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Wehave observed overexpression of PACS-1, a cytosolic sorting
protein in primary cervical tumors. Absence of exonic mutations
and overexpression at the RNA level suggested a transcriptional
and/or posttranscriptional regulation. University of California
Santa Cruz genome browser analysis of PACS-1 micro RNAs
(miR), revealed two 8-base target sequences at the 39 terminus for
hsa-miR-34a and hsa-miR-449a. Quantitative RT-PCR andNorth-
ern blotting studies showed reduced or loss of expression of the
two microRNAs in cervical cancer cell lines and primary tumors,
indicating dysregulation of these two microRNAs in cervical can-
cer. Loss of PACS-1 with siRNA or exogenous expression of hsa-
miR-34a or hsa-miR-449a in HeLa and SiHa cervical cancer cell
lines resulted in DNA damage response, S-phase cell cycle arrest,
and reduction in cell growth. Furthermore, the siRNA studies
showed that loss of PACS-1 expression was accompanied by
increased nuclear gH2AX expression, Lys382-p53 acetylation, and
genomic instability. PACS-1 re-expression through LNA-hsa-anti-
miR-34a or -449a or through PACS-1 cDNA transfection led to
the reversal of DNA damage response and restoration of cell
growth. Release of cells post 24-h serum starvation showed PACS-
1 nuclear localization at G1-S phase of the cell cycle. Our results
therefore indicate that the loss of hsa-miR-34a and hsa-miR-449a
expression in cervical cancer leads to overexpression of PACS-1
and suppression of DNA damage response, resulting in the devel-
opment of chemo-resistant tumors.

Cervical cancer is the secondmost common cancer responsi-
ble for cancer-related death in women around the world. The
incidence is increasing, with 450,000 new cases diagnosed
annually and 13,000 in the United States (1–3). It is the third
leading cause of death from cancer in women of 15 to 34 years

of age and the fifth leading cause of death in women of 35 to 54
years, representing about 2% of all cancers in women in the
USA. Human papillomavirus (HPV) infection is detected in
90% of cervical cancer lesions (4–7). The disease is also associ-
ated with smoking, alcohol consumption, and multiple sex
partnerships leading to cervical infection and poor immune
response (4–7). Positivity of p16 protein is a good prognostic
marker of chemo-radiation therapy, and resistant tumors show
inactivation of p16 (8).
It has also been established that HPV infection alone is insuf-

ficient to induce cancer (8–10). Absence of HPV sequences in a
fraction of cervical cancers clearly indicated the involvement of
genetic/environmental factors in tumor development. More-
over, oncogenes E6 and E7 of high-risk HPVs (HPV16 and
HPV18) are known to reinitiate DNA replication in terminally
differentiated keratinocytes by abrogating cell cycle checkpoint
proteins p53 and Rb, respectively (11, 12). It is well-known that
unscheduled S phase entry of the cells induces replication stress
and activates S phase checkpoint–mediated DNA damage
responses (DDR) and chromosomal instability, an important
step in HPV-induced carcinogenesis (12). However, the molec-
ular network that responds to theHPV oncogenic stress leading
to the survival of transformed cells is not understood.
We and others have shown that a cervical cancer tumor sup-

pressor gene is localized to chromosome 11q13 and that
genomic rearrangements at this site are common in cervical
and other human cancers (13, 14). We have further shown that
homozygous deletion of 5.5 kb is seen in HeLa cell–derived
tumorigenic cell lines and primary tumors, indicating the im-
portance of these sequences in tumor development (15–17).
Extensive mapping of the 300-kb region localized the 5.5-kb
sequence to the first intron of PACS-1, a protein involved in
cytoplasmic protein trafficking (15–17). The repetitive nature*For correspondence: Eri S. Srivatsan, esrivats@g.ucla.edu.
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of the 5.5-kb sequence made it extremely difficult to function-
ally characterize the sequence for its role in tumor develop-
ment. Transfection studies could not be carried out with the
5.5-kb sequence containing plasmid, cosmid, or bacterial artifi-
cial chromosome (BAC) vectors because of the deletion of these
sequences in the transfected clones. A 175-kb sequence sur-
rounding the 5.5-kb sequence is also repeat rich, indicating
chromosomal fragility at this site (18). Thus, investigation was
directed at the PACS-1 gene containing the 5.5-kb sequence as
the first intronic sequence.
PACS-1 is a cytoplasmic trafficking protein transporting

cargo from the Golgi to endosomes and the membrane surface
(19–21). It is known to interact with several proteins, including
the nef protein of HIV (19–22). Although the role of furin, a
protein transported by PACS-1, in human tumors has been
reported, a direct role for PACS-1 in cancer has never been
established (19, 20). Presence of an abnormal 8-kb transcript in
addition to the normal 4.5-kb transcript in cancer cell lines and
HeLa cell–derived tumorigenic hybrids indicated that variant
transcripts might be related to tumor development (17, 18).
MicroRNAs (miRNAs) are small noncoding RNAs that are

known to regulate more than 60% of gene expression in mam-
mals (23). miRNAs degrademRNA or inhibit translation by tar-
geting complementary sequences in specific gene transcripts.
miRNAs have a functional 8-base seed sequence and bind in a
complementary fashion to the target mRNAs, predominantly
in the 39UTR (24). Thus, the miRNAs are known to play a key
role in cell growth, differentiation, apoptosis, and senescence
and are implicated in several diseases including cancer. A
search of the PACS-1 genomic sequence using the University
of California Santa Cruz genome database revealed seed
sequences for the binding of hsa-miR-34a and hsa-miR-449a.
Whereas the involvement of hsa-miR-34a in cervical and other
human tumors has been well-established, the role of hsa-miR-
449a in cancer is not well-defined (25–31). A recent report has
shown that PACS-1 has a role in epigenetic regulation of gene
expression (32). However, regulation of PACS-1 is not yet
known. Here we show that hsa-miR-34a and hsa-miR-449a reg-
ulate PACS-1 expression and that the absence of expression of
these twomiRNAs leads to PACS-1 overexpression resulting in
genomic instability of human cancer cells.

Results

PACS-1 is overexpressed in cervical cancer

PACS-1 localized to chromosome 11q13 has 23 introns, with
the first intron encompassing a 5.5-kb homozygous deletion
seen in some cervical cancer cell lines and primary tumors (Fig.
1A). Protein expression studies by Western blotting showed
the presence of 150- and 120-kDa protein bands in normal
fibroblasts and cervical cancer cell lines (Fig. 1B). Using PACS-
1–specific siRNAs, it was revealed that the 120-kDa band rep-
resented the PACS-1 protein (Fig. 1C and Fig. S1). Complete
absence of the 120-kDa protein band is seen posttreatment
with single PACS-1 siRNAs (catalog nos. J-006697-09-0010, J-
006697-1020010, J-006697-11-0010, and J-006697-12-0010)
(Dharmacon) or a combination of two siRNAs establishing this
protein as the PACS-1 protein. The 150-kDa protein band

cross-hybridizing with at least three different PACS-1 antibod-
ies (antibodies 601 and 177,03 from Dr. Gary Thomas, Univer-
sity of Pittsburgh and sc-136344 from Santa Cruz Biotechnol-
ogy) is not lost with the siRNAs and thus could represent a
PACS-1 variant correlating to the variant RNA seen in HeLa
and HeLa cell–derived tumorigenic hybrid cell lines (17, 18).
This protein also serves as a hybridization control for the 120-
kDa PACS-1 protein in all ourWestern blots. Analysis of paired
normal and primary tumor tissues showed elevated expression
of the 120-kDa PACS-1 protein in tumor samples compared
with the normal tissue counterparts with the 150-kDa protein
band serving as a loading control (Fig. 1D). Normal tissues
showed reduced or complete absence of the 120-kDa protein
band. University of California Santa Cruz Xena Browse RNA-
seq database reveals PACS-1 expression in normal tissues,
although at lower levels, indicating that PACS-1 RNA is
expressed in normal human tissues (Fig. S2). Therefore, we
conclude that the absence of protein expression in normal tis-
sues is related to the regulation of PACS-1 RNA. Genomic
sequencing of the 23 exons in two cancer cell lines, HeLa (HPV
18) and SiHa (HPV 16) did not reveal any mutations, ruling out
genomic mutations as the cause of protein overexpression
(data not shown). The Cancer Genome Atlas database search
has shown mutations in 7 of 314 tumors, indicating mutations
of PACS1 as a rare event in cervical cancer.

PACS-1 overexpression is related to the loss of expression of
miRNAs 34a and 449a

To determine whether PACS-1 overexpression in tumors
was due to RNA overexpression or genomic amplification, two
sets of normal and tumor samples were subjected to RT-PCR or
PCR. The RT-PCR using primers for exons 7 and 13 showed
enhanced expression of RNA in tumor tissues compared with the
normal tissues (Table 1 and Fig. 2A). PCR did not identify a
genomic amplification of the two exons 3 and 7 (Fig. 2B), indicat-
ing that protein overexpression was related to increased tran-
scription of the PACS-1 gene. Overexpression at the RNA level
led us to believe that transcription control was involved. Analysis
of the intronic 5.5-kb sequence encompassing the homozygous
deletion inHeLa cells andHeLa cell–derived tumorigenic hybrids
failed to show any miRNA within this sequence. Presence of alu
sequences in the deletion prevented us from performing genetic
studies to identify the functional significance of the 5.5-kb dele-
tion in PACS-1 overexpression. University of California Santa
Cruz database search revealed the presence of an 8-base consen-
sus sequence (CACTGCCA) within a 120-base interval of the 39
UTR that could bind to a complementary sequence in miRNAs
34a or 449a (Fig. 2C and Fig. 3,A and B).
To confirm that miRNAs 34a and 449a were expressed in

normal cervical tissues and that expression was lost in tumors,
we performed qRT-PCR analysis using primers supplied in
Applied Biosystems TaqMan qRT-PCT kit (Table 1). The qRT-
PCR analysis of normal cervical tissues and corresponding
tumors showed expression of hsa-miR-34a and -449a and
reduced expression of PACS-1 in normal tissues (Fig. 4A).
Tumors showed loss or reduced expression of hsa-miR-34a
and -449a accompanied by enhanced PACS-1 expression,
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confirming the inverse relationship between the two miRNAs
and PACS-1. Our data on the expression of miR-34a and
miR-449a in normal tissues are also supported by the report,
indicating that hsa-miR-34a and hsa-miR-449a are ex-
pressed in normal cervical tissues (33) (Fig. S3). Investiga-
tion of control HEK cells (precursor cells of cervical epithe-
lium) and cells immortalized with HPV 16 E6, E7, or E6 and
E7 genes showed higher expression of hsa-miR-34a in the
control HEK cells (top panel in Fig. 4B). The expression was
reduced in the E6 and the E6 and E7 transformed cells. This
was due to ubiquitination of p53, the protein responsible for
the activation of hsa-miR-34a, by the HPV 16 E6 protein.
Expression of hsa-miR-449a was not detected in the normal
or immortalized HEK cells. Although HEK cells had expres-
sion of PACS-1, statistically significant higher expression of
PACS-1 was seen in E6 and E7 immortalized HEK cells (bot-
tom panel in Fig. 4B). The analysis thus revealed an inverse

relationship between hsa-miR-34a and PACS-1 in the trans-
formed HEK cells.
To validate hsa-miR-34a– and hsa-miR-449a–mediated

inactivation of PACS-1, we transfected HeLa and SiHa cells
with WT and mutant PACS-1 39UTR plasmids containing the
luciferase gene along with b-gal plasmid as internal control. The
cells were then transfected with precursor hsa-miR-negative con-
trol or hsa-miR-34a or hsa-miR-449a precursor miRNAs, and lu-
ciferase activity was measured compared with b-gal activity. We
observed loss of luciferase activity in theWT plasmid (containing
the miR-34a and miR-449a binding sites CACTGCCA. . ..
CACTGCCA. . .) and not in the mutant plasmid (containing four
nucleotide substitutions, CACCAAGA. . ..CACCAAGA. . ., at
the binding sites) transfected cell lines (Fig. 4C). These results
indicated that the two 8-bp sequences represented hsa-miR-34a
and -449a binding sites and that the twomiRNAs regulate PACS-
1 expression.

Figure 1. Overexpression of PACS-1 in primary cervical tumors. A, map of the 300-kb 11q13 region containing the PACS-1 gene and the 5.5-kb HD local-
ized within the first intron. B, Western blotting hybridization with a PACS-1 antibody shows the expression of 120-kDa and 150-kDa proteins in fibroblast and
HPV-positive and HPV-negative cervical cancer cell lines. C, however, hybridization of proteins from the HeLa cells treated with PACS-1 siRNA shows the loss of
the 120-kDa protein (indicated by the arrow), pointing to the 120-kDa protein to be the PACS-1 protein. Hybridization to lamin served as a positive control in
the siRNA studies. D, hybridization of normal and tumor samples from cervical cancer patients shows loss of 120-kDa PACS-1 protein in the normal tissues.
Overexpression of the 120-kDa protein is observed in tumor samples, pointing to the enhanced expression of the PACS-1 in primary cervical tumors. The 150-
kDa protein is seen in both the normal and tumor samples. Green arrow in the 11q13map points to the direction of PACS-1 transcription.DRITH, minimal dele-
tion in g ray–induced tumorigenic hybrids; FRA11A, fragile site 11A. NT, nontumorigenic; T, tumorigenic; F, fibroblast; het, heterozygous deletion; H, homozy-
gous deletion; no, no deletion.
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Genomic sequence of 200 bp of the 39UTR from 10 different
normal and corresponding cervical cancer tissues did not reveal
hsa-miR-34a or hsa-miR-449a binding site mutations in any of
the samples (data not shown). Our qRT-PCR analysis has
shown that hsa-miR-34a is expressed in normal HEK cells and
that the expression is lost in E6 transformed cells (see Fig. 4B).
It has also been shown that hsa-miR-34a expression is lost in
cervical tumors (24, 25). Therefore, we examined RNA
expression of hsa-miR-449a in cervical cancers. The North-
ern blotting analysis showed reduced expression of hsa-
miR-449a in tumor cell lines and primary tumors compared
with the corresponding normal tissues (Fig. 4D). In the
HPV2ve cell lines, HT3 and C33A, we could not detect hsa-
miR-449a expression, indicating a possible role for E6 and
E7 genes in the control of hsa-miR-449a expression in
HPV1ve tumors. There is evidence to indicate that the E6
protein of HPV 16 or 18 is involved in p53-mediated regula-
tion of hsa-miR-34a (26, 34). It is likely that hsa-miR-449a
transcription is affected by the regulation of Rb/E2F1 path-
way by the E7 protein of HPVs 16 and 18 (27, 29, 30). There-
fore, these results indicated that the absence of hsa-miRNA-
34a and hsa-miRNA-449a expression resulted in the loss of
PACS-1 regulation, leading to the overexpression of PACS-
1 in primary cervical tumors.

Down-regulation of PACS-1 with the siRNA or miRNAs 34a or
449a expression leads to S-phase cell cycle arrest in HeLa cells

To determine the relationship between tumor cell growth and
PACS-1 overexpression, siRNA experiments were performed.
The propidium iodide–annexin apoptotic assay revealed a mini-
mal increase in apoptosis in PACS-1 siRNA-treated HeLa cells
(19.08% versus 17.80%) compared with that of scrambled siRNA–
treated cells (Fig. S4). However, addition of FAS ligand led to an
increase in apoptosis in PACS-1 siRNA–treated cells (41.72% ver-
sus 17.01% in controls), indicating cell growth suppression with
the loss of PACS-1 expression. The results indicated that PACS-1

overexpression plays an oncogenic role and that the loss of
expression results in tumor cell growth suppression.
To examine whether the miR-34a– and miR-449a–mediated

regulation of PACS-1 mimics the effect of siRNA, we per-
formed transfection studies with PACS-1 siRNA and the pre-
cursor microRNAs. Cell cycle analysis after a 72-h treatment
showed S-phase cell cycle arrest in PACS-1 siRNA–treated
cells (representative figure, top panel in 5A shows 43.8% of
cells at S phase versus 27.8% in control siRNA). Similarly, a
higher fraction of cells in the S phase was seen in hsa-miR-
34a or -449a–transfected cells compared with that of
scrambled miRNA–treated cells (representative figure
shows 26.12% and 33.34% of cells at S phase for hsa-miR-34a
and hsa-miR-449a, respectively, versus 17.13% for the con-
trol miRNA), indicating an S-phase arrest (bottom panel of
Fig. 5A). There was also increase in cells at G1 phase and cell
death at sub-G1 in miRNA–transfected cells. Statistical sig-
nificance (p , 0.05, Fig. 5B) from three independent FACS
studies showed that S-phase cell cycle arrest seen with the
siRNA is also observed in hsa-miR-34a– or -449a–treated
HeLa cells.
To confirm that loss of PACS-1 expression leads to S-phase

cell cycle arrest, using the DNA synthesis assay, we performed
incorporation of EdU (DNA synthesis nucleotide precursor) by
a pulse-chase experiment. PACS-1 siRNA–transfected HeLa
cells had statistically significant reduction in EdU-labeled cells
at S phase both in the pulse (2 h) and chase (2-h pulse plus 10-h
chase) time periods, indicating decreased DNA replication (Fig.
5, C and D). Two-dimensional FACS analysis (plotting DNA
content versus labeled EdU incorporation) of the same cells
showed a higher fraction of cells in the 2n–4n stage (S phase) of
the cell cycle in PACS-1 siRNA–treated cells (Fig. S5). The S-
phase reduction was much lower than the reduction seen in
EdU-labeled cells shown in Fig. 5C. This discrepancy in the per-
centage of S-phase arrested cells in the two experiments is attrib-
uted to the fact that single-agentDNA content analysis using pro-
pidium iodide staining will not distinguish cells in the early S

Table 1
PCR and RT-PCR primer sequences

Analysis Marker Sequence Product size (bp)

PCR D11S4933 forward
Reverse

GTGGCCGCTACCCCCTTGTC
GTCCCTGGCAGATGTTTGTATTGG

177

PCR PACS-1 exon 3F
Exon 3R

CTCCCAAACTGCTGGGATTA
ATCCTGGCTAGTCCCCAGAC

218

PCR PACS-1 exon 7F
Exon 7R

CACCCTCATTCTGTCCCTGT
TTCAGTCTGGGGGTAGGTTG

169

RT-PCR PACS-1 exon 7F
Exon 13R

GAAGAAGACCCGGAGGAAAC
GCAGATTCCAAGAAAGGTGG

710

RT-PCR B-actin forward
Reverse

GTCGCCCTGGACTTCGAGCAAGAG
CGTCCACCGCAAATGCTTCTAG

474

qRT-PCR sequences:
Expression analysis of hsa-miR-34a and hsa-miR-449 in cervical normal and tumor samples.
TaqManTM MicroRNA assay: Assay name: hsa-miR-34a, Catalog number: 4427975, Assay ID: 000426.
TaqManTM MicroRNA assay: Assay name: hsa-miR-449, Catalog number: 4427975, Assay ID: 001030.
TaqManTM MicroRNA assay: Assay name: RNU48 (used to normalize the microRNA expression), Catalog number: 4427975, Assay ID: 001006.
Expression analysis of PACS-1 in cervical normal and tumor samples.
TaqManTM gene expression assay: Catalog number: 4331182, Assay ID: Hs00216026_m1, Gene Symbol: PACS1.
TaqManTM gene expression assay: Catalog number: 4331182, Assay ID: Hs01060665_g1, Gene Symbol: ACTB (used for normalization).
Luciferase transfection analysis using pre-hsa-miR-34a and pre-hsa-miR-449.
Pre-miRTM miRNA precursor: Catalog number: AM17100, Assay ID: PM11127, Assay name: hsa-miR-449a.
Pre-miRTM miRNA precursor: Catalog number: AM17100, Assay ID: PM11030, Assay name: hsa-miR-34a-5p.
Pre-hsa-miRTM miRNA precursor negative control 1, Catalog number: AM17110.
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phase fromG1 and late S phase from theG2 phase of the cell cycle
(35). The EdU-labeling analysis is therefore an acceptable assay,
and our results confirmed that there is S-phase cell cycle arrest
with the loss of PACS-1 expression.
To determine the fraction of EdU-labeled DNA through the

immunofluorescence assay, confocal microscopic analysis was
performed. The data showed significant reduction (p = 0.034)
in the EdU-labeled green signals in 2-h pulse PACS-1 siRNA–
treated HeLa cells, pointing to reduction in DNA synthesis
(Fig. 5, E and F). The reduction in EdU labeling was highly sig-
nificant (p = 0.007) in the 2-h pulse plus 10-h chase PACS-1
siRNA–treated cells, indicating reduced incorporation into the
second wave of DNA synthesis at the S phase of the cell cycle.

49,6-diamidino-2-phenylindole labeling confirmed the presence
of EdU-labeled cells in the nucleus. Thus, a second method of
DNA-labeling studies confirmed a direct relationship between
loss of PACS-1 expression and S-phase cell cycle arrest.

Induction of DDR and cell-growth suppression with the loss of
PACS-1 expression in HeLa cells

Arrest of cells at S phase will result in DDR, as noticed by
enhanced expression of gH2AX and BRCA1. To test this hy-
pothesis, we induced DDR with doxorubicin and etoposide (4-
h treatment 48 h post siRNA or cDNA transfections) with the
loss or overexpression of PACS-1 in HeLa cells. Loss of PACS-1
expression was seen by the loss of a 120-kDa protein band in

Figure 2. Absence of PACS-1 transcription regulation in primary cervical tumors. A, RT-PCR of normal and tumor tissues from samples 4 and 5 indicates
enhanced expression of the PACS-1 gene at the RNA level. B, PCR analysis with exons 3 and 7 of PACS-1 shows equal-intensity PCR bands in both the normal
and tumor tissues 4 and 5, pointing to the absence of PACS-1 gene amplification. Probe D11S4933 localized 1 Mb proximal to PACS-1 was used as the control
probe. C, UCSC genome browser points to the presence of hsa-miR-34a and hsa-miR-449a binding sequences at the 39 terminus of PACS-1. Green bar repre-
sents miRNA binding sequence CACTGCCA in PACS-1.
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PACS-1 siRNA–treated cells (Fig. 6A), Confocal microscopic
studies showed statistically significant (p , 0.0001) increased
expression of gH2AX and BRCA1 in PACS-1 siRNA–trans-
fected cells and decreased expression in PACS-1 cDNA–trans-
fected cells (Figs. 6, B–E), confirming the inverse relationship
between DDR and PACS-1 expression. To determine whether
DDR induction in PACS-1–depleted cells leads to cell growth
arrest, soft agar colony formation assay was performed. The
growth assay demonstrated statistically significant (p ,
0.00001) loss of HeLa cell growth in PACS-1 siRNA–treated
cells (Fig. 6, F and G). These results clearly demonstrated that
the loss of PACS-1 results in S-phase cell cycle arrest, DDR
induction, and tumor cell growth suppression in the HPV 18–
containingHeLa cells.

Cell growth suppression and induction of DDR with the loss of
PACS-1 expression in the SiHa cells

To determine whether S-phase cell cycle arrest and cell
growth suppression occurs in PACS-1–depleted SiHa cells, an
HPV 16–containing cervical cancer cell line, growth assays
were performed. The hsa-miR-34a or -449a–transfected SiHa
cells showed elongated structures indicating cellular senes-
cence (Fig. 7A). Staining of the cells with b-gal pointed to the
presence of blue cells, confirming senescence-mediated cell
death, i.e. p53/p21-mediated cellular senescence (Fig. 7B). Cell
growth assay studies also showed presence of tiny soft agar col-
onies in hsa-miR-34a or -449a–transfected SiHa cells com-
pared with the large colonies observed in untreated or
scrambled miRNA–transfected cells (Fig. 7C). Further, the
miRNA-transfected colonies appeared in 4 weeks compared

with the appearance of control colonies in less than 2 weeks,
clearly demonstrating a statistically significant (p , 0.0001)
growth inhibitory effect of the two miRNAs (Fig. 7D). Corre-
spondingly, analysis of protein expression in Western blots
confirmed inhibition of PACS-1 expression in miRNA-trans-
fected cells and that cellular senescence was related to the
increased expression of p53 and p21 genes (Fig. 7E).
To confirm the inverse relationship between DDR and

PACS-1, transfection studies were carried out using hsa-miR-
449a alone or in combination with LNA-hsa-anti-miR-449a or
PACS-1 plasmid cDNA in SiHa cells. Introduction of hsa-miR-
449a led to loss of PACS-1 expression, and cotransfection with
LNA-hsa-anti-miR-449a resulted in the re-expression of
PACS-1 (loss of 120-kDa protein band with hsa-miR-449a and
reappearance with LNA-hsa-anti-miR-449a) accompanied by
decreased expression of p53 (Fig. 8A). Increased expression of
gH2AX and p53 with the introduction of hsa-miR-449a and
decreased expression post cotransfection with LNA-hsa-anti-
miR-449a indicated reversal of the hsa-miR-449a–mediated
DDR by re-expression of PACS-1 in LNA-hsa-anti-miR-449a–
expressing cells.
Soft agar colony formation studies showed statistically signif-

icant (p , 0.001) cell growth inhibition by hsa-miR-449a and
reappearance of medium colonies by cotransfection with LNA-
hsa-anti-miR-449a, pointing to the reversal of growth suppres-
sion with the re-expression of PACS-1 (Fig. 8, B and C).
Although colony size was small, there was an increase in the
number of soft agar colonies in the hsa-miR-449a and PACS-1
cDNA cotransfected cells compared with hsa-miR-449a alone
or in combination with control cDNA–transfected cells, con-
firming an inverse relationship between PACS-1 expression

Figure 3. Presence of hsa-miR-34a and 449a binding sequences at 39 terminus of PACS-1 gene. A, two hsa-miR-34a/449a binding sites are seen within
200 bp of the stop codon of the PACS-1 gene, indicating a strong binding site for the miRNAs. B, stem loop structures of hsa-miRNAs 34a and 449a contain
complementary binding sequences shown in green. The source for the stem loop structures is http://www.mirbase.org/cgi-bin/mirna_entry.pl?acc=
MI0000268.
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and SiHa cell line growth (Fig. 8D). Further, confocal micros-
copy showed enhanced gH2AX expression in hsa-miR-449a–
transfected cells and decreased expression in the presence of
LNA-hsa-anti-miR-449a or PACS-1 cDNA (633magnification
data are shown in Fig. 8E). Intensity measurements confirmed
increased gH2AX fluorescence in hsa-miR-449a–transfected
cells and a statistically significant (p, 0.0001) reduction in flu-
orescence intensity by cotransfection with LNA-hsa-anti-miR-
449a (Fig. 8F). Significant reduction of gH2AX fluorescence
(p , 0.001) was also seen by cotransfection of PACS-1 cDNA,
indicating reversal of DDRwith PACS-1 re-expression.
To find out whether the reversal of colony formation and

PACS-1 expression could also be seen with LNA-hsa-anti-miR-
34a, SiHa cells transfected with hsa-miR-34a alone or in combi-
nation with LNA-hsa-anti-miR-34a were assayed for colony
formation in soft agar. The analysis showed statistically signifi-

cant reduction in colony formation in the hsa-miR-34a–trans-
fected cells (p , 0.0001) compared with the reagent and hsa-
miR-control–transfected cells (Fig. 9, A and B). An increase in
colony number and size was observed in LNA-hsa-anti-miR-
34a cotransfected cells (p, 0.0001), confirming the growth in-
hibitory effect of hsa-miR-34a correlating to reduced PACS-1
expression and reversal of growth inhibition with the increase
in PACS-1 expression. Western blotting analysis showed
reduced expression of PACS-1 with hsa-miR-34a compared
with the reagent or hsa-miR-control–transfected cells (Fig.
9C). Although cotransfection of LNA-hsa-anti-miR-34a with
hsa-miR-34a showed an increase in PACS-1 expression, the
increase was not as pronounced as seen with LNA-hsa-anti-
miR-449a/hsa-miR-449a cotransfected cells shown in Fig. 8A.
Expression of p53 increased with hsa-miR-34a compared with
hsa-miR-control–transfected cells. However, as opposed to

Figure 4. Validation of PACS-1 mRNA as a direct target of miR-34a and miR-449a. A, analysis by qRT-PCR shows higher expression of hsa-miR-34a and
hsa-miR-449a in normal cervical samples compared with corresponding tumor samples. There is, however, an increased PACS-1 expression in cancer samples
compared with normal samples, pointing to the inverse relationship in the expression of hsa-miR-34a/449a and PACS-1. B, qRT-PCR of control and HPV 16 E6,
E7, or E6 1 E7 transformed HEK cell lines show decreased expression of hsa-miR-34a in E6 and E6 1 E7 transformed cell lines accompanied by increased
expression of PACS-1 in the two cell lines reflecting inactivation of p53 by the HPV 16 E6 protein and inverse relationship in the expression of hsa-miR-34a and
PACS-1.C, luciferase activity with respect to b-gal activity in HeLa and SiHa cells transfected with reporter vectors containing PACS-1 39-UTR target sequences
of hsa-miR-34a or hsa-miR-449a (WT or mutant plasmid vectors), and pre-hsa-miR-34a/449a or respective pre-hsa-miR controls show statistically significant
decreased luciferase activity in WT sequence transfected cell lines. Luciferase activity is unaffected in mutant plasmid transfected cell lines, confirming the
presence of hsa-miR-34a and hsa-miR-449a binding sites at the 39 end of the PACS-1 gene (*p, 0.05; **p. 0.05). D, a Northern blotting analysis of three dif-
ferent primary cervical tumors and corresponding normal tissues shows reduced expression of hsa-miR-449a in tumor samples. Whereas reduced hsa-miR-
449a expression is seen in HPV-positive cell lines HeLa, SiHa, MS751, and C4-1, expression is lost in HPV-negative cell lines C33A and HT3. Ratio of hsa-miR-
449a expression with respect to U6 RNA (top band) clearly points to reduced hsa-miR-449a expression in tumor samples.
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LNA-hsa-anti-miR-449a–induced reduction in p53 expression,
inclusion of LNA-hsa-anti-miR-34a did not result in the aboli-
tion of p53 expression. This could be attributed to the interde-
pendent regulation of p53 and hsa-miR-34a genes (36). Trans-
fection of hsa-miR-34a resulted in the enhanced expression of
Ac-Lys382-p53 and gH2AX, and the expression was reduced in
LNA-hsa-anti-miR-34a cotransfected cells. Acetylation of p53
with hsa-miR-34a and deacetylation in combination with LNA-
hsa-anti-miR-34a can be attributed to the inhibitory effect of
hsa-miR-34a on p53 deacetylase, SIRT1, and the reversal with
LNA-hsa-anti-miR-34a. Our studies have thus confirmed the
inverse relationship of PACS-1 to DDR and cell growth sup-
pression in both the HPV 16 and 18 positive cervical cancer cell
lines.

PACS-1 loss with the siRNA is associated with DDR but not
with other hsa-miR-34a or hsa-miR-449a targets

In addition to S-phase cell cycle arrest and DDR, miRNAs
34a and 449a target other proteins, implying a pleotropic effect.
To determine whether PACS-1 siRNA transfection leads to in-

hibition of other proteins targeted by miRNAs 34a and 449a,
we analyzed HeLa and SiHa cells transfected with PACS-1
siRNA. The Western blotting analyses showed increased
expression of gH2AX and Ac-Lys382–p53 and –p21, confirm-
ing DDR and p53 activation (Fig. 10, A and B). There was no
change in the expression of SIRT1, HDAC1, or CDK 6 in
PACS-1 siRNA–transfected cells compared with the control
siRNA transfected cells, indicating that other target genes of
hsa-miR-34a and -449a are not affected by the loss of PACS-1
expression. Further, inactivation of p53 in PACS-1 knocked-
down cells did not alter gH2AX expression, indicating the p53
effect to be downstream of DDR (Fig. 10C). Although there was
reduced gH2AX expression in PACS-1 siRNA plus vector
EGFP cDNA–transfected cells compared with PACS-1 siRNA
alone–transfected cells, PACS-1 re-expression with EGFP–
PACS-1 cDNA resulted in the loss of gH2AX expression, con-
firming the inverse relationship between PACS-1 and DDR.
These results pointed out that loss of PACS-1 plays a role in
DDR without affecting other hsa-miR-34a/449a targets. Also,
activation of p53 through Lys382 acetylation without affecting

Figure 5. S-phase cell cycle arrest in PACS-1 downregulated HeLa cells. A, FACS analysis of HeLa cells shows delayed S phase in the presence of PACS-1
siRNA (43.8 versus 27.8), indicating a role for the PACS-1 protein in the S phase of the cell cycle. Exogenous expression of hsa-miR-34a or hsa-miR-449a also
shows a similar delay in S phase (26.1 and 33.8 for hsa-miR-34a and hsa-miR-449a, respectively, versus 17.1 for the scrambled hsa-miR-control), pointing to the
association between inactivation of PACS-1 and S-phase cell cycle arrest. B, bar graph points to statistically significant increase in S phase in hsa-miR-34a–,
hsa-miR-449a–, or PACS-1 siRNA–transfected cell lines. C and D, statistically significant decreased Edu incorporation is observed at S phase of both the 2-h
pulse and the 2-h pulse and 10-h chase of PACS-1 siRNA–transfected cells. E and F, Immunofluorescence assay confirms reduced nuclear EdU staining of
PACS-1 siRNA–transfected cells. Percentage represents green EdU staining compared with total blue 49,6-diamidino-2-phenylindole (DAPI)-stained cells. Data
represent at least three independent studies.
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Figure 7. Expression of hsa-miR-449a leads to growth suppression of SiHa cells. A, phase-contrast microscopy of the miRNA-treated SiHa cells shows sen-
escent and dying cells, pointing to the growth suppressive effect of hsa-miR-34a and hsa-miR-449a. B, staining with b-gal indicates the presence of blue cells
in hsa-miR-34a– or hsa-miR-44a–transfected SiHa cells, indicating induction of senescence by these two miRNAs. C, colony formation assay shows large colo-
nies in the untreated and control miRNA–transfected SiHa cells. Absence of large colonies in the hsa-miR-34a– or -449a–treated SiHa cells points to the role of
these two hsa-miRNAs in cancer cell line growth suppression.D, scatter plot shows significant reduction (p, 0.0001) in soft agar colony formation of hsa-miR-
34a– or hsa-miR-449a–expressing cells. E, Western blotting analysis confirms the role of hsa-miR-34a– and hsa-miR-449a–mediated inactivation of PACS-1 and
activation of p53 and p21 genes, pointing to p53/p21mediated cell death.

Figure 6. Induction of DDRwith the loss of PACS-1 expression in HeLa cells. A, loss of 120-kDa PACS-1 protein band in the Western blots after 48-h treat-
ment with PACS-1 siRNA. B and C, confocal microscopy of HeLa cells transfectedwith controls, siRNA, or PACS-1 cDNA for 48 h and then treated with doxorubi-
cin (0.5 mM) and etoposide (50 mM) for 4 h shows up-regulation of gH2AX with PACS-1 siRNA and down-regulation with PACS-1 overexpression. D and E,
statistically significant up-regulation of another DDR marker BRCA1 with the loss of PACS-1 expression and down-regulation with PACS-1 overexpression is
seen. Values represent mean intensity of 20 measurements6 S.D. (p , 0.0001). F and G, soft agar colony formation assay of PACS-1 siRNA–transfected cells
plated onto soft agar 48-h posttransfection shows absence of colonies (measured as .100 cells) compared with the control untreated or nonspecific siRNA
treated cells, indicating statistically significant (p, 0.00001) reduction in tumor cell line growth with the loss of PACS-1 expression.
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p53 expression (compared with the control siRNA–treated
cells) indicates that p53 is a downstream target of DDR. At
present, we do not know the deacetylase inhibited in PACS-1
siRNA–treated cells and therefore cannot speculate whether
p53 acetylation is a direct or an indirect effect of PACS-1.

Genomic instability with the loss of PACS-1 expression

To understand the relationship between PACS-1 and p53,
FACS analysis was performed with the inactivation of PACS-1
or both PACS-1 and p53. We could observe an increase in S
phase accompanied by the presence of cells in 2n–4n stage (an-
euploidy) and an absence of cells at the G2 phase in PACS-1
siRNA–treated cells (middle panel in Fig. 11A). Additional loss
of p53 with p53 siRNA led to the disappearance of 2n–4n cells
(aneuploidy) and the appearance of cells at G2 phase (bottom
panel in Fig. 11A). To verify the relationship between PACS-1
and p53 further, RNA-seq analysis was performed on the cells
used for the FACS studies. RNA-seq data showed that PACS-1
siRNA mediated down-regulation of cell cycle–related onco-
genes (CDK6, CTNNB1/b catenin-1, and NFkB1) and up-regu-
lation of tumor suppressor genes (STK11/LKB1 and cystatins A
and B), with a decrease or increase of at least 50% of control
siRNA (Fig. 11B). These changes were reversed with the inacti-

vation of p53, confirming the relationship between PACS-1
and p53. Several hsa-miR-449a target genes HDAC1, E2F1,
SIRT1, SIRT2, CDK4, and CDC25A, however, were not
affected by the inactivation of PACS-1. Although we have seen
an inhibitory effect of PACS-1 loss on CDK6 at the RNA level,
this effect is not observed at the protein level (see Fig. 10A),
indicating that CDK6 may not be a PACS-1 siRNA target for
cell cycle arrest.
Gene Ontology analysis of the RNA-seq data showed a

reduction in the G2-M pathway gene expression in PACS-1–
inactivated cells, which was reversed with the additional loss of
p53 (Fig. S6). However, an increase in DNA repair pathway
with PACS-1 loss was not affected by the loss of p53. p53 path-
way gene expression was decreased in p53 siRNA–treated cells
serving as a positive control for these studies.
Karyotype analysis of HeLa cells is extremely difficult

because of the presence of innumerable deletions and translo-
cations present in 64 chromosomes of this cell line. Thus, we
decided to perform whole genomic sequencing of this cell line
and a normal human fibroblast cell line (GM00023) to identify
copy number variations (CNVs) as a measure of PACS-1 loss-
induced genomic instability. We observed statistically significant
CNVs in the intragenic regions of number of chromosomes

Figure 8. Relationship between PACS-1 and DDR to cell growth in hsa-miR-449a–expressing SiHa cells. A, loss of PACS-1 expression with hsa-miR-449a
transfection leads to increased expression of gH2AX and p53, and cotransfection with LNA-hsa-anti-miR-49a results in the re-expression of PACS-1 accompa-
nied by down-regulation of gH2AX and p53. B, growth suppression of SiHa cells by hsa-miR-449a is also reversed by cotransfection with LNA-hsa-anti-miR-
449a, pointing to the inverse relationship between PACS-1 expression and cell growth inhibition. C, scatter plot shows statistically significant SiHa cell line
growth suppression and reversal of growth suppression with the introduction of LNA-anti-miR-449a.D, large colonies of SiHa cells become small colonies after
transfection with hsa-miR-449a. Cotransfection of hsa-miR-449a with PACS-1 cDNA results in the appearance of a higher number of larger colonies than that
of hsa-miR-449a– and CMV-cDNA–transfected cells. Thus, there is reversal of hsa-miR-449a–mediated growth suppression by exogenous PACS-1 re-expres-
sion.White arrows point to colonies in PACS-1 cDNA–transfected cells. E, confocal microscopy confirms gH2AX foci formation in SiHa cells in the presence of
hsa-miR-449a and the reversal of this phenotype with the introduction of anti-miR-449a or the PACS-1 cDNA. Whereas etoposide (50 mM) treatment for the
DNA damage–mediated overexpression of gH2AX was used as the positive control, transfection with CMV cDNAwas used as the control for transfection stud-
ies. F, scatter plot shows statistically significant reversal of gH2AX foci formation by cotransfection with LNA-anti-hsa-miR449a (p , 0.0001) or PACS-1 cDNA
(p, 0.001). Values representmean intensity of 20measurements6 S.D.
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(Fig. S7, A–D). Representative CNVs of chromosome 22 in
GM00023 and chromosome 16 inHeLa cells are presented in Fig.
12,A–C. Cotransfection with p53 siRNA led to the appearance of
a different set of CNVs and reversal of PACS-1 siRNA–associated
CNVs (Fig. 12C). These results suggested that p53 plays a role in
DNA replication, as also suggested by Klusmann et al. (37), lead-
ing to the development of aneuploidy in PACS-1 inactivated cells.
Aneuploidy is lost with the additional loss of p53. Thus, PACS-1
loss leads to genomic instability, DDR, and p53-mediated cell
death, and these phenotypes are lost with the inactivation of both
p53 and PACS-1.

PACS-1 nuclear expression

To find out whether nuclear expression occurs in HeLa and
SiHa cells for the S-phase cell cycle arrest, immunofluorescence
analysis was performed. We observed statistically significant
nuclear expression (p, 0.0001) at 8 h post 24-h serum starva-
tion compared with 0, 16, and 24 h in both the HeLa and SiHa
cell lines (Fig. 13, A–D). Our endogenous expression data con-
cur with the exogenous PACS-1 nuclear expression seen by
Atkins et al. (38), indicating that PACS-1 is transported to the
nucleus. Protein expression studies of the cells collected at the
same time periods showed nuclear expression correlating to
the expression of G1-S phase cyclins, cyclin D1 and E (Fig. 13E).
Cyclin A (S-G2 phase cyclin) is expressed at 8 h in HeLa cells,

indicating a role for PACS-1 in the early S phase of the cell
cycle. From our results, we hypothesize that hsa-miRNA-34a
and hsa-miR-449a regulate PACS-1 expression during the cell
cycle. Inactivation of the two miRNAs through HPV E6 and E7
proteins in cervical cancer leads to PACS-1 overexpression
resulting in the loss of both the DDR and p53 mediated cell
death (Fig. 13F).

Inverse relationship between PACS-1 expression and cervical
cancer survival

Kaplan-Meier survival analysis of the Cancer Genome Atlas
database did not show a statistical significance for the expres-
sion of PACS-1 or the homologous protein PACS-2 and
cancer-free survival at earlier time periods (, 6 years) (Fig. S8,
A–E). However, the data revealed PACS-1 overexpression
(indicated as 1) and reduced PACS-2 expression (indicated
as 2) tending toward poor survival at later years (.6 years)
postdiagnosis, suggesting a prognostic role for PACS-1 in cervi-
cal cancer and an inverse relationship to PACS-2. It is likely
that the loss of PACS-2 might be a requirement for the PACS-
1–mediated poor survival in cancer survival, and thus there is a
time delay. The data also show a direct correlation of survival to
cyclin D1 expression and inverse correlation to E2F. This indi-
cates that there is an inverse relationship between PACS-1 and
hsa-miR-449a, whose expression ismediated by E2F (Fig. 13E).

Figure 9. Inverse relationship between PACS-1 expression and cell growth in hsa-miR-34a–transfected SiHa cells. A and B, soft agar colony formation
assay shows statistically significant (p, 0.0001) loss of colony-forming ability post hsa-miR-34a transfection, and this growth suppression is reversed in LNA-
hsa-anti-miR-34a cotransfected cells. C, transfection with hsa-miR-34a leads to decreased PACS-1 expression accompanied by increased expression of Ac-
Lys382-p53 and gH2AX. Cotransfection with LNA-hsa-anti-miR-34a leads to increase in PACS-1 expression and reduction in the expression of Ac-Lys382-p53
and gH2AX, pointing to the inverse relationship between PACS-1 and DDR. Increased p53 expression observed with hsa-miR-34a compared with the miR-con-
trol is not reversed in LNA-hsa-anti-miR-34a cotransfected cells.
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Discussion

Nonrandom chromosomal changes involving 11q13 have
been observed in cervical, breast, head, neck, and other
human tumors (39, 40). These changes include chromo-
somal deletions and amplifications. Extensive studies have
mapped amplification of cyclin D1 and distal 11q13 markers
as a major event in human tumors (39). We have previously
shown that proximal 11q13 breakages in cervical cancer cell
lines exhibit deletions, including deletion of sequences of
the cystatin E/M tumor suppressor gene (41–43). In these
investigations, we have also identified homozygous deletion
(HD) of a 5.5-kb sequence overlapping with the common
fragile site FRA11H at chromosome 11q13 (14, 18). The HD
has led us to the identification of the transport protein
PACS-1 to be overexpressed in primary tumors, and we
show that PACS-1 plays a nuclear role in genomic stability.
Results from Fig. 1B suggest that 5.5-kb HD does not have a
role in the overexpression of PACS-1.
Microarray analysis of miRNAs between normal and cervical

cancer samples has identified both oncogenic and suppressor
miRNAs (44, 45). Functional investigations have confirmed
their role in enhanced cell growth or cell growth suppression.
Although these are important investigations, direct targets of
these miRNAs have not been identified in tumor development.
Hsa-miR-34a has been shown by several investigators to be a
p53-activated suppressor miRNA whose expression is lost in
human tumors (23). Because p53 is inactivated by the E6 gene

of HPV, it has been pointed out that hsa-miR-34a is also inacti-
vated in cervical cancer (23–26).
Hsa-miR-449a was identified as a regulatory miRNA of

CDK6 in the Rb-E2F pathway (27–30). It was shown that the
increased activation of E2F1 resulting from the phosphoryla-
tion of Retinoblastoma gene (RB) protein leads to transcription
of the CDC20B gene containing the hsa-miR-449a. This in turn
results in the inhibition of CDK6 leading to dephosphorylated
RB and RB-mediated inactivation of E2F1. However, the effect
of hsa-miR-449a on CDK4, the major RB phosphorylating
enzyme, has not been shown. Thus, the existing data provide
only partial evidence for the involvement of hsa-miR-449a in
the RB-E2F feedback loop. Additionally, it has been shown
that hsa-miR-449a is involved in the regulation of various
regulatory proteins, SIRT1, cyclin D1, HDAC1, and CDK6
of the Rb and p53 pathways (25–27). These investigations
have also pointed out the role of hsa-miR-449a in genomic
instability and cellular senescence through the activation of
p53/p21 genes. Here we demonstrate that PACS-1 is the pri-
mary target of hsa-miRNA-34a and hsa-miR-449a for the
DNA damage response and the cell cycle arrest associated
with DDR and that the effects are inhibited by the overex-
pression of PACS-1. Although SIRT1 inactivation by hsa-
miR-34a or -449a will result in the acetylation of p53, we
cannot at present speculate whether p53 acetylation in
PACS-1 siRNA–treated cells is a direct or indirect effect of
PACS-1. We feel that p53 acetylation occurs as a down-
stream effect because of activation of DDR.

Figure 10. Inverse relationship between PACS-1 and DDR. A, treatment of HeLa cells with PACS-1 siRNA leads to loss of PACS-1 expression accompanied
by increased expression of gH2AX, Ac-Lys382-p53, and p21. There was no change in the expression of HDCA1, SIRT1, or CDK6 proteins. B, SiHa cells also show
loss of PACS-1 expression (indicated by the arrow) accompanied by increased expression of gH2AX, Ac-Lys382-p53, p21, and p-Ser-317-chk1. C, Western blot-
ting showing increased gH2AX expression in PACS-1 siRNA–treated cells that is not affected by the loss of p53 expression. Transfection of EGFP-plasmid cDNA
40 h posttransfection of PACS-1 siRNA shows gH2AX expression. Reduced expression compared with PACS-1 siRNA alone could be attributed to plasmid DNA
transfection–induced genomic stress. However, gH2AX expression is lost with the re-expression of PACS-1 through EGFP-PACS-1 plasmid cDNA, pointing to a
PACS-1–mediated reversal of DDR.
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Previous studies have demonstrated that cell cycle arrest at
the G1 phase with the exogenous expression of hsa-miR-34a
and hsa-miR-449a correlated to the activation of p53 and p21
genes (23–25). Whereas we could observe an increase in G1,
there was increase in S phase in hsa-miR-34a– or hsa-miR-
449a–transfected cells. The results could suggest that hsa-miR-
449a could function as a secondary-level tumor suppressor to
hsa-miR-34a. Just as at least two oncogenes are required for cel-
lular transformation; two suppressor miRNAs might be
required to inhibit cellular transformation. It is also likely that
there might be tissue-specific expression of these two miRNAs
to regulate PACS-1 expression.
Genomic instability is also associated with both rare and

common chromosomal fragile sites. Rare fragile sites include

sites that are induced to break in 5% of the population and are
related to CCG/CAG triplet repeats. The best examples are
FRXA associated with the inactivation of FMR1 (fragile X asso-
ciated mental retardation gene 1) and FRXE related to the inac-
tivation of FMR2 gene (46, 47). Common fragile sites, on the
other hand, occur in normal population, and FRA3B and
FRA16D are the best examples of common fragile sites (46–48).
The two genes FHIT (frequently hit) andWWOX/FOX (fragile
16D oxidoreductase) of FRA3B and FRA16D, respectively, rep-
resent a large genome of.1 megabase and a short transcript of
,1.5 kb. These genes contain large introns that seem to play a
role in the fragility of these sites. We believe that sequences
encompassing the PACS-1 gene represent the common fragile
site FRA11Hmapped to proximal 11q13 locus for the following

Figure 11. Loss of PACS-1 results in genomic instability. A, a representative figure indicates that HeLa cells transfected with PACS1 siRNA show retention of
cells in 2n–4n stage (G1 and S phase) of the cell cycle, and this effect is reversed with the inactivation of p53 with p53 siRNA. B, relative RNA expression of
PACS1 siRNA–treated cells shows down-regulation of oncogenes (less than 60%of the control) or up-regulation (above 190% of the control) of tumor suppres-
sor genes. These changes are reversed by p53 inactivation with p53 siRNA. Expression of CDK4, E2F1, HDAC1, SIRT1, and SIRT2 genes is unaffected (between
70 and 120% of the control) by the loss of PACS-1 expression alone or in combinationwith the loss of p53.
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reasons: 1) a large genome of 175-kb coding for a short tran-
script of 4.5 kb, 2) a large 123-kb first intron, 3) large stretches
of alu- and AT-rich sequences (normally associated with com-
mon fragile sites) within this intron, and 4) homozygous dele-
tion of an alu-rich 5.5-kb sequence in cervical cancer cell lines
and primary tumors. Thus, HPV oncogene-induced replication
stress or chemo-radiation treatments could induce fragile site
induction leading to chromosomal rearrangements that could
be stabilized by PACS-1 overexpression.
Persistence of replication stress as in the case of HPV infec-

tion of keratinocytes leads to fork-stalling lesions such as dou-
ble stranded breaks and activation of ATM and Rad3-related
(ATR)- and ATM-mediated signaling cascades leading to S-G2

cell cycle arrest. Activation of H2AX by phosphorylation and
recruitment of MRN (MRE11, RAD50, and Nbs1; Neijmahan
syndrome protein and Fanconi anemia pathway proteins) and
RAD51 proteins result in error-free homologous recombina-
tion preventing genomic instability (49). Activation of down-
stream p53 by acetylation leads to cell senescence and apopto-

sis. However, with the inhibition of this repair pathway in
PACS-1 overexpressed cancer cells, there will be nonhomol-
ogous recombinations resulting in genomic instability rep-
resented by translocations and deletions. Fragile sites have
also been suggested to be favorable sites of HPV genome
integration (46, 47). Thus, inactivation of p53 and Rb pro-
teins by oncogenic HPV E6 and E7 proteins, respectively,
and overexpression of PACS-1 resulting in the loss of DDR
lead to chemo-radiation–resistant genomic instability of
HPV-induced cervical cancers.
An inverse relationship between PACS-1 expression and p53

acetylation suggested PACS-1’s role in the regulation of p53
through DDR. Importantly, SIRT1 regulation of p53 is well-
known in tumor response to chemotherapy (38, 50). It has been
shown that PACS-2 inhibits SIRT1, leading to the increased
acetylation of p53 for the activation of p21 and cell cycle arrest
(38). However, we find that the deacetylation of p53 in PACS-1
siRNA–treated cells does not involve SIRT1 or SIRT2. It is
likely that PACS-1 recruits an HDAC other than HDAC1 or

Figure 12. A, representative figure shows statistically significant CNVs of all the chromosomes of the GM00023 cells transfected with PACS-1 siRNA versus con-
trol siRNA.M refers to mitochondrial DNA. B, CNVR 1 of chromosome 22 is shown as a representative of GM00023 cell line CNVs observed in a single chromo-
some. C, representative figures are shown for statistically significant CNVs (CNVR 14) seen in chromosome 16 of HeLa cells transfected with PACS-1 siRNA
versus control siRNA (left panel) and combined PACS-1 and p53 siRNAs versus control siRNA (right panel). Different intragenic regions are targeted by the loss
of PACS-1 expression alone compared with the combined loss of PACS-1 and p53.
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another deacetylase for the inactivation of p53 and prevention
of cell cycle arrest for entry into S phase.
The RNA-seq analysis has shown PACS-1 fragments/kb mil-

lion values to be 1731 and 1836 for HeLa treated with control
siRNA and p53 siRNA, respectively, indicating no effect of p53
loss on PACS-1 expression (data not shown). The TP53 values
were 702 and 378 for the control and p53 siRNA–treated
cells, respectively, indicating a 46% reduction in p53 RNA
expression post p53 siRNA treatment. This is also reflected
in .50% reduction in p53 expression post p53 siRNA treat-
ment in the Western blotting shown in Fig. 11C. The Gene
Ontology data of RNA expression presented in Fig. S6 show
reduction in the p53 pathway with p53 siRNA and no effect
on the DNA repair pathway which increases with the PACS-
1 siRNA. Thus, we hypothesize that PACS-1 expression is
regulated by hsa-miR-34a and not by the direct effect of p53.
There is increased p53 expression in hsa-miR-34a– or

-449a–transfected cells compared with the control-miR
transfected cells (Fig. 7E and Fig. 9C). Although cell growth
inhibition is reversed with the cotransfection of LNA-hsa-
anti-miR-34a or -449a with the respective miRNAs (Fig. 8B
and Fig. 9A), decrease in p53 expression was not observed in
LNA-hsa-anti-miR-34a cotransfected cells (Fig. 9C). This
could be attributed to the interdependent relationship
between p53 and hsa-miR-34a, where the loss of miR-34a

with anti-miR-34a could result in the re-expression of p53
(36). As seen with LNA-hsa-anti-miR-449a, DDR and cell
growth suppression were lost in association with increased
PACS-1 expression in LNA-hsa-anti-miR-34a–treated cells.
These results indicated that inactivation of PACS-1 plays a
role in DDR and cell growth suppression in hsa-miRNA-
34a– and hsa-miR-449a–treated cell lines.
In conclusion, we show that PACS-1 plays a role in genome

stability during the S phase of the cell cycle. Its expression is
regulated by miRNAs 34a and 449a, which serve as suppressor
molecules in tumor development. Cancer genome studies have
shown that there are numerous driver mutations due to tumor
heterogeneity (51). miRNAs 34a and 449a control the cell cycle
through regulation of several of these targets, and our results
demonstrate that PACS-1 is a primary target of the two miR-
NAs. With the loss of these miRNAs, PACS-1 is overexpressed
in HPV-induced replicative stress, leading to genomic rear-
rangements and tumor development.

Experimental procedures

Cell lines

Cervical cancer cell lines HeLa, SiHa, Caski, Me-180, HT3,
and C33A and normal human fibroblast cell lines GM00023,
GM00047, and GM05399 were grown in RPMI supplemented

Figure 13. Nuclear PACS-1 expression. A and B, HeLa cell immunofluorescence shows statistically significant (p, 0.0001) nuclear PACS-1 expression at 8 h
compared with 0, 16, and 24 h post serum starvation. C and D, SiHa cells also show statistically significant (p, 0.0001) nuclear PACS-1 expression at 8 h com-
pared with 0, 16, and 24 h. E, cell cycle protein analysis shows 8-h PACS-1 nuclear expression correlates to the expression of G1-S phase cyclins, cyclin D1 and
cyclin E. Expression of cyclin A (S-G2 phase cyclin) at 8 h is also observed in the HeLa cells, pointing to nuclear translocation possibly occurring at early S phase.
F, mechanism is proposed where the cytoplasmic sorting protein PACS-1 has a role in the inhibition of stress-induced DDR in cervical cancer. Inhibition of Sirt1
by hsa-miR-34a or -449a results in p53 activation by Lys382 acetylation. In the absence of miRNA expression, PACS-1 overexpression results in the inhibition of
DDR and the associated p53 activation.
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with 10% FBS, 100 mg/ml streptomycin sulfate, and 100 units/
ml penicillin (42, 43). Primary human epidermal keratinocytes
stably transduced with HPV 16 E6, E7, E6 and E7, or control
retroviral vectors were obtained from Dr. Denise Galloway
(University of Washington, Seattle, WA) and grown in kerati-
nocyte-specific media with keratinocyte culture supplements.

Primary tumor samples

Protein extracts were prepared from primary cervical cancer
and adjacent normal tissues obtained with the Institutional
Review Board (IRB) approval from VAGLAHS Los Angeles and
City of HopeMedical Center, Duarte, CA.

PCR and genome sequencing

DNA from cell lines was amplified using exon-specific pri-
mers for the 23 exons of PACS-1 gene. PCR products were
cloned into TA vectors, and at least three clones were
sequenced for each of the exons (18).

RT-PCR and Northern blotting

RNA was extracted using TRIzol following the manufac-
turer’s instructions. miRNA was extracted using miRNA isola-
tion kit (Ambion). Northern blotting for hsa-miR-449a was car-
ried out following established protocol (17, 18). RT-PCR was
carried out using 1 ng of RNA using the RT first strand synthe-
sis kit (Invitrogen) followed by PCR using standard reaction
conditions.

Cell cycle and annexin assay

Cell cycle studies of the control, PACS siRNA (Thermo
Fisher Scientific), and hsa-miRNA (Exiqon A/S Life Sciences,
Germany) transfected cells were carried out using the estab-
lished protocol.

Western blotting

Proteins separated on SDS-PAGE gels were transferred to
nitrocellulose membranes and hybridized to antibodies as
described (42, 43, 52).

miRNA transfection and qRT-PCR

For microRNA overexpression, precursor miRNAs were
obtained from Applied Biosystems (Thermo Fisher Scientific)
(Table 1). The cells were transfected with precursor hsa-miR-
34a (miR-34a, 30 nM), precursor hsa-miR-449a (miR-449a, 30
nM), or precursor hsa-miR-449a and LNA-hsa-anti-miR-449a
(30 nM each) using siPORT NeoFX transfection reagent,
whereas a scrambled miRNA precursor (hsa-miR-control) was
used as a negative control. The cells were harvested for mRNA
analysis 48 h posttransfection, and qRT-PCR was performed as
described (30).

Edu (5-ethynyl-29-deoxyuridine) labeling and FACS analysis

HeLa cells grown in RPMImedium in 100-mm tissue culture
dishes to 70% confluency were transfected with control or
PACS-1 siRNA (Thermo Fisher Scientific), and the EdU label-

ing and FACS analyses were performed following the manufac-
turer’s protocol.

Immunofluorescence

The immunofluorescence studies were performed in siRNA-,
miRNA-, or plasmid-transfected exponentially growing cells as
described earlier (42, 52).

Statistical calculations

For the qRT-PCR, statistical analysis of differential expres-
sion was performed by one-way analysis of variance with
multiple pairwise comparisons with Sidak correction. All
the studies including miRNA and siRNA transfections,
FACS, growth suppression, and EdU labeling studies were
carried out in at least three independent experiments, and
statistical significance was calculated using Student’s t test.
All the results are presented as means 6 S.D., and a p-value
of,0.05 was considered significant.

Data availability

All the data are contained within this article and in the sup-
porting information.
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