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Background:Cause of the complete loss of CDC73 in a subset of parathyroid tumors remains to be elucidated in the absence
of a second mutation and promoter methylation.
Results:Oncogenic miR-155 causes down-regulation of tumor suppressor CDC73 in OSCC.
Conclusion:miR-155 up-regulation adds yet another mechanism for CDC73 down-regulation in tumors.
Significance: Targeting miR-155 adds novelty to OSCC therapeutics.

TheCDC73 gene ismutationally inactivated in hereditary and
sporadic parathyroid tumors. It negatively regulates �-catenin,
cyclin D1, and c-MYC. Down-regulation of CDC73 has been
reported in breast, renal, and gastric carcinomas. However, the
reports regarding the role of CDC73 in oral squamous cell car-
cinoma (OSCC) are lacking. In this studywe show that CDC73 is
down-regulated in a majority of OSCC samples. We further
show that oncogenic microRNA-155 (miR-155) negatively reg-
ulates CDC73 expression. Our experiments show that the dra-
matic up-regulation of miR-155 is an exclusive mechanism for
down-regulation of CDC73 in a panel of human cell lines and a
subset of OSCC patient samples in the absence of loss of
heterozygosity, mutations, and promoter methylation. Ectopic
expression of miR-155 in HEK293 cells dramatically reduced
CDC73 levels, enhanced cell viability, and decreased apoptosis.
Conversely, the delivery of a miR-155 antagonist (antagomir-
155) to KB cells overexpressing miR-155 resulted in increased
CDC73 levels, decreased cell viability, increased apoptosis, and
marked regressionof xenografts innudemice.Cotransfectionof
miR-155 with CDC73 in HEK293 cells abrogated its pro-onco-
genic effect. Reduced cell proliferation and increased apoptosis
of KB cells were dependent on the presence or absence of the
3�-UTR in CDC73. In summary, knockdown of CDC73 expres-
sion due to overexpression ofmiR-155not only adds a novelty to
the list of mechanisms responsible for its down-regulation in
different tumors, but the restoration of CDC73 levels by the use
of antagomir-155 may also have an important role in therapeu-
tic intervention of cancers, including OSCC.

The CDC73 (cell division cycle 73, Paf1/RNA polymerase II
complex component, homolog (Saccharomyces cerevisiae)),
also known asHRPT2 (hyperparathyroidism 2), is a tumor sup-

pressor gene whose inactivation andmutation cause the hyper-
parathyroidism-jaw tumor syndrome. This syndrome is an
autosomal dominant disorder characterized by the occurrence
of parathyroid adenoma or carcinoma, fibro-osseous jaw
tumors of the mandible or maxilla, and renal neoplastic and
non-neoplastic abnormalities such as Wilm’s tumor, hamar-
toma, and cystic renal disease (1–3). The 531-amino acid para-
fibromin encoded by CDC73 forms polymerase-associated fac-
tor1 (Paf1) complex (4–6). As a part of Paf1, it remains
associatedwith ribonucleic acid (RNA) polymerase II, regulates
global gene expression, and is involved in coupling of transcrip-
tional and posttranscriptional events (7–10).
CDC73 overexpression is documented to inhibit colony for-

mation and cellular proliferation and induces cell cycle arrest in
the G1 phase, indicating that it has a critical role in cell growth
and proliferation (11). Furthermore, BTK (Bruton’s tyrosine
kinase) has been found to increase the abundance of CDC73 in
the absence ofWNT3A stimulation, and in turn CDC73 acts as
a repressor of �-catenin-mediated transcription in human
colorectal cancer cells and B cells (12). These findings suggest
the potential role of CDC73 in pathogenesis and progression of
malignancies.
Besides mutations (predominantly), the loss of heterozygos-

ity and promoter methylation of CDC73 in tumors has been
reported as having different mechanisms for its down-regula-
tion (13, 14). But there are also reports where methylation was
not identified in any specimens despite a complete loss of para-
fibromin expression in parathyroid carcinomas with a single
detectable CDC73 mutation and retention of the wild-type
CDC73 allele (15). Furthermore, nomutations of possibly path-
ogenic nature were identified in the 5�-UTR of CDC73 (15).
These data strongly suggest that some other mechanisms such
as mutations in CDC73 intronic regions, alternate epigenetic
regulation (e.g.histonemodifications), or other regulatory inac-
tivation mechanisms (e.g. targeting by microRNAs) may play a
role in the loss of CDC73 expression. Regulation of CDC73
expression has been studied at transcriptional and posttran-
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scriptional levels. Although BTK has been found to increase
CDC73 level, it has been shown by quantitative polymerase
chain reaction analysis of patient-derived B cells that CDC73
transcripts were unexpectedly more abundant in cells lacking
BTK, but its protein level was low (12). This suggests that the
availability of its protein level is determined by some posttran-
scriptional mechanisms (12). Therefore, a clear understanding
of the post-transcriptional regulation of CDC73 will be of tre-
mendous scientific and clinical significance.
Squamous cell carcinoma accounts for more than 95% of the

carcinomas of the oral cavity (16). Oral squamous cell carci-
noma (OSCC)2 in developing countries is the sixth most com-
mon cancer in males and tenth in females (16). In India it is the
leading cancer in males and third most commonmalignancy in
females (17). The five-year survival rate of OSCC lacks any
improvements, and the efforts to develop an appropriate ther-
apeutic strategy still lies in catch 22, demanding the identifica-
tion of molecular markers and signaling pathways for better
prognosis and therapeutic intervention of OSCC (17).
Being a multigenic disease, the single gene-based therapy of

OSCCmay fall short in therapy (18). Recent studies have shown
that a growing class of noncoding RNAs called microRNAs
(miRNAs) are involved in posttranscriptional regulation of
genes (19). There is a growing body of literature supporting the
potential role of miRNAs in regulation of cancer (20). The
importance of CDC73 in the orchestration of several cellular
functions and the prediction for its posttranscriptional regula-
tion makes it an attractive candidate for miRNA-mediated reg-
ulation of cell growth and proliferation.
Here we report the identification of an oncogenic

microRNA-155 (miR-155) that regulates the expression of
tumor suppressor gene CDC73. Furthermore, restoration of
CDC73 levels by the use of antagomir-155 warrants a prolific
strategy to treat cancers, including OSCC.

MATERIALS AND METHODS

Sample Collection—A total of 22 matched OSCC samples
and normal oral tissues from the patients were ascertained at
the Bangalore Institute of Oncology, Bangalore, India. All
tumor samples weremostly from the tongue and cheek areas of
the mouth. This study was performed with informed consent
from the patients and approval from the ethics committee of
the Bangalore Institute of Oncology. The clinicopathological
data for 22 patients are given in supplemental Table S1. Tumors
were classified according to tumor, node, and metastasis crite-
ria (21).
In Silico Identification of miRNA Binding Sites—We used a

consensus approach by employing a total of six established tar-
get prediction programs (Table 1) to perform target prediction
(22). We selected only miRNA, which is detected by all the six
programs, to bind to the same site in the target 3�-UTR. Because
inaccessibility to the region of binding may be due to strong
local secondary structure, we therefore carried out the�Ganal-

ysis for 70 bases on each side flanking to themiRNAbinding site
using the mFold software (23).
Plasmid Constructs—To generate the pcDNA3.1(�)-bic

construct expressing the miR-155, BIC (B-cell integration cen-
ter) exon 3 sequence was amplified using primers as described
by Eis et al. (24) with certain modification that included incor-
poration of different restriction enzyme sites in the primers to
facilitate directional cloning and human genomic DNA as a
template. Similarly, the pcDNA3.1(�)-dme-mir-4 construct
harboring the Drosophila melanogaster mir-4 was generated
using D. melanogaster genomic DNA as a template in amplifi-
cation reactions. To generate constructs with CDC73 3�-UTR
at the 3� end of the luciferaseORF in the pMIR-REPORT vector
(Invitrogen), a 1214-base pair-long CDC73 3�-UTR from posi-
tion �1595 to �2809 was amplified from human genomic
DNA and cloned both in sense and antisense manner using a
standard laboratory method. The sense, mutant, and anti-
sense constructs were designated as pMIR-REPORT-3�-
UTR-sense, pMIR-REPORT-3�-UTR-mutant, and pMIR-
REPORT-3�-UTR-antisense, respectively. The mutant 3�-UTR
was generated by site-directed mutagenesis by deleting bases 2–7
from the seed region of miR-155 binding site using pMIR-
REPORT-3�-UTR-sense as a template. The pcDNA3-HA-
Pf (pcDNA3-HA-CDC73) construct harboring a full-length
CDC73ORFwas a kind gift fromDr. F. Kowalke from ETH, Zur-
ich. The pcDNA3-HA-CDC73–3�-UTR-sense construct harbor-
ing the intact 3�-UTRwas generated by amplifying and cloning of
the3�-UTRsequencedownstreamof theCDC73ORFatXhoI and
ApaI sites in pcDNA3-HA-CDC73. The pcDNA3-HA-CDC73-
3�-UTR-mutant construct was generated by site-directed
mutagenesis using pcDNA-HA-CDC73–3�-UTR-sense as a tem-
plate and specific primers. All the constructs were sequenced on
anABIprismA310-automated sequencer (Invitrogen) to ascertain
directionality and error free sequence of the inserts. Details of the
primersused for cloning are available on request fromthe authors.
Cell Culture, Transient Transfection, and Reporter Assays—

Human cell lines HEK293 (embryonic kidney), HEK293T
(embryonic transformed kidney), A549 (lung adenocarci-
noma), HeLa (cervical carcinoma), KB (oral squamous cell car-
cinoma), SCC084 (oral squamous cell carcinoma), and SCC131
(oral squamous cell carcinoma) were maintained in DMEM
supplemented with 10% fetal bovine serum and 1x antibiotic/
antimycotic solution (Sigma) in a humidified chamber with 5%
CO2 at 37 °C. HEK293, HEK293T, A549, HeLa, and KB cells
were procured from theNational Centre for Cell Science, Pune,
India. SCC084 and SCC131 cells were kind gifts from Prof.
Susanne Gollin, University of Pittsburgh, Pittsburgh, PA.
For overexpression studies, 2 � 106 cells/well in a 6-well

plate were transfected with an appropriate construct or a com-
bination of constructs using LipofectamineTM 2000 (Invitro-
gen) according to the manufacturer’s instructions. Luciferase
reporter gene assays were performed post 24 or 48 h of trans-
fection using the Dual-Luciferase� Reporter Assay System
(Promega, Madison, WI) according to the manufacturer’s pro-
tocol. Cells were also co-transfected with the pRL-TK control
vector (Promega), encoding Renilla luciferase for normalizing
transfection efficiency. Different stable transfectants inKB cells
were generated by the pooling of clones acquired after KB cells

2 The abbreviations used are: OSCC, oral squamous cell carcinoma; miRNA,
microRNA; miR-155, microRNA-155; CASP3, caspase-3; MTT, 3-(4,5-dimeth-
ylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; Alu, Alu sequence.
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were continuously grown inG418 containing selectionmedium
post 48 h of transfection.
Total RNAExtraction and RT-PCR—Total RNAwas isolated

from different cell lines using the TRI-ReagentTM (Sigma)
according to the manufacturer’s instructions. RNA was stored
at�70 °Cuntil further use. cDNAwasmade using a first-strand
cDNA synthesis kit (Fermentas, Ontario, Canada). RT-PCR
was performed using primers specific to CDC73 and GAPDH
following a standard protocol. Details of the primers used for
RT-PCR are available on request from the authors.
miR-155 Northern Hybridization—Total RNA (50 �g) sam-

ples were run on a 15% acrylamide gel under denaturing condi-
tions, transferred onto a N�Biodyne nylon membrane (Pall,
Port Washington, NY), and hybridized with a �-32P-labeled
probe (5�-ACCCCTATCACGATTAGCATTAA-3�) specific
to the antisense strand of human miR-155. Hybridization was
performed overnight at 42 °C in a hybridization buffer contain-
ing 5� SSC, 20 mM NaH2PO4, pH 7.5, 7% SDS, 2� Denhardt’s
solution, and 40 ng/ml sheared salmon sperm DNA. Subse-
quently, the membrane was washed in 3� SSC, 25 mM

NaH2PO4, pH 7.5, 5% SDS, and 10� Denhardt’s solution twice
for 5min each followed bywashing in 1� SSC and 1% SDS once
for 5min. Themembrane was dried and exposed to a phospho-
rimaging screen (Fujifilm, Japan) for 48 h. As a loading control,
a �-32P-labeled probe (5�-GCTAATCTTCTCTGTATCGTT-
CCA) specific to the U6 RNA was used.
Western Hybridization—Whole protein lysates were pre-

pared using the CelLyticTMMCell Lysis Reagent (Sigma). They
were resolved on a SDS-PAGE and transferred to a BioTrace
PVDF nylon membrane (Pall, Port Washington, NY) using a
semi-dry transfer apparatus. Themembrane was blocked using
5% fat-free milk powder in 1� PBS-Tween, and the signal was
visualized using a 1:750 dilution of an anti-CDC73 antibody
either from Santa Cruz Biotechnology (catalog #2H1) or from
Sigma (product #C3620). After incubation with a horseradish
peroxidase linked secondary antibody, the signal was detected
using the ImmobilonTMWestern Chemiluminescent HRP sub-
strate (Millipore, Billerica, MA) and x-ray films. The mouse
�-actin and HA epitope antibodies were purchased from
Sigma.
miR-Q RT-PCR—The miR-155 expression analysis was car-

ried out by miR-Q, a method developed by Sharbati-Tehrani et
al. (25) for the expression analysis of miRNA by RT-PCR. The
expression of miR-155 in OSCC samples was compared with
normal tissues using the 2���CT method and 5 S rRNA as a
normalizing control (26).
Mutation Analysis—The entire coding region of CDC73

including its exon/intron junctions was amplified using gene-
specific primers and sequenced on an ABIprism A310-auto-
mated sequencer.Details of the primers used formutation anal-
ysis are available on request from the authors.
LOH Analysis at the CDC73 Locus—For LOH studies, total

genomic DNA from blood, and tissue samples was isolated
using the Wizard� Genomic DNA purification kit (Promega)
according to the manufacturers’ instructions. Matched normal
and tumor DNA samples were genotyped using four highly
polymorphic microsatellite markers: three extragenic markers
(D1S384, D1S422, and D1S408) and one intragenic marker

(para14M) present in intron 14 of CDC73. Details of the first
three markers were retrieved from the UCSC Genome Bioin-
formatics site. Details of the internalmarker were adapted from
a previous report (1).
Combined Bisulfite Restriction Analysis—Methylation status

of the CDC73 promoter described by Hewitt et al. (14) was
examined by combined bisulfite restriction analysis (COBRA)
using AciI and BstUI enzymes following a standard procedure
in our laboratory (27).
Cell Proliferation Assay—The cell proliferation was meas-

ured by the MTT assay as described previously (28). In brief,
48 h of post transfection of HEK293 or KB cells in 6-well plates
with different constructs, antagomir-155 (catalog #AM17000;
Invitrogen) or scrambled oligo (catalog #AM17010, Invitro-
gen), transfection medium in each well was replaced by 100 �l
of fresh serum-free medium with 0.5 g/liter MTT. After incu-
bation at 37 °C for 4 h, theMTTmediumwas aspirated out, and
50 �l of DMSO was added to each well. After incubation at
37 °C for another 10min, the absorbance value of each well was
measured using an ELISA plate reader (Bio-Rad) at 595 nm.
The relative cell proliferation rate was calculated according to
Jiang et al. (28).
Apoptosis Assay—The rate of apoptosis was measured using

the CaspGLOWTM Fluorescein Active Caspase-3 Staining kit
(BioVision, Milpitas, CA) using the manufacturer’s protocol.
The kit provides a sensitive detection of activated caspase-3
(CASP3) in living cells. It utilizes the CASP3 inhibitor, DEVD-
fluoromethyl ketone, conjugated to FITC (FITC-DEVD-FMK)
as amarker. Briefly, 1� 106 cells were grown in 6-well plates to
about 60% confluence and transiently transfected with
pcDNA3.1(�)-dme-mir-4, pcDNA3.1(�)-bic, antagomir-155,
or scrambled oligo. Post 48 h of transfection, cells were resus-
pended in a completeDMEMand incubatedwith FITC-DEVD-
fluoromethyl ketone conjugate for 1.5 h in dark. Post incuba-
tion, cells were washed and finally suspended in 300 �l of wash
buffer. Cells were then analyzed with the FACSCalibur flow
cytometer (BDBiosciences). The relative cell apoptosis ratewas
calculated according to Jiang et al. (28). The same protocol was
used to assess the rate of apoptosis of different stable KB
transfectants.
Soft Agar Assay—Tumor cells have the propensity to grow in

an anchorage-independent manner and hence can form colo-
nies in a semi-solid medium such as soft agar. The anchorage-
independent growth of the stableCDC73 and vector clones was
analyzed by the soft agar assay in 35-mm tissue culture dishes
by following a standardized protocol.
Propidium Iodide Analysis—The proliferation of stable vec-

tor and CDC73 clones was analyzed by the FACSCalibur flow
cytometer after staining the cells with propidium iodide
(Sigma) following a standard protocol.
In Vivo Assay for Tumor Growth—To see the effect of resto-

ration of CDC73 expression by inhibition of miR-155 on tumor
growth, 2 � 106 KB cells were transfected separately with 200
nM antagomir-155 or mock (scrambled oligos). Post 24 h of
transfection, 3 � 106 cells were suspended in 150 �l of Dulbec-
co’s modified phosphate buffer and then subcutaneously
injected into the right posterior flank of each female BALB/c
athymic 6-week-old nude mouse. Tumors of measurable size

miR-155 Regulates CDC73

610 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 288 • NUMBER 1 • JANUARY 4, 2013



appeared post 1 week of injection. Tumor growth was moni-
tored, and its volume was measured using a digital caliper for
every 3 days till 23 days. Tumor volume (V) was calculated as
V � L � W2 � 0.5, where L andW represent length and width,
respectively. Tumor weight was taken at the end of the study.
All nude mice experiments were approved by the institutional
animal ethics committee.
Statistical Analysis—An independent two-tailed Student’s t

test was performed to determine the significance of difference
between two experiments.

RESULTS

Identification of miR-155 as a Regulator of CDC73—To pre-
dict the miRNAs that may regulate CDC73, we used a consen-
sus approach by employing six different miRNA target predic-
tion algorithms such as DIANA-microT, PicTar, Miranda,
TargetScan, MirTarget2, and Microcosm. We found that sev-
eral miRNAs have potential binding sites in the 3�-UTR of
CDC73 (Table 1). These miRNA binding sites are evenly scat-
tered all over the 3�-UTR.We preferentially picked upmiR-155
for its validation because all target prediction algorithms pre-
dicted it targeting the CDC73 (Table 1). Our bioinformatics
analysis predicted the binding of miR-155 to the 3�-UTR of
CDC73 in a region encompassing �1831 to �1854 bases (Fig.
1A). The �G analysis showed that the miR-155 binding region
in the 3�-UTR has a very weak secondary structure (Table 1).
The ClustalW alignment of miRNA seed region binding site in
the 3�-UTR of CDC73 showed that it is conserved in different

species (Fig. 1A), underscoring that miR-155 may have a basal
role to play in regulating CDC73 expression.
Effect of miR-155 Overexpression on CDC73 Expression—To

validate if miR-155 regulates CDC73 expression, a panel of
human cell lines (viz., A549, HeLa, KB, SCC084, and SCC131)
was examined for miR-155 expression by Northern blot analy-
sis. The expression ofmiR-155was easily detectable in KB cells,
whereas it was not detectable in other cell lines even after load-
ing 50 �g of total RNA (Fig. 1B, upper panel). To see whether
this differential expression ofmiR-155 in KB cells is reflectedwith
a low expression of its predicted target CDC73, total protein
lysates were prepared from these cell lines and examined for
CDC73expressionbyWesternblotting.CDC73wasbarelydetect-
able inKBcells as comparedwithothercell lines (Fig. 1B).Also,KB
cells did not show any CDC73 promoter methylation and muta-
tion upon analysis, suggesting the regulation of CDC73 by
miR-155.
The pcDNA3.1(�)-bic construct coding for miR-155 was

transiently transfected into HEK293T cells followed by North-
ern and Western blot analyses to check for the expression of
miR-155 and CDC73, respectively. The results showed that, as
expected, miR-155 down-regulated CDC73 in a dose-dependent
manner,whereas the control pcDNA3.1(�)-dme-mir-4 construct
coding for an irrelevantD.melanogastermir-4 had no effect (Fig.
1C). It is interesting to note that the level of CDC73 transcript
remained constant (Fig. 1C). Thus, it is most likely that miR-155
decreasesCDC73 expression by inhibiting its translation.

TABLE 1
A list of predicted miRNAs having potential binding sites in the 3-UTR of CDC73 and binding free energy around the potential binding site of
hsa-miR-155
hsa, Homo sapiens.
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Confirmation of Target Site for miR-155 in CDC73 3�-UTR—
When HEK293T cells were cotransfected with pcDNA3.
1(�)-bic coding for miR-155 and pMIR-REPORT-3�-UTR-sense
containing the intact CDC73 3�-UTR in a sense orientation, we
observed a significantly reduced luciferase reporter expression
comparedwith cells transfected with pMIR-REPORT-3�-UTR-
sense (Fig. 2A). However, when HEK293T cells were cotrans-
fected with pMIR-REPORT-3�-UTR-sense and pcDNA3.
1(�)-dme-mir-4 constructs, there was no significant effect on
luciferase expression compared with cells transfected with
pMIR-REPORT-3�-UTR-sense (Fig. 2A). Most importantly,
when pcDNA3.1(�)-bic was cotransfected with pMIR-
REPORT-3�-UTR-mutant containing the mutated binding site
or pMIR-REPORT-3�-UTR-antisense containing the intact

CDC73 3�-UTR in an antisense orientation and lacking the
miR-155 binding site inHEK293T cells, therewas no significant
reduction in the luciferase expression as compared with cells
transfectedwith pMIR-REPORT-3�-UTR-sense (Fig. 2A). Also,
when the pMIR-REPORT-3�-UTR-sense construct was trans-
fected in KB cells with a high level of endogenous miR-155, the
luciferase expression was significantly reduced as compared
with KB cells with the control pMIR-REPORT vector (Fig. 2B).
This down-regulation was not seen in KB cells transfected with
either pMIR-REPORT-3�-UTR-antisense or pMIR-REPORT-
3�-UTR-mutant (Fig. 2B). No change in the luciferase expres-
sionwas observed in SCC131 cells with an undetectable expres-
sion of miR-155 after transfection of any of these constructs in
comparison to SCC131 cells transfected with pMIR-REPORT

FIGURE 1. Identification of miR-155 as a regulator of CDC73 expression. A, shown is a putative miR-155 binding site within the CDC73 3�-UTR (GenBankTM

accession no. NM_024529.0). Perfect matches and G:U (or G:T) pairs are indicated by vertical lines and colons, respectively. The ClustalW alignment shows that
the putative miR-155 binding site is conserved in different species. SR (seed region) denotes the seed region. B, shown is expression analysis of miR-155 and
CDC73 in A549, HeLa, SCC084, KB, and SCC131 cells. Note the expression of miR-155 only in KB cells (upper panel). Also note the reduced expression of CDC73
in KB cells as compared with other cell lines (lower panel), suggesting that miR-155 negatively regulates CDC73. The expression of miR-155 and CDC73 was
analyzed by Northern and Western hybridizations, respectively. C, shown is the effect of miR-155 overexpression on CDC73 expression in HEK293T cells. For
overexpression of miR-155, 1– 4 �g of pcDNA3.1(�)-bic was transfected in HEK293T cells. The Control lane represents transfection of HEK293T cells with the
D. melanogaster miRNA dme-mir-4-expressing construct pcDNA3.1(�)-dme-mir-4 that does not have any mammalian target as shown by prediction programs
used in this study. Note the overexpression of miR-155 led to reduced CDC73 expression in a dose-dependent manner. U6 RNA, GAPDH, and �-actin were used
as loading controls for Northern, RT-PCR, and Western hybridization, respectively. IB, immunoblot; nt, nucleotides.
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(Fig. 2B). Furthermore, as expected, when KB cells having a
high endogenous level of miR-155 were stably transfected with
the CDC73 construct pcDNA3-HA-CDC73–3�-UTR-sense,
the expression of CDC73 was reduced compared with cells
transfected with either pCDNA3-HA-CDC73 lacking the
3�-UTR or pcDNA3-HA-CDC73–3�-UTR-mutant (Fig. 2C).
These experiments clearly indicated that the mature miR-155
regulatesCDC73 expression by interacting with its 3�-UTR in a
site-specific manner.

CDC73 Overexpression Is Dependent on the Presence or
Absence of Its 3�-UTR—To assess the role of CDC73 3�-UTR in
the regulation of its expression and hence its function, CDC73
constructs with and without 3�-UTR were stably transfected
into KB cells. We chose this cell line because it has a high
expression of miR-155 and a low level of CDC73 (Fig. 1B). We
then assessed the rate of proliferation and apoptosis of KB cells
stably transfected with different CDC73 constructs by FACS
analysis of propidium iodide-stained cells, MTT, soft agar, and

FIGURE 2. Confirmation of the miR-155 target site in the CDC73 3�-UTR. A, miR-155 reduces luciferase expression in HEK293T cells by binding to a target site
in the CDC73 3�-UTR. Note that an increasing concentration of pcDNA3.1(�)-bic significantly reduces the luciferase expression in cells co-transfected with
pMIR-REPORT-3�-UTR-sense construct compared with cells transfected with pMIR-REPORT-3�-UTR-sense alone, whereas the luciferase expression does not
change in cells co-transfected with pcDNA3.1(�)-bic and pMIR-REPORT-3�-UTR-antisense or pMIR-REPORT-3�-UTR-mutant constructs compared with cells
transfected with p-MIR-REPORT-3�-UTR-sense construct alone. Also note that the luciferase expression does not change in cells co-transfected with pMIR-
REPORT-3�-UTR-sense and pcDNA3.1(�)-dme-mir-4 constructs compared with cells transfected with p-MIR-REPORT-3�-UTR-sense construct alone, suggesting
that miR-155 reduces the luciferase expression by binding to a specific site in the CDC73 3�-UTR. The total DNA for each transfection was adjusted to 800 ng with
the pcDNA3.1(�) vector. B, the effect of endogenous miR-155 on luciferase reporter expression is shown. The luciferase reporter vector pMIR-REPORT (control)
and luciferase reporter constructs with CDC73 3�-UTR, pMIR-REPORT-3�-UTR-sense, pMIR-REPORT-3�-UTR-mutant, and pMIR-REPORT-3�-UTR-antisense were
transfected individually in KB and SCC131 cells, and the luciferase expression was measured post-24 h of transfection. Note a reduced expression of luciferase
reporter in KB cells with pMIR-REPORT-3�-UTR-sense construct as compared with cells transfected with the pMIR-REPORT vector, pMIR-REPORT-3�-UTR-mutant,
or pMIR-REPORT-3�-UTR-antisense constructs. This is due to the fact that a high endogenous level of miR-155 is able to bind the CDC73 3�-UTR in a sense
orientation and inhibit translation of the luciferase reporter. Also note that the luciferase expression does not change in SCC131 cells with an undetectable level
of miR-155 when these cells were transfected with the pMIR-REPORT vector, pMIR-REPORT-3�-UTR-sense, pMIR-REPORT-3�-UTR-mutant, or pMIR-REPORT-3�-
UTR-antisense constructs. C, shown is the effect of an endogenous level of miR-155 on the expression of CDC73 with or without its 3�-UTR in KB cells. Note a
reduced expression of CDC73 in cells transfected with the construct pcDNA3-HA-CDC73–3�-UTR-sense having its 3�-UTR in a sense orientation as compared
with cells transfected with the construct pcDNA3-HA-CDC73 without its 3�-UTR or the construct pcDNA3-HA-CDC73–3�-UTR-mutant with its mutated miR-155
binding site, underscoring that miR-155 targets CDC73 by binding to its 3�-UTR. Mock represents cells transfected with the pcDNA3-HA vector. n � 3; ns, data
are statistically non-significant; **, p � 0.01; ***, p � 0.001. IB, immunoblot.
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CASP3 assays. Compared with KB cells harboring the
pcDNA3-HA vector or the pcDNA3-HA-CDC73–3�-UTR-
sense construct with an intact 3�-UTR, proliferation and
anchorage-independent growth of cells stably transfected with
pcDNA3-HA-CDC73 (lacking 3�-UTR) and pcDNA3-HA-
CDC73–3�-UTR-mutant were significantly decreased (Fig. 3,
A and B), whereas the rate of apoptosis was significantly
increased (Fig. 3, C and D). These experiments not only
underscore the fact that CDC73 has a definite role in regu-
lating cell growth and proliferation but also give an insight
that miR-155 is exercising its oncogenic role by targeting
CDC73.
Regulation of Cell Growth and Proliferation by CDC73 as a

Target of miR-155—To confirm further that the miR-155-me-
diated reduction of CDC73 has a functional relevance in cell
growth and proliferation, we knocked down CDC73 expres-

sion in HEK293 cells using miR-155 expressing construct
pcDNA3.1(�)-bic and quantitated cell proliferation and cell
death (apoptosis) by MTT and CASP3 assays, respectively. As
expected, the results demonstrated that the reduced CDC73
level is associated with an increased cell proliferation and
decreased apoptosis (Fig. 4A). Because KB cells have a high
endogenous level of miR-155 (Fig. 1B), we knocked it down
using antagomir-155. The results showed that the CDC73 lev-
els went up, resulting in decreased cell proliferation and
enhanced apoptosis (Fig. 4B). Because a given miRNA can target
several genes, we assessed the tumorigenic potential of miR-155
by targeting CDC73. The CDC73 construct (pcDNA3-HA-
CDC73) was cotransfected with pcDNA3.1(�)-bic into
HEK293 cells, and their proliferation and apoptosis were
measured. Interestingly, the CDC73 abrogated the pro-
oncogenic effect of miR-155 in HEK293 cells (Fig. 4C),

FIGURE 3. Anti-tumorigenic function of CDC73 in KB cells. A, shown is a quantitative analysis of cell proliferation by the MTT assay. Note a significantly
reduced proliferation of KB cells transfected with either pcDNA3-HA-CDC73 or pcDNA3-HA-CDC73–3�-UTR-mutant constructs compared with cells transfected
with either pcDNA3-HA (vector control) or pcDNA3-HA-CDC73–3�-UTR-sense construct. B, shown is an assessment of tumorigenic potential of KB cells by
the soft agar assay. Note a reduction in the number of colony formation by KB cells transfected with either pcDNA3-HA-CDC73 or
pcDNA3-HA-CDC73–3�-UTR-mutant constructs compared with cells transfected with either pcDNA3-HA or pcDNA3-HA-3�-UTR-CDC73-sense construct. The
lower panel is a graphical representation of the soft agar data. C, shown is a FACS analysis of propidium iodide-stained KB cells stably transfected with the
pcDNA3-HA vector and different CDC73 constructs. The sub-G1 population (cells undergoing death) is marked by arrows. Note an increase in sub-G1 popula-
tion of cells transfected with either pcDNA3-HA-CDC73 or pcDNA3-HA-CDC73–3�-UTR-mutant constructs compared with cells transfected with either
pcDNA3-HA or pcDNA3-HA-CDC73–3�-UTR-sense. A graphical representation of the data is shown on the right. D, shown is the assessment of the rate of
apoptosis by the CASP3 assay. Note a significantly increased rate of apoptosis in KB cells transfected with either pcDNA3-HA-CDC73 or
pcDNA3-HA-CDC73–3�-UTR-mutant constructs compared with cells transfected with either pcDNA3-HA or pcDNA3-HA-CDC73–3�-UTR-sense. n � 3; *, p �
0.05; **, p � 0.01; ***, p � 0.001.
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although not completely. These results suggested that miR-
155 regulates cell growth and proliferation largely by target-
ing CDC73.
CDC73 Is Down-regulated inOSCC Samples with Up-regula-

tion ofmiR-155—After validatingCDC73 as a target ofmiR-155
by bioinformatics and in vitro assays, we analyzed the expres-
sion of miR-155 by qRT-PCR in OSCC samples. The results
showed a significant up-regulation of miR-155 in 16/22 OSCC
samples as compared with their matched normal oral tissues
(Fig. 5A). Furthermore, we also analyzed the expression of
CDC73 in 18 of these 22 samples. As expected, a majority of
OSCC samples (10/18) having a high expression of miR-155
showed a low level of CDC73 (Fig. 5, A and B). To exclude the
possibility of alternate mechanisms as the cause of CDC73
down-regulation in OSCC, all the 10 OSCC samples were ana-
lyzed for LOH at the CDC73 locus, somatic mutations, and
promotermethylation. The results showed that these 10OSCC
samples did not show any mutation, promoter methylation, or
LOH (supplemental Table S1), again validating the fact that
CDC73 is a biological target of oncogenicmiR-155 and possibly
could be the major mechanism for CDC73 down-regulation in
OSCC.
Restoration of CDC73 Expression bymiR-155 Inhibition Sup-

presses Tumor Growth in Vivo—Based on the results of in vitro
studies, we hypothesized that the abolition of miR-155 and the
restoration of tumor suppressor CDC73 expression in KB cells

might have an anti-tumor effect in vivo. To address this critical
question, we used an in vivo pretreated xenograft nude mouse
model. Briefly, we transfected the antagomir-155 and scram-
bled oligos (mock) separately in KB cells. Post 24 h of transfec-
tion, these cells were injected separately into nude mice. The
mice were observed for the growth of tumors till 23 days. As
expected, pretransfection of antagomir-155 into KB cells led to
a significant reduction in both tumor volume and weight as
compared with mock transfectant (Fig. 6).

DISCUSSION

The 3�-UTR of the human CDC73 gene is almost 4 kb long,
whereas the mean size of 3�-UTRs of human genes is around
800 nucleotides (29). It also contains Alu sequences that have
been recently reported as the donors of potential miRNA target
sites (30). As mentioned before, a complete loss of CDC73
expression has been reported in a subset of parathyroid carci-
nomas in the absence of promoter methylation with a single
detectable somatic mutation and retention of the wild-type
allele (15). These observations suggested that CDC73 expres-
sion could be regulated through its 3�-UTR. In this study we
found that miR-155 has a key role in regulating CDC73 expres-
sion.We provide a combination of in silico, in vitro, and in vivo
evidence including a series of miRNA transfection experiments
in support of this conclusion.

FIGURE 4. Regulation of cell proliferation and apoptosis by CDC73 as a target of miR-155. A, overexpression of miR-155 (pcDNA3.1(�)-bic) leads to a
significantly reduced CDC73 expression, resulting in increased cell growth and proliferation and decreased apoptosis in HEK293 cells compared with cells
transfected with a non-relevant Drosophila miRNA pcDNA3.1(�)-dme-mir-4 construct. IB, immunoblot. B, knockdown of miR-155 by antagomir-155 led to an
increased CDC73 expression, resulting in reduced cell growth and proliferation and increased apoptosis in KB cells compared with cells transfected with a
non-relevant scrambled oligo (mock). C, CDC73 overexpression abrogated the effect of miR-155 overexpression on proliferation and apoptosis in HEK293 cells.
n � 3; ns, data are statistically non-significant; *, p � 0.05; **, p � 0.01.
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Our study focused on miR-155, a microRNA that has been
shown to be highly overexpressed in lymphomas of activated-
B-cell origin, including Hodgkin’s lymphoma (31, 32) and dif-
fuse large B-cell lymphoma (33). Not an exclusive bane of
lymphoid cells, miR-155 has also been detected at elevated lev-
els in the bone marrow of some patients suffering with acute
myeloid leukemia (34). miR-155 overexpression has addition-
ally been observed in solid tumors of diverse origin (e.g. breast,
lung, stomach, prostrate, colon, thyroid, pancreatic, and head
and neck squamous cell carcinoma) (35–39). All these lines of
evidence are consistent with the notion that miR-155 functions
as an oncogenic miRNA in human cancers.
As mentioned above, miR-155 is overexpressed in many

human cancers. But the mechanisms by which it functions as a
putative oncogenic miRNA are largely unknown. Oncogenic
miRNAs,which are overexpressed in tumors, function in tumor
developmentmainly via repressing the expression of genes hav-
ing anti-tumoral activity (40, 41). Of note, miR-155 promotes
pancreatic tumor development and mammary gland epithelial
cell migration and invasion via targeting the tumor suppressors
TP53INP1 and RhoA, respectively (42, 43). In addition, miR-
155 induces B-cell malignancies by targeting Ship and C/EBP�
in a transgenic mouse model (44). Given the scenario that
miRNAs usually regulate a large set of targets, there might be
more miR-155 targets having anti-tumoral activity. CDC73,
having anti-tumoral activity, could be one of them.

Our finding of a differential level of miR-155 in various cell
lines (Fig. 1B) and a subset of paired normal andOSCC samples
(Fig. 5A) supports that the miR-155-mediated control of
CDC73 is operational in cells that actively produce it. Further-
more, the expression analysis of miR-155 showed that it is
highly enriched in a majority of OSCC samples compared with
their normal counterparts and had an inverse effect on CDC73
expression, suggesting its key role in the pathogenesis of OSCC
by targeting CDC73 (Fig. 5, A and B). Overexpression of miR-
155 down-regulated CDC73 expression at the protein level in
HEK293T cells, but there was no change at the RNA level (Fig.
1C). Pertinently, this change at the protein level, but not at the
transcript level, has also been reported for other validated tar-
gets of miR-155 like AT1R (45). Furthermore, the effect of
CDC73 differential overexpression was reflected on the prolif-
eration, anchorage-independent growth, and apoptosis of KB
cells stably transfected with different CDC73 constructs (Fig.
3). Overexpression of miR-155 not only led to the knockdown
of CDC73 but also inversed the effect of CDC73 by promoting
proliferation and suppression of apoptosis (Fig. 4A). Restora-
tion of CDC73 by knockdown of miR-155 using antagomir-155
was accompanied by decreased cell proliferation, enhanced
apoptosis, and reduction of tumor growth in xenograft pre-
treated model (Figs. 4B and 6). Furthermore, the combined
overexpression ofCDC73 andmiR-155 intoHEK293 cells abro-
gated the oncogenic potential of miR-155 (Fig. 4C). Thus, our

FIGURE 5. Up-regulation of miR-155 in OSCC samples with reduced expression of CDC73. A, mir-Q RT-PCR was performed to assess the level of miR-155 in
matched OSCC and normal oral tissues (n � 22). Note a significant up-regulation of miR-155 levels in 16/22 OSCC samples compared with their matching
normal samples (p � 0.05). No miR-155 expression was detected in normal samples from patients #211, 219, 63, and 196. The relative expression of miR-155 in
tumor samples from these patients was calculated relative to the average expression of miR-155 in the rest of the normal samples. Both normal and tumor
tissues of patient #204 did not show miR-155 expression upon analysis by mir-Q RT-PCR. B, shown is Western blot (IB) analysis to assess the expression of CDC73
in 18 matched OSSC and normal oral tissue samples. Note the down-regulation of CDC73 in 10 samples (marked by a rectangle) in comparison to their matching
normal counterparts; this down-regulation occurs even in the early stages of OSCC development (see tumor samples from patient #174, 195, 211, and 215).
Also note that all the 10 OSCC samples showing reduced CDC73 expression have a significant up-regulation of miR-155. The numbers represent different
patients. T2, T3, and T4 denote stages of the tumors.
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findings highlight the key role that CDC73 plays in orchestra-
tion and functional maintenance of oral tissue.
High expression levels of miR-155 have been found to corre-

late with poor prognoses of lung cancer and pancreatic tumor
(38, 46). Our results on therapeutic delivery of antagomir-155
in vivo provide a key to therapeutics of malignant OSCC. Being
accessible from outside, the use of nucleic acid drugs such as
miRNA inhibitors can be easily and directly injected at the
tumor site. This kind of treatment could be more promising in
the treatment of OSCC compared with its available therapy
because a single-gene-based siRNA therapy aimed against a
global gene regulator like miR-155 can be highly specific, more
effective due to maximum availability of drug at the tumor site,
and possibly free of any harmful side effects. Furthermore, to
increase the efficiency of this kind of treatment, nucleic acid
drugs can bemodified to bemore lipophilic that improves their
intracellular penetration. Although modest compared with
pretreatment model, the intratumoral injection of cholestery-
lated tumor suppressor miRNA mimics has been successful in
regression of tumors in the post treatment xenograft model
(18). Nonetheless, combined with the ease and simplicity of the
drug delivery to a given tumor site in oral cavity, the use of
antagomir-155 could have enormous potential to evolve for
further drug development.
Taken together, our study validates tumor suppressor

CDC73 as a target of oncogenic miRNA-155 (miR-155). Fur-
thermore, we suggest that the reversal of pro-oncogenic prop-
erties ofmiR-155 due to its inhibitor puts a promise to the use of
this inhibitor in cancer therapeutics.
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