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ABSTRACT
Purpose To evaluate the role of DiGeorge Critical Region 8
(DGCR8), a key component of miRNA biogenesis pathway in
ovarian cancer.
Methods The expression of DGCR8 in ovarian cancer was
detected by immunostaining and DGCR8 knockdown in ovarian
cancer cells was achieved using lentiviral shRNA. Differential
expression of miRNAs was determined using Nanostring
miRNA arrays and validated by real-time RT-PCR.
Results DGCR8 was highly expressed in ovarian cancer.
Knockdown of DGCR8 expression inhibits cell proliferation, mi-
gration, and invasion, as well as sensitizes cells to apoptosis induced
by the chemotherapeutic drug cisplatin. Cellular survival pathways
including ERK1/2 mitogen-activated protein kinase and phos-
phatidylinositol 3-kinase/AKT were attenuated in DGCR8 knock-
down cells. DGCR8 knockdown results in dysregulated miRNA
gene expression. miR-27b was identified as the most highly down-
regulated miRNA in DGCR8 knockdown cells and promoted cell
proliferation in ovarian cancer cells.
Conclusions DGCR8 functions as an oncogene in ovarian can-
cer, which is in part mediated by miR-27b.
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INTRODUCTION

Ovarian cancer is a major cause of cancer-related mortality in
women. In 2012 more than 20,000 new cases were diagnosed
in the US and 15,000 women died of this disease. DGCR8 is a
double-stranded RNA binding protein and its monoallelic
deletion on the human chromosome 22q11.2 region is asso-
ciated with Digeorge Syndrome (DGS). As a key component
of miRNA biogenesis pathway, DGCR8 interacts with the
RNase III enzyme Drosha and forms a microcomplex in the
nucleus to process primary miRNA (pri-miRNA) into precur-
sor miRNA (pre-miRNA). In the cytoplasm the RNAase III
enzyme Dicer processes the pre-miRNAs into mature
miRNAs, which subsequently regulate gene expression
through the RNA induced silencing complex (RISC) (1–3).
miRNAs negatively regulate target gene expression at
the posttranscriptional level by binding to the 3’
untranslated region of target mRNAs. miRNAs may function
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as tumor suppressors or oncogenes in a variety of human
cancers.

Drosha and Dicer have been extensively investigated in a
variety of cancers and their expression is associated with cancer
metastasis (4–9). The expression of Dicer and Drosha is highly
dependent on the specific cancer type, and therefore they may
have distinct functions in different cancers. Dicer and Drosha
are downregulated in ovarian cancer and their low expression
level is correlated with tumor developmental stage. Missense
mutations of Dicer or Drosha genes have also been detected
(10,11). Dicer is upregulated in ovarian serous carcinoma and
associated with specific clinicopathological features (12).
DGCR8, a double-stranded RNA binding protein, has been
shown to be upregulated in cervical squamous cell carcinoma
and salivary gland pleomorphic adenoma (13–15). However,
the role of DGCR8 in ovarian cancer is completely unknown.
To determine whether DGCR8 plays a role in ovarian cancer,
we determined the expression of DGCR8 in clinical samples of
ovarian cancer, and silenced DGCR8 expression in SKOV3
ovarian cancer cells by transduction with lentiviral vectors. Our
studies indicate that silencing DGCR8 reduces cell prolifera-
tion, migration, and invasion in vitro , and inhibits tumor growth
in vivo . miR-27b at least in part contributes to the oncogenic
properties of DGCR8.

MATERICALS AND METHODS

Clinical sections of ovary from healthy persons (n=10)
and ovarian cancer patients (n =10) were provided by
the Department of Pathology of the Third Affiliated
Hospital of Zhengzhou University, P.R.China. This
study was approved by Institutional Ethic committee of
Zhengzhou University.

Cell Culture

The ovarian cancer SKOV3 cell line was purchased from
ATCC and cultured in Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 10% FBS (Hyclone; Logan, UT),
100 U/ml penicillin, and 100 μg/ml streptomycin (Invitrogen,
Carlsbad, CA). HEK293 FT cells were cultured in DMEM
media with 10% FBS, 100 U/ml penicillin, 100 μg/ml strep-
tomycin, 1% glutamine, 1% nonessential amino acid, and
geneticin with a final concentration of 1 μg/ml.

Cell Proliferation Assay

5×104 SKOV3 cells transduced with scramble(SC) or
DGCR8 shRNA were plated in triplicate and counted daily
for 4 days.

Cell Colony Formation Assay

Four hundred cells transduced with DGCR8 or SC shRNAs
were plated in triplicate wells of 6-well plates and cultured for
2 weeks, then stained with 0.1% crystal violet and cell colonies
were counted.

MTTAssay

Eight thousand cells transduced with DGCR8 and SC
shRNAs were plated per well in 96-well plates and
cultured for 24 h. Thereafter, 10 ul of MTT reagent
was added to each well and incubated for ~4 h. The
reaction was terminated by the addition of 100 ul de-
tergent reagent, the plates were incubated at 22°C in the dark
for 2 h, and then the absorbance (OD) at 570 nm was
measured.

Wound Healing Assay

5×105 SKOV3 cells transduced with DGCR8 and SC
shRNAs were plated into triplicate wells of 6-well plates and
grown overnight. The well surface was scratched with a sterile
20 μl-pipette-tip and the wells were washed three times with
PBS. Fresh growth medium was added for additional 24 h.
The migration rate was calculated using the formula (area of
the wound area at 0h−the wound area at 24h)/the wound
area at 0 h.

Cell Invasion Assay

1×105 cells transduced with DGCR8 and SC shRNA in
1% of DMEM media were seeded into Matrigel coated
upper chambers of transwell plates (BD Sciences, San
Jose, CA). 10% DMEM was added to the lower cham-
ber and the plates incubated for 24 h. The cells in the
upper membrane of the transwell that did not invade were
removed with a cotton swab, and the invaded cells were
stained with propidium iodide, visualized by fluorescent mi-
croscopy and counted.

Cell Apoptosis Assay

Eight thousand SKOV3 cells transduced with DGCR8 and
SC shRNA were plated into triplicate wells of 96-well plates
and incubated at 37°C for 24 h. The cells were washed with
PBS, starved for 1 h in serum-free media, and then treated
with different doses of cisplatin for an additional 24 h. The
caspase 3/7 activities were determined using the Caspase-Glo
3/7 assay kit (Promega, Madison, WI) according to the man-
ufacturer’s instructions.
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Cell Cytotoxicity Assay

5×104 SKOV3 cells transduced with DGCR8 and scramble
shRNAwere seeded into triplicate wells of a 96–well plate and
incubated for 24 h. Cells were treated with different doses of
cisplatin and incubated for additional 24 h at 37°C. To
determine the cell viability following treatment, cells were
incubated with10 ul of WST-1 (Roche Applied Science,
Indianapolis, IN) for 3 h, and the absorbance was measured
at OD 450 nm.

Soft Agar Assay

1.2%Noble agar was mixed with 2XDMEM containing 10%
FCS and added into 6-well plates. After the agar solidified, 2×
106 cells transduced with DGCR8 shRNA and in 0.7%Noble

agar were placed on top of the agar underlayer. After the top
agar layer solidified, DMEM containing 10% FCS was added
to the plates. The cells were refed with fresh growth medium
every 5 days, and after 2 weeks colonies were counted under a
light microscope.

Nanostring nCounter miRNA ARRAY

Total RNA extracted from DGCR8 and scramble shRNA
transduced cells was subjected to miRNA expression profile
analysis using The Nanostring nCounter system (NanoString
Technologies, Seattle, WA). In brief, total RNA was
annealled, ligated,purified, and then hybridized with probes
tailored to each miRNA at 65°C overnight. The unbound
probes were removed and the purified ternary complexes
were bound to the image surface, elongated, immobilized

Fig. 1 DGCR8 is highly expressed
in ovarian cancer. (a) The
expression of DGCR8 in
immunostained sections of ovarian
cancer and normal ovary tissue. (b )
Cell proliferations in sections of
ovarian cancer and normal ovary
were stained for the proliferation
marker PCNA.
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and counted using the nCounter Prep Station and Digital
Analyzer. NanoString nCounter microRNA raw data were
normalized to the average counts for all control spikes in each
sample and analyzed using nSolver software.

Lentiviral Vector Production

The lentiviral DGCR8 and scramble shRNA vectors were
purchased from Addgene. Lentivirus was produced as de-
scribed previously (16).

miRNA Expression by Real-Time RT-PCR

Total RNA was extracted from SKOV3 cells transduced with
DGCR8 or scramble shRNA. PolyA tailing real-time RT-
PCR was performed as described previously (17). Forward
primers for individual miRNAs are listed in Supplementary
Material Table S1. The SYBR Green-based real-time RT-
PCR was performed using a LightCycler 4800 real-time PCR
instrument (Roche Applied Science; Indianapolis, IN).
Melting curve analysis was performed to examine the PCR
product specificity. The relative expression was normalized to
U6 small nuclear RNA by the ΔΔCtmethod, and expressed as
mean ± SE.

Western Blot

Ovarian cancer SKOV3 cells transduced with DGCR8 or
scramble shRNA were collected in RIPA buffer (Thermo
Scientific; Rockford, IL) containing 1% Halt Proteinase inhib-
itor Cocktail (Thermo Scientific; Rockford, IL). An equal
amount of protein (40 μg/lane) was loaded on 8% SDS-
PAGE gels and transferred to nitrocellulose membranes. The
membrane was blocked with 5% non-fat milk for 1 h and
incubated with primary antibodies against DGCR8 (Santa
Cruz; Santa Cruz, CA); β-actin, GAPDH (Sigma; St. Louis,
MO), pERK1/2 and pAKT (Cell Signaling; Danvers, MA).

Immunofluorescence

Deparaffinized sections were rehydrated, and antigen retrieval
was performed by incubation of the slides for 30 min at 95–
100°C in 10 mM sodium citrate, 0.05% Tween 20 (pH 6.0).
The sections were treated with blocking buffer (5% normal
goat serum, 3% bovine serum albumin, and 0.1% Triton-X
100 in PBS) for 1 h. To detect protein expression, sections were
incubated with DGCR8 and PCNA primary antibody at 4°C
overnight. After three rinses for 5 min with 0.05%Tween 20 in
PBS (PBS-T), the sections were incubated with Alexa 594

Fig. 2 Silencing DGCR8 in ovarian
cancer cells reduces cell
proliferation. (a) Cell growth curves
in DGCR8KD and control cells
were determined by cell counting
(*p<0.05; **p<0.01). (b ) Cell
proliferation was examined by using
MTTassay in DGCR8KD and
control cells(**p<0.01). (c )
Colony formation by DGCR8KD
and control cells (**p<0.01). (d)
Soft agar colony formation assay
was performed in a 6-well plate in
triplicates. Colonies were
photographed and counted after
3 weeks (***p<0.001).
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conjugated goat anti-rabbit or mouse secondary antibody
(Invitrogen, 1:200 in PBST) for 1 h at room temperature.
After three washes, the sections were mounted with
Vectashield medium containing DAPI or PI (Vector
Laboratories Inc.; Burlingame, CA) and visualized under fluo-
rescent microscope.

Tumor Xenografts in Mice

Animal experiments were performed in accordance with a
protocol approved by the Institutional Animal Care and Use
Committee of the University of Tennessee Health Science
Center. Immunodeficient NOD.Cg-Prkdc scid Il2rg tm1Wjl/SzJ
(NSG) female mice (Jackson Laboratory) were injected into
the flanks with 106 SKOV3 (DGCR8 knockdown and scram-
ble) cells. Tumors were measured weekly with a handheld
caliper.

Statistical Analysis

Data shown represent the mean ± standard deviation (SD)
from at least three different experiments. The differences were

analyzed using Student’s t- test. P values<0.05 were consid-
ered significant.

RESULTS

DGCR8 is Upregulated in Ovarian Cancer

To determine DGCR8 expression in ovarian cancer, we
examined sections of ten ovarian cancer and control tissue
by using immunostaining. Ovarian cancer samples were di-
agnosed byH&E staining as serous adenocarcinoma (Fig. S1).
DGCR8 was highly stained in cell nuclei in ovarian cancer
when compared to control tissue samples (Fig. 1a), indicating
that DGCR8 expression is upregulated in ovarian cancer. To
examine the proliferative status of samples, sections of ovarian
cancer and control tissue were stained using antibody against
the cell proliferation marker PCNA. As shown in Fig. 1b,
PCNA was highly stained in the ovarian tumors when com-
pared to control.

To address the role of DGCR8 in ovarian cancer, DGCR8
expression was silenced in the SKOV3 ovarian cancer cell line

Fig. 3 Silencing DGCR8 inhibits
cell migration and invasion in
ovarian cancer cells. (a ) Wound
healing assays were performed to
examine the migration rate of
SKOV3 cells transduced with
DGCR8 shRNA and scramble
control. Photographs were taken
at 0 and 24 h following initial
scratch. The migration rates were
quantified by measuring the injured
area from triplicates. Three separate
experiments were performed
(**p<0.01). (b ) Cell invasion assay
was performed with Matrigel
transwell plates and cells migrating
through Matrigel after 24 h were
stained with PI, photographed after
fluorescent microscopy and
counted. Data were collected from
three separate experiments and
analyzed using student T-tests
(***p<0.001).

Role of DGCR8 in Ovarian Cancer 773



using lentiviral shRNA (Fig.S2A). SKOV3 ovarian cancer
cells were transduced with puromycin-resistant lentiviral vec-
tors that also contained DGCR8 or scramble shRNA, and
selected with 3 ug/ml of puromycin. DGCR8 expression was
reduced ~75% in DGCR8 knockdown (KD) cells when com-
pared to cells transduced with scramble shRNA, as detected
by real-time RT-PCR (Fig. S2B). DGCR8 knockdown was
further confirmed by immunofluorescent staining, in which
DGCR8 was strongly stained in the nuclei of cells transduced
with scramble shRNA, but only weak staining of DGCR8 was
observed in the DGCR8 KD cells (Fig.S2B).

Silencing DGCR8 Inhibits Cell Proliferation and Colony
Formation

To determine the functional role of DGCR8, we examined the
proliferation of SKOV3 cells transduced with DGCR8 or
scramble shRNA by cell counting. Silencing DGCR8 signifi-
cantly inhibits the proliferation of SKOV3 cells within 48 h of
plating as compared to cells transduced with scramble shRNA
(Fig. 2a). The inhibitory effect of DGCR8 KD on cell growth
was also observed in MTT assays (Fig. 2b). We also performed
colony formation assays on DGCR8 KD and control cells and
found that silencing DGCR8 leads to significantly reduction in
colony formation as compared to controls (Fig. 2c). In addition,
silencing DGCR8 attenuated anchorage-independent growth
as determined by soft agar assay (Fig. 2d).

Silencing DGCR8 Results in Reduced Cell Migration
and Invasion

Cancer cell migration and invasion are important events in
metastasis. To determine whether silencing DGCR8 affected
cell migration, we examined cell migration in wound healing
assays. The migration rate is significantly reduced in DGCR8
KD compared with control cells (Fig. 3a). We further exam-
ined cell invasion using transwell cell invasion assay. Silencing
DGCR8 in SKOV3 cells resulted in significant reduction in
the number of cells that invade through Matrigel basement
membrane (Fig. 3b).

Silencing DGCR8 Sensitizes Chemotherapeutic Drug
Induced Apoptosis and Reduces Cell Viability

To determine whether DGCR8 regulates cellular sensitivity
to apoptotic-inducing agents, we treated SKOV3 cells trans-
duced with DGCR8 or scramble shRNA with different con-
centrations of the chemotherapeutic drug cisplatin. Apoptosis
was determined by measuring caspase-3/7 activity at 24 h
following cisplatin exposure. The activities of caspase 3/7
were significantly increased by exposure to increased cisplatin
concentrations in both control andDGCR8KD cells (Fig. 4a).
Most importantly there was a marked increase in apoptosis at

all cisplatin concentrations in DGCR8 KD cells, indicating
that knockdown of DGCR8 sensitized cells to apoptosis in-
duced by cisplatin. The cell viability of DGCR8 KD cells was
significantly reduced upon treatment with 1 and 2 ug/ml of
cisplatin (Fig. 4b).

Silencing DGCR8 Inhibits Tumor Growth In Vivo

To determine whether DGCR8 affects tumor growth in vivo ,
NSGmice were injected subcutaneously with 1×106 DGCR8
KD and scramble-transduced SKOV3 cells. Tumor volume
was determined weekly by caliper measurement. As shown in
Fig. 5a, tumors continuously grew in mice injected with con-
trol SKOV3 cells during the 7-week experimental period. In
marked contrast, tumor growth in mice injected with DGCR8
KD cells was significantly delayed, as early as 2 weeks after
injection of cells. These results suggest that silencing DGCR8
significantly inhibits tumor growth in vivo .

Silencing DGCR8 Attenuates Cellular Survival Pathway

The miRNA biogenesis pathway contributes to miRNA mat-
uration in cells, and thus regulates cellular homeostasis by
controlling the target gene expression. We next examined
whether miRNA biogenesis affects two important cellular

Fig. 4 Knockdown of DGCR8 sensitizes cells to cisplatin induced cell apopto-
sis. (a) DGCR8KD and control SKOV3 cells were treated with different doses
of cisplatin and apoptosis was examined at 24 h following the treatment by
measuring caspase3/7 activity. Data were presented from one representative
experiment of three experiments (**p<0.01). (b) Cell viabilities were exam-
ined in DGCR8 KD and control SKOV3 cells following treatment with various
doses of cisplatin . Three separate experiments were repeated (*p<0.05).
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survival pathways, ERK1/2 mitogen-activated protein kinase
and phosphatidylinositol 3-kinase/AKT. Silencing DGCR8
significantly attenuates both ERK1/2 and PI3K/AKT path-
ways in SKOV3 cells (Fig. 5b), indicating that silencing
DGCR8 dependent miRNA biogenesis pathway attenuates
cellular survival signaling pathways in ovarian cancer cells.

Silencing DGCR8 in Ovarian Cancer Cells Selectively
Affects miRNA Gene Expression

DGCR8 interacts with Drosha and controls miRNA matura-
tion, and thus silencing DGCR8 disrupts miRNA expression.
To determine the role of DGCR8 on the expression of
miRNAs in SKOV3 cells, we performed Nanostring miRNA
array analysis onDGCR8KDand control cells. Of 654 human
miRNA arrayed, 213 miRNAs were expressed at detectable
levels; 18 showed significant downregulation, 85 were not
significantly altered, and 355 were upregulated in DGCR8

KD compared with control cells. The array data showed that
the loss of DGCR8 had selective effects on miRNA expression
as illustrated in heat-maps (Fig. 6a). The most downregulated
miRNAs in SKOV3 DGCR8 KD cells include miR-27b,
196a, 221, 19a, 181a,10a and miR-21. The upregulated
miRNAs are miR-26a, 30b, 200b, 96, 200a, 30a and 146a.
We further validated the expression of these differentially reg-
ulated miRNAs using polyA tailing real-time RT-PCR and
found that miR-27b was approximately 8-fold dowregulated
upon DGCR8 KD, while miR-30a and miR-200a were up-
regulated 4.5 and 4.9-fold upon DGCR8 KD, respectively
(Fig. 6b, c).

miR-27b Contributes To Oncogenic Properties
of DGCR8

To determine the contribution of these dysregulated miRNAs
to DGCR8 function, we selected miR-27b for further

Fig. 5 Knockdown of DGCR8
attenuates cellular survival
pathways. (a ) Tumors were
continuously grown in mice injected
with control cells whereas tumor
significantly were reduced in mice
injected with DGCR8KD cells(n=
4, **p<0.01). (b ) DGCR8,
phospho and total AKT, phospho
and totalERK1/2 and GAPDH
expression in DGCR8KD and
control SKOV3 cells were detected
by Western blot. Protein bands
were quantified by densitometry
(**p<0.01, ***p<0.001).

Role of DGCR8 in Ovarian Cancer 775



investigation based on the finding that miR-27b is the most
down-regulated miRNA upon DGCR8 knockdown. To deter-
mine the contribution of miR-27b to the oncogenic
properties of DGCR8, we transduced SKOV3 cells
using a lentiviral vector expressing miR-27b. We found that
overexpression of miR-27b significantly promotes colony for-
mation of SKOV3 cells (Fig. 7a), suggesting that miR-27b
may partially contributes to the properties of DGCR8 in
SKOV3 cells (Fig. 7b).

DISCUSSION

The Correlation of DGCR8 and Ovarian Cancer

While DGCR8 is a double-stranded RNA binding pro-
tein and a key component of miRNA biogenesis, its role
in ovarian cancer has not been examined. In this study,
we revealed that the expression of DGCR8 in ovarian
cancer was highly expressed compared to normal ovary
tissue. Previous studies showed that DGCR8 was upreg-
ulated in skin epithelial cancer (13), cervical squamous
cell carcinoma (14) and salivary gland pleomorphic ade-
noma (15), suggesting that DGCR8 may function as an
oncogene in those cancers. Low Dicer and Drosha

Fig. 6 Knockdown of DGCR8 in
SKOV3 cells leads to dysregulation
of miRNA expression. (a ) miRNA
expressions inDGCR8KD and SC
SKOV3 cells were detected in
duplicate using Nano-string miRNA
array, and the averaged signaling
intensities were displayed in heat-
maps for the highest up and
down-regulated miRNAs (>2 fold)
in DGCR8KD compared to SC
control cells. (b ) Selected miRNA
expressions were verified by polyA
tailing real-time RT-PCR.

Fig. 7 miR-27b promotes cell proliferation in ovarian cancer cells. (a )
Colony formations were significantly increased in SKOV3 cells transduced
with lentiviral miR-27b overexpression vector compared to controls. (b )
Molecular model for the oncogenic properties of DGCR8.
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expression has been associated with advanced tumor
stage, reduced survival and poor response to chemother-
apy in ovarian cancer (10,11). However, Dicer was also
found to be upregulated in ovarian serous carcinomas
and associated with poor survival, which is similar to the
findings we have observed on DGCR8 in ovarian cancer
(12). Given that DGCR8 plays a critical role in miRNA
maturation, DGCR8 may be an important biomarker for
diagnosis and therapeutic target for ovarian cancer
treatment.

The Role of DGCR8 in Ovarian Cancer

The function of DGCR8 in ovarian cancer is unresolved.
We found that knockdown of DGCR8 in ovarian cancer
cells leads to the significant reduction in cell prolifera-
tion, migration, invasion, and sensitizes cells to apoptosis
induced by chemotherapeutic drug cisplatin. Most im-
portantly DGCR8 appears to play an important role in
tumor growth in vivo , since DGCR8 knockdown marked-
ly retards SKOV3 tumor growth. Moreover, silencing
DGCR8 in ovarian cancer cells attenuates two cellular
survival pathways ERK1/2 and PI3K/AKT, indicating
that DGCR8 functions as an oncogene in part by promoting
cell growth. A recent study also showed that silencing DGCR8
and Drosha in breast cancer cells inhibited colony formation
(18).

miR-27b is an Oncogenic miRNA in Ovarian Cancer

DGCR8 facilitates miRNA maturation by interacting with a
RNase III enzyme Drosha. Silencing DGCR8 interferes
miRNA maturation, and thus miRNA gene expression. By
miRNA array profiling, we identified a specific subset of
miRNAs regulated by DGCR8. miRNAs downregulated in
DGCR8KD cells, include miR-10a, 221, 19a, 181a, and
miR-27b, which have been found to oncogenic miRNAs in
a variety of cancers. However their role in ovarian cancer has
not been studied. For example, miR-10a is an oncomiRNA in
cervical cancer (19), pancreatic cancer (20). miR-19a is an
oncomiR in B-cell lymphoma (21) and breast cancer by
targeting PTEN (22). miR-181a plays an oncogenic role in
oral squamous cell carcinoma (23) and lymphoblastic leuke-
mia (24). miR-221 functions as an oncomiRNA in melanoma
(25), breast cancer (26) and prostate cancer (27). miR-27b
promotes cell proliferation in breast cancer by targeting tumor
suppressor of tumorigenicity 14 (ST14) (28). Silencing miR-
27b in glioma was found to induce cell apoptosis and inhibit
cell proliferation, suggesting that miR-27b functions as an
oncomiRNA (29). In our current study, we showed that
miR-27b is the most downregulated miRNA in DGCR8
KD cells as compared to controls, which leads to the hypoth-
esis that miR-27b may function as an oncomiRNA and

contributes to the oncogenic properties of DGCR8 in ovarian
cancer. We showed a potential oncogenic role of miR-27b in
ovarian cancer cells by overexpressing miR-27b using
lentiviral vector, which resulted in significant increase of col-
ony formation in miR-27b overexpressing cells. Therefore, we
conclude that miR-27b at least in part contributes to the
oncogenic properties of DGCR8 in ovarian cancer.
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