
Abstract. – OBJECTIVE: Cullin 4B (CUL4B) is
a component of the Cullin 4B-Ring E3 ligase
complex (CRL4B) that plays a role in proteolysis
and is implicated in tumorigenesis. However, lit-
tle is known about CUL4B function in human
brain tumors, including glioma.

MATERIALS AND METHODS: Here, to investi-
gate the involvement of CUL4B in glioma tumori-
genesis, endogenous CUL4B expression was
depleted in glioblastoma cell lines U87 and U251
by RNA interference (RNAi).

RESULTS: Knockdown of CUL4B via shRNA-
delivering lentiviruses significantly decreased
cell proliferation and colony formation, causing
G1 phase cell cycle arrest in both cell lines via
down-regulation of cyclin D1 and up-regulation
of p16. While increasing the expression of the tu-
mor suppressor PTEN, CUL4B knockdown allevi-
ated in vivo tumorigenesis in glioma xenograft
nude mice and impeded cell migration via sup-
pression of MMP-9.

CONCLUSIONS: Therefore, knockdown of
CUL4B is likely to provide a novel alternative for
targeted therapy of glioma deserving further in-
vestigation.

Key Words:
Cullin 4B, Glioma, shRNA, Proliferation, Cell cycle,

Tumorigenesis.

Introduction

Gliomas are the most common primary tumors
of the adult central nervous system (CNS), char-
acterized by high morbidity and mortality as well
as a high recurrence rate1. Presumably, gliomas
arise from mature glia or neural stem cells and
diffusely infiltrate surrounding tissues2, compli-
cating surgical resection. Survival from gliomas
depends on tumor type and grade of malignancy3.
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According to World Health Organization (WHO)
standards, gliomas are classified into four malig-
nant grades (I, II, III, IV). The most lethal is
grade IV glioblastoma (GBM), with a five-year
survival rate of less than 10% due to difficulties
in complete resection and low sensitivity to ra-
dio- and chemotherapy4-6. Thus, treatment of
gliomas remains one of the most disappointing
challenges in modern oncology.

Cullin 4B (CUL4B), a scaffold protein that as-
sembles the CRL4B ubiquitin ligase complex,
participates in the regulation of a broad spectrum
of biological processes. CUL4B binds to UV-
damaged chromatin via DDB2, it may be impor-
tant for DNA repair and replication7,8, and it reg-
ulates the mTOR pathway involved in control of
cell growth, size, and metabolism9. Previous
studies10 demonstrated that CUL4B expression is
markedly upregulated in various human cancers,
promoting cell proliferation, invasion, and tu-
morigenesis. While Jiang et al11 demonstrated
that CUL4B is a novel prognostic marker corre-
lating with colon cancer pathogenesis and pro-
gression, CUL4B was also reported to promote
proliferation and inhibit apoptosis of osteosarco-
ma cells12.

CUL4B mutations were found to cause human
X-linked mental retardation (XLMR) syndrome,
associated with aggressive outbursts, seizures,
relative macrocephaly, central obesity, hypogo-
nadism, pes cavus, and tremor13-16. The unique
CUL4B N-terminus may mediate the recruitment
of distinct substrates for degradation, and their
accumulation may contribute to the CUL4B phe-
notype. XLMR-linked CUL4B mutations result-
ed in the accumulation of WDR5, a subunit of
the H3K4 methyltransferase complex, and subse-
quent activation of neuronal genes promoting
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Construction of CUL4B
siRNA-Containing Lentiviruses and
Transduction Into Glioma Cells

The siRNA sequence 5’-AGCAGTGGAAGC-
TATTCAGAA-3’ was designed to knock down
the expression of the human CUL4B gene, and
the siRNA sequence 5’-TTCTCCGAACGTGT-
CACGT-3’ was used as a control. A stem-loop-
stem oligonucleotide (short hairpin RNA,
shRNA) corresponding to each siRNA was in-
serted into the pGCSIL-GFP vector (Genechem,
Shanghai, China). Recombinant lentiviruses were
produced by co-transfecting 293T cells with the
lentivirus expression vector and packaging plas-
mids pHelper 1.0 and pHelper 2.0 (Genechem)
using Lipofectamine 2000 (Invitrogen). Super-
natants were collected 48 h after transfection,
and lentiviral particles were purified by ultracen-
trifugation (4,000 × g) at 4°C for 10 min.

For infection, U87 and U251 cells (50,000
cells/well) were seeded in 6-well plates and
transduced with the constructed lentiviruses con-
taining CUL4B shRNA (Lv-shCUL4B) or non-
silencing shRNA(Lv-shCon) at a multiplicity of
infection (MOI) of 20. Green fluorescent protein
(GFP) encoded by the lentiviral vectors was used
to assess infection efficiency in transduced cells.

Western Blot
Five days after lentivirus infection, U87 and

U251 cells, respectively, were washed twice with
PBS and suspended in lysis buffer (2% mercap-
toethanol, 20% glycerol, 4% SDS in 100 mM
Tris-HCl, pH 6.8). Protein concentrations were
determined using a BCA Protein Assay Kit (Bey-
otime, Shanghai, China). β-actin protein served
as a loading control. Equal amounts (30 µg) of
protein samples were separated by SDS-PAGE
and transferred to polyvinylidene difluoride
(PVDF) membranes (Millipore, Bedford, MA,
USA). Nonspecific binding was blocked by incu-
bation in TBST (25 mM Tris, pH 7.4, 150 mM
NaCl, 0.1% Tween-20) containing 5% skimmed
milk at room temperature for 1 h. Membranes
were incubated with primary antibodies at 4°C
overnight, followed by horseradish peroxidase
(HRP)-conjugated secondary antibodies at room
temperature for 1 h. Bands were visualized after
incubation with chemiluminescence detection
reagent (Pierce, Rockford, IL, USA).

Rabbit anti-CUL4B (#10-P1233) antibody was
obtained from American Research Products
(Waltham, MA, USA); mouse anti-cyclin D1
(#MD-17-3) antibody was from Medical & Bio-

neurite extension17. Peroxiredoxin III is another
unique CUL4B substrate that may affect neural
development through the regulation of reactive
oxygen species (ROS) levels18. A recent report
showed that the phenotypic heterogeneity of
cerebral malformations might result from the in-
volvement of CUL4B in various cellular path-
ways essential for normal brain development19.

Whereas CUL4B is involved in the pathogene-
sis of human malignancy and neuronal disease,
its exact role in primary brain tumors such as
gliomas has not yet been determined. Here, we
assessed expression levels of CUL4B in human
glioma samples and used specific small interfer-
ing RNA (siRNA) to downregulate CUL4B ex-
pression and investigate its impact on growth in
U87 and U251 glioblastoma cells in vitro and in
vivo.

Materials and Methods

Cell Culture
Human glioblastoma cell lines U87 and U251

and the human embryonic kidney cell line 293T
were obtained from the Cell Bank of the Chinese
Academy of Sciences (Shanghai, China). All cell
lines were maintained in Dulbecco’s modified
Eagle’s medium (DMEM; Logan, UT, USA) sup-
plemented with 10% fetal bovine serum (FBS;
Loire Valley, France) at 37°C in a 5% CO2 hu-
midified incubator.

Real-time Quantitative PCR
Total RNA was extracted from glioma tissues

and cultured cell lines using TRIzol® reagent (In-
vitrogen, Carlsbad, CA, USA), and cDNA was
synthesized using M-MLV reverse transcriptase
(Promega, Madison, WI, USA). Real-time quan-
titative PCR (qPCR) was carried out on an ABI
PRISM 7000 Sequence Detection System (Ap-
plied Biosystems, Foster City, CA, USA) accord-
ing to the manufacturer’s protocol, briefly, denat-
uration at 95°C for 1 min, 40 cycles of denatura-
tion at 95°C for 5 s and extension at 60°C for 20
s. The β-actin gene was amplified as an internal
control. The following primers were used:
CUL4B, 5’-TGGAAGTTCATTTACCACCAGA-
GATG-3’ (forward) and 5’-TTCTGCTTTTAA-
CACACAGTGTCCTA-3’ (reverse); β-actin, 5′-
GTGGACATCCGCAAAGAC-3′ (forward) and
5′-AAAGGGTGTAACGCAACTA-3′ (reverse).
For relative quantification of gene expression, the
2-∆∆CT method was used.



logical Laboratories (Aichi, Japan); rabbit anti-
p16INK4a (#4824), rabbit anti-MMP-9 (#2270),
rabbit anti-PTEN (#7960), and rabbit anti-β-actin
(#4967) antibodies were from Cell Signaling
Technology (Danvers, MA, USA); HRP-conju-
gated goat anti-rabbit (#SC-2054) and goat anti-
mouse (#SC-2005) secondary antibodies were
from Santa Cruz Biotechnology (Dallas, TX,
USA).

Cell Proliferation Assay
After lentivirus infection, U87 and U251 cells

(2,000 cells/well), respectively, were reseeded in
96-well plates and incubated at 37°C for 1, 2, 3,
4, and 5 days, respectively. At termination of cul-
ture, cell proliferation was analyzed using the
Cell Counting Kit-8 (CCK-8; Dojindo Laborato-
ries, Japan) according to the manufacturer’s in-
structions. After incubation at 37°C for 2 h, ab-
sorbance was measured at 450 nm using an
iMark microplate reader (Bio-Rad, Hercules,
CA, USA).

Colony Formation Assay
After lentivirus infection, U87 and U251 cells

(500 cells/well), respectively, were reseeded in 6-
well plates and incubated for 8 days to form nor-
mal colonies. The medium was replaced every 3
days, cells were washed with PBS and fixed with
4% paraformaldehyde for 30 min. Fixed cells
were stained with freshly prepared crystal violet
(Beyotime) for 20 min, and colonies were count-
ed under a microscope.

Cell Cycle Analysis
Cell cycle distribution was analyzed by flow

cytometry using propidium iodide (PI) staining.
Four days after lentivirus infection, U87 and
U251 cells, respectively, were reseeded in 6-cm
dishes at a density of 200,000 cells/dish. After
culture at 37°C for 40 h, cells were harvested,
fixed in 70% ethanol, stored at 4°C overnight,
stained with NaCl/PI solution containing 50
µg/mL PI and 100 µg/mL RNase A in the dark at
room temperature for 1 h, and analyzed by flow
cytometry (FACSCalibur; Becton Dickinson, San
Jose, CA, USA). Fractions of cells in G0/G1, S,
and G2/M phases were analyzed using dedicated
software (Becton Dickinson).

Transwell Assay
Cell migration was examined using Transwell

chambers (8.0-µm pores, 24 wells; Corning
Costar, Corning, NY, USA). Four days after

lentivirus infection, U87 and U251 cells were re-
seeded in upper chambers at a concentration of
50,000 and 30,000 cells/well, respectively, in 200
µL serum-free DMEM, and upper chambers were
filled with DMEM containing 10% FBS. After
incubation at 37°C for 24 h, non-migrated cells
on the upper surface of the filter were gently re-
moved using cotton swabs, while migrated cells
on the lower surface were fixed with 4%
paraformaldehyde, stained with crystal violet,
and counted (five random fields per well) under a
microscope.

In vivo Tumorigenesis
Sixteen 6-week old female BALB/c nude mice

(body weight 20.0 ± 2.5 g) were obtained from
Beijing HFK Bioscience Co., Ltd. (Beijing, Chi-
na) and kept under specific pathogen-free (SPF)
conditions. All animal experiments were evaluat-
ed and approved by the Ethics Committee of
Qilu Hospital and the Brain Science Research In-
stitute of Shandong University.

After lentivirus infection, U87 and U251 cells
were collected and washed with serum-free
DMEM. Sixteen nude mice were randomly as-
signed to four groups of four and injected with
treated U87 or U251 cells (5 × 105 cells/site) into
the back of the neck. Diameters of tumors in the
greatest axis (a) and shortest axis (b) were mea-
sured using a vernier caliper every 3-4 days, and
tumor volumes were calculated using the follow-
ing formula: tumor volume (mm3) = 1/2 (a × b2).
Tumor growth was followed for 3 weeks after
the first injection, mice were sacrificed by cervi-
cal dislocation, and tumors were excised for
weighing.

Statistical Analysis
For statistical analysis, the SPSS 16.0 software

package (SPSS Inc., Chicago, IL, USA) was
used. All data were expressed as mean ± standard
deviation (SD). Differences between two groups
were analyzed by Student’s t-test, and a p-value
of < 0.05 was considered statistically significant.

Results

Expression of CUL4B in Glioma and
Adjacent Brain Tissues

To explore the role of CUL4B in human
glioma, we evaluated its expression in 15 paired
glioma and adjacent brain tissues by qPCR. Fig-
ure 1 shows that in two thirds of glioma tissues
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CUL4B mRNA levels were increased more than
three-fold compared to matched normal tissues.
These results indicate that CUL4B is highly ex-
pressed in glioma tissues and might be associated
with glioma development.

Knockdown of CUL4B in Glioblastoma
Cells by Lentivirus-Mediated shRNA

U87 and U251 cells were transduced with
shRNA-delivering lentiviruses (Lv-shCon or Lv-

shCUL4B). GFP expression was detected by flu-
orescent microscopy four days post-infection. As
shown in Figure 2A, over 80% of cells in both
the Lv-shCon and Lv-shCUL4B groups ex-
pressed GFP, indicating a high infection rate of
the cell lines. Inhibitory effects of Lv-shCUL4B
on endogenous CUL4B expression were exam-
ined by qPCR and western blot. As shown in Fig-
ure 2B and D, CUL4B mRNA levels were re-
duced by 77.4% and 77.8% in Lv-shCUL4B-

J. Dong, X.-Q. Wang, J.-J. Yao, G. Li, X.-G. Li

Figure 1. Expression patterns of CUL4B in glioma and adjacent brain tissues. qPCR analysis of CUL4B expression in 15
paired glioma and adjacent brain tissue samples.

Figure 2. CUL4B expression depleted by lentivirus-delivered shRNA. A, GFP expression in lentivirus-infected U87 and
U251 cells (compared to uninfected controls) detected by fluorescence microscopy. B, and D, qPCR analysis of CUL4B
knockdown efficiency comparing uninfected and lentivirus-infected U87 and U251 cells. The β-actin gene was used as in-
ternal control. C, and E, Representative western blot demonstrating CUL4B knockdown efficiency by comparing uninfected
and lentivirus-infected U87 and U251 cells. GAPDH protein was used as internal control. Data are mean ± SD. (n = 3; t-test).
**p < 0.01.



transduced U87 and U251 cells, respectively,
compared to Lv-shCon and Con (uninfected)
controls, which were not significantly different
from each other. Western blot data verified the
down-regulation of CUL4B expression in both
cell lines (Figure 2C and E). Therefore,
lentivirus-delivered shRNA could specifically de-
plete endogenous CUL4B expression in glioblas-
toma cells.

Effects of CUL4B Knockdown on Cell
Proliferation and Colony Formation

To evaluate the effects of CUL4B on glioma
cell proliferation, CCK-8 assays were performed
with U87 and U251 cells after lentivirus infec-
tion. As shown in Figure 3A and 3B, prolifera-
tion rates were reduced by 63.7% in U87 cells
and 45.5% in U251 cells on day 5 after transduc-
tion with Lv-shCUL4B, compared to controls.
These results indicate that knockdown of CUL4B

can strongly reduce the proliferation of glioblas-
toma cells.

Moreover, colony formation assays were per-
formed with U87 and U251 cells after lentivirus
infection, and representative photographs of crys-
tal violet-stained colonies per well were taken
(Figure 3C). While the average numbers of total
colonies were nearly 150 or 200 in controls (Con
and Lv-shCon), there were less than 30 or 40
colonies of Lv-shCUL4B-transduced U87 or
U251 cells, respectively (Figure 3D and E).
These results indicate that knockdown of CUL4B
can strongly disrupt colony formation of
glioblastoma cells.

Effects of CUL4B Knockdown on
Cell Cycle Control

To assess the mechanism by which CUL4B
modulates cell proliferation, flow cytometry as-
says were used to determine cell cycle distribu-
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Figure 3. Depletion of CUL4B decreased cell proliferation and colony formation. A, and B, Growth curves of uninfected and
lentivirus-infected U87 and U251 cell lines determined by cell proliferation assays. C, Representative colony formation showing
clonogenic survival of uninfected and lentivirus-infected U87 and U251 cell lines. D, and E, Statistical analysis of colony num-
bers of uninfected and lentivirus-infected U87 and U251 cell lines. Data are mean ± SD. (n = 3; t-test). *p < 0.05, ** p < 0.01.
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tions in U87 and U251 cells (Figure 4A). As
shown in Figure 4B, the percentage of cells in
G1 phase was increased from approximately
50.0% or 52.0% in controls (Con or Lv-shCon,
respectively) to 82.0% in Lv-shCUL4B-
transduced U87 cells. In contrast, the percentage
of cells in S phase was decreased from about
40.0% or 38.0% in controls (Con or Lv-shCon,
respectively) to 10.0% in Lv-shCUL4B-
transduced U87 cells. Similarly, percentages of
U251 cells in G1 phase were increased and per-
centages in S phase were decreased in response
to CUL4B knockdown (Figure 4C). These results
indicate that knockdown of CUL4B can inhibit
glioblastoma cell proliferation by inducing G1
phase cell cycle arrest.

Effects of CUL4B Knockdown on
Cell Migration

Furthermore, we examined the effects of
CUL4B on glioblastoma cell migration using
Transwell chambers. Representative images of
U87 and U251 cells that migrated to the lower
surface are presented in Figure 5A. The average
number of migrated Lv-shCUL4B-transduced
U87 cells was 65, representing a significant re-
duction from 224 and 210 in controls (Con and
Lv-shCon, respectively; p < 0.01, Figure 5B).
Similarly, numbers of migrated U251 cells were
significantly reduced by CUL4B knockdown (p <
0.01, Figure 5C). These results indicate that
knockdown of CUL4B can alleviate migration of
glioblastoma cells.

J. Dong, X.-Q. Wang, J.-J. Yao, G. Li, X.-G. Li

Figure 4. G1 phase cell cycle arrest induced by depletion of CUL4B. A, Flow cytometry analysis of cell cycle distributions in
uninfected and lentivirus-infected U87 and U251 cell lines. B, and C, Statistical analysis of G1, S, and G2/M phase popula-
tions in uninfected and lentivirus-infected U87 and U251 cell lines. Data are mean ± SD. (n = 3; t-test).

Figure 5. Cell migration impeded by depletion of CUL4B. A, Representative crystal violet staining showing cell migration in
uninfected and lentivirus-infected U87 and U251 cell lines. B, and C, Statistical analysis of migrated cells in uninfected and
lentivirus-infected U87 and U251 cell lines. Data are mean ± SD (n = 3; t-test). ** p < 0.01.



Effects of CUL4B Knockdown on
Regulators of Cell Cycle and Migration

To survey the molecular mechanisms underly-
ing CUL4B-mediated cell growth and migration,
alterations in the expression of some regulators
associated with cell cycle and motility were ana-
lyzed in U87 and U251 cells using western blot.
As shown in Figure 6, the expression levels of
cyclin D1 and MMP-9 were obviously down-reg-
ulated, while p16INK4a and PTEN were up-reg-
ulated in Lv-shCUL4B-transduced cells com-
pared with controls (Con and Lv-shCon). These
results indicate that CUL4B might play an essen-
tial role in glioma growth and metastasis by
modifying the expression patterns of regulatory
proteins.

Effects of CUL4B Knockdown on
Yumor Growth in vivo

A human xenograft nude mouse model of
glioma was used with lentivirus-infected U87 or
U251 cells. With increasing time after implanta-
tion, tumor volumes in all groups would progres-
sively increase, but growth rates in groups treated
with Lv-shCUL4B-transduced cells were signifi-
cantly slower than in controls (Lv-shCon, Figure
7A and B). Representative images of solid tu-
mors are shown in Figure 7C. Compared to con-
trols, tumor weights in groups treated with Lv-
shCUL4B-transduced cells were reduced by
57.7% in U87 cell-implanted mice and 75.4% in

U251 cell-implanted mice (p < 0.01, Figure 7D).
These results further confirmed that knockdown
of CUL4B could potently suppress glioma
growth in vitro and in vivo.

Discussion

Previous studies had shown that CUL4B is
overexpressed in many types of solid tumors and
contributes to epigenetic silencing of tumor sup-
pressors. Knockdown of CUL4B reduced prolif-
eration, colony formation, and invasiveness of
hepatocellular carcinoma cells in vitro and inhib-
ited tumor growth in vivo, effects that were atten-
uated by introduction of exogenous β-catenin20.
Here, lentivirus-delivered shRNA targeting
CUL4B was used to stably down-regulate its en-
dogenous expression in glioblastoma cell lines
U87 and U251 to ascertain the role of CUL4B in
human glioma. Knockdown of CUL4B signifi-
cantly inhibited proliferation and colony forma-
tion of both cell lines in vitro.

It had been shown that CUL4B is required to
maintain cell cycle progression and that its tar-
gets include cell cycle-regulated proteins and
DNA replication-related molecules21,22. There-
fore, flow cytometry was used to analyze the ef-
fects of CUL4B knockdown on cell cycle con-
trol. The cell cycle was arrested at the G1 phase
in U87 and U251 cells after CUL4B knockdown,
which could contribute to the inhibition of cell
proliferation. Our results are consistent with data
of a previous study showing that the loss
of CUL4B resulted in a significant reduction of
cell proliferation and caused G1 cell cycle arrest,
accompanied by upregulation of the cyclin-de-
pendent kinase (CDK) inhibitors (CKIs) p21 and
p5723. Here, knockdown of CUL4B decreased
the expression of cyclin D1, a key regulator re-
quired for the G1-S transition, while increasing
the level of p16INK4a that can directly inhibit
the activity of cyclin D, thereby inhibiting S
phase entry24,25. In addition, knockdown of
CUL4B led to an increase in PTEN expression,
which is known as a tumor suppressor implicated
in a wide variety of human cancers26. While this
implies an oncogenic role of CUL4B in
glioma, its involvement in proteolysis of such tu-
mor suppressors in glioblastoma cells needs to be
confirmed by further investigation.

Moreover, it is noteworthy that CUL4B knock-
down by shRNA markedly inhibited the growth
of xenografts in nude mice, indicating that it
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Figure 6. Cell cycle and migration regulatory proteins af-
fected by depletion of CUL4B. Representative western blot
showing expression alterations of cyclin D1, p16INK4a,
MMP-9, and PTEN in uninfected and lentivirus-infected
U87 and U251 cell lines. GAPDH protein was used as an
internal control.



1020

could alleviate glioma tumorigenesis in vivo. Ad-
ditionally, knockdown of CUL4B impeded cell
migration of U87 and U251 cells via suppression
of MMP-9 that contributes to cell motility and
invasiveness27.

Conclusions

We have provided new evidence that CUL4B
participates in malignant glioma proliferation in
vitro and in vivo. Therefore, knockdown of
CUL4B is likely to provide a novel alternative
for targeted therapy of glioma and deserves fur-
ther investigation.
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