented, its contribution 
to cell migration remains unclear. Therefore, we examined 
the expression of cell migration markers in p16INK4A overex-
pressing cells. As shown in Figure 4E, we found that these 
cells have decrease in phosphorylation of pRB and increase in 
CARF (27) signifying the growth arrest. At the same time reg-
ulators of cell migration such as MMP-2 and -3 were down-
regulated (Figure  4E and F). Interestingly, four (MRE11A, 
NBS1, BRCA1, and TIN2) target genes showed decrease in 
p16INK4A overexpressing cells indicating a feedback regulation 
between these proteins and reflecting molecular functional 
economy in which the cells under growth arrest downregulate 
the DNA damage signaling proteins. In other words, p16INK4A 
acted as an effector protein of DNA damage response initi-
ated by MRN complex proteins and triggered growth arrest 
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Figure 4.  Continued.
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in cells. Growth arrested p16INK4A overexpressing cells, on the 
other hand, downregulated the DNA damage response genes.

The DNA DSBs initiate DNA damage response that in 
turn activates relocalization of several proteins like MRE11A, 
NBS1, and BRCA1 to nuclear foci that colocalize with 
γH2AX and result in foci formation (47). It has been reported 
that γH2AX interacts directly with BRCA1 and NBS1, 
required for formation of MRN complex at DNA damage 
sites (30,32,47–49). Furthermore, KPNA2 was shown to be 
essential for nuclear localization of NBS1 (50). Identification 
of multiple components of this nuclear focus formation com-
plex in our screening revealed that the DNA damage signaling 
is a strong candidate target for cancer therapy. Disruption of 
any element of this complex triggered senescence response 
in cancer cells as also marked by shift in staining pattern of 
mortalin, increase in p16INK4A and CARF expression, and 
decrease in phosphorylation of pRB and matrix metallopro-
teases (MMP-2 and -3). Changes in mortalin, CARF, p16Ink4A, 
and pRB signified growth arrest of cancer cells, whereas 
change in matrix metalloproteases (established regulators of 
tumor environment) revealed decrease in their migration and 
invasion capacity as has been reported in several other stud-
ies (51). Knockdown of either of the five targets appeared 
to cause induction of p16INK4A that inhibited cyclin/CDK 
complexes, resulting in inhibition of pRB phosphorylation 
and cell cycle. Increase in CARF was previously shown to 
activate p53-p21WAF1 tumor suppression pathway causing 
growth arrest of cancer cells (42). Taken together, knockdown 
of the identified gene targets caused activation of two major 
tumor suppressor pathways, p16INK4A-pRB and p53-p21WAF1 
(Figure  5). Downregulation of p16INK4A occurs frequently 
with human cell transformation (52). It has also been corre-
lated with the development of invasive characteristics of can-
cer cells (53). Introduction of p16INK4A was shown to result 
in decreased invasion and angiogenesis of human glioma 
(54,55). Consistent with these reports, we found that the over-
expression of p16INK4A caused decrease in migration of both 
U2OS and MCF7 cells. Furthermore, p16INK4A overexpressing 
cells exhibited decreased expression of MMP-2 and MMP-3 
(Figures 4 and 5) that may account for decreased invasion 
capacity of cells. Taken together, we report an outcome of a 

novel endogenous reporter (mortalin staining) based screening 
for cancer gene targets that revealed DNA damage signaling 
pathway as a strong candidate target for induction of senes-
cence and compromise the migration capacity of cancer cells.
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