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MicroRNA-300 Regulates the Ubiquitination
of PTEN through the CRL4BDCAF13 E3 Ligase
in Osteosarcoma Cells
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Cullins, critical members of the cullin-RING ubiquitin ligases
(CRLs), are often aberrantly expressed in different cancers.
However, the underlying mechanisms regarding aberrant
expression of these cullins and the specific substrates of CRLs
in different cancers aremostly unknown. Here, we demonstrate
that overexpressed CUL4B in human osteosarcoma cells forms
an E3 complex with DNA damage binding protein 1 (DDB1)
and DDB1- and CUL4-associated factor 13 (DCAF13).
In vitro and in vivo analyses indicated that the CRL4BDCAF13

E3 ligase specifically recognized the tumor suppressor PTEN
(phosphatase and tensin homolog deleted on chromosome
10) for degradation, and disruption of this E3 ligase resulted
in PTEN accumulation. Further analyses indicated that miR-
300 directly targeted the 30 UTR of CUL4B, and DNA hyperme-
thylation of a CpG island in the miR-300 promoter region
contributed to the downregulation of miR-300. Interestingly,
ectopic expression of miR-300 or treatment with 5-AZA-20-de-
oxycytidine, a DNA methylation inhibitor, decreased the
stability of CRL4BDCAF13 E3 ligase and reduced PTEN ubiqui-
tination. By applying in vitro screening to identify small mole-
cules that specifically inhibit CUL4B-DDB1 interaction, we
found that TSC01131 could greatly inhibit osteosarcoma cell
growth and could disrupt the stability of the CRL4BDCAF13

E3 ligase. Collectively, our findings shed new light on the mo-
lecular mechanism of CUL4B function and might also provide
a new avenue for osteosarcoma therapy.
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INTRODUCTION
Protein ubiquitination and degradation through the ubiquitin protea-
some system (UPS) are conservedmechanisms in prokaryotic and eu-
karyotic organisms, and disruption of these processes is associated
with the occurrence of many diseases, including cancer.1–3 Protein
ubiquitination requires three critical enzymes: ubiquitin-activating
enzymes (E1s), ubiquitin-conjugating enzymes (E2s), and ubiquitin
ligases (E3s).4,5 The human genome encodes at least 2 E1s, 38 E2s,
and nearly 1,000 E3s, which further recognize thousands of substrates
for modification in different biological processes.6,7 Currently, four
major classes of E3 ligases, including homologs to E6-AP carboxyl
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terminus (HECT), RING-finger, U-box, and plant homeodomain
(PHD) finger, have been identified.4,8 Of these, the RING-finger E3
ligases represent the largest family, which can be further classified
into different subgroups, such as the anaphase-promoting complex
(APC), cullin-RING ubiquitin ligases (CRLs), and the Skp1-cullin-
F-box protein (SCF) complex, depending on the presence of different
adapters.10,11 CRLs, the largest class of RING-type E3 ligases, conser-
vatively utilize seven cullins, including CUL1, CUL2, CUL3, CUL4A,
CUL4B, CUL5, and CUL7, as scaffolds to facilitate the assembly of E3
ligase complexes and to transfer ubiquitin from E2 to the sub-
strates.10,12 Dysregulation of cullin members has been broadly re-
ported to contribute to tumorigenesis through diverse mechanisms
such as involvement in DNA damage and repair, cell-cycle progres-
sion, as well as participation in the ubiquitination of oncoproteins
or tumor suppressors.13,14 For example, CUL4A and CUL4B, two pa-
ralogous genes in the human genome that share 82% amino acid
sequence identity, are highly expressed in different cancers, such as
breast cancer,15 hepatocellular carcinoma, and osteosarcoma.16,17

Both CUL4A and CUL4B have been shown to form CRL complexes
with RING-box protein 1 (RBX1), DNA damage binding protein 1
(DDB1), and DDB1- and CUL4-associated factors (DCAFs).18,19

CUL4-RBX is responsible for E3 ligase activities, whereas DCAFs
are in charge of the specificity of substrates.18,19 In the human
genome, more than 100 DCAFs have been characterized according
to the WD40 repeats that they contain.20 Through these DCAFs,
the CRL4A-based E3 ligases are capable of recognizing a number
of substrates, including DDB2,21 p21,22,23 p27,24 CDT1
(chromatin licensing and DNA replication factor 1),24 Chk1
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(checkpoint kinase 1),25 and STAT1 (signal transducer and activation
of transcription 1),26 in different cancers. By contrast, although
CUL4B is highly expressed in several cancer types, such as esophageal
cancer and osteosarcoma,17,27 the underlying mechanism of CUL4B
overexpression and the specific substrates in these cancers are gener-
ally unknown.

Downregulation of tumor suppressors is a major factor that leads to
tumorigenesis. Phosphatase and tensin homolog deleted on chro-
mosome 10 (PTEN), a common tumor suppressor, the expression
of which is often downregulated or even absent in the majority of
human cancers, functions as a phosphatase to dephosphorylate
phosphatidylinositol (3,4,5)-trisphosphate (PIP3), resulting in the
inhibition of the phosphatidylinositol 3-kinase (PI3K)/Akt signaling
pathway.28–30 The enzymatic activity of PTEN is crucial for the
maintenance of its function because its inactivation increases cancer
cell proliferation but attenuates cell death.28–31 At present, PTEN is
known to be regulated in many ways, including by microRNAs
(miRNAs) at the transcriptional level and by phosphorylation and
ubiquitination at the posttranslational level.32 In recent years,
several miRNAs, including miR-23a,33 miR-26a,34 and miR-93,35

have been reported to directly target the 30 UTR of PTEN and to
negatively regulate its expression, eventually participating in
different biological processes, including cell migration and inva-
sion.33–35 In addition, multiple kinases, including CK2 (casein ki-
nase 2),36 GSK3b (glycogen synthase kinase 3 beta),37 and PICT-1
(protein interacting with the C terminus-1),38 are capable of phos-
phorylating the C terminus of PTEN at the S380, T382, and T383
sites, and this phosphorylation facilitates the maintenance of
PTEN stability and function.36–39 Moreover, two PEST domains
in PTEN associate with ubiquitin-dependent degradation.40 PTEN
is able to be ubiquitinated by NEDD4-1 at several lysine residues,
including K289.40 However, these different PTEN expression-modu-
lating mechanisms in tumorigenesis and their relevance remain to
be elucidated in more physiological environments.

Osteosarcoma remains the leading cause of cancer-related death in
children and adolescents.41 Despite tremendous efforts to minimize
osteosarcoma cancer deaths, the prognosis of osteosarcoma remains
poor, with a 5-year survival rate of only 15%–30%.41 Common
treatment approaches for osteosarcoma patients who are diagnosed
at an early MSTS (Musculoskeletal Tumor Society) stage include
surgery followed by chemotherapy.41 However, the majority of pa-
tients with advanced MSTS stages will eventually experience tumor
progression and require further effective treatment.42 Thus, under-
standing the molecular basis for the progression of osteosarcoma
is critical to improve the treatment and prognosis of osteosarcoma
patients. Because our previous results revealed that CUL4B is over-
expressed in osteosarcoma cells, and that this overexpression pro-
motes cell proliferation and inhibits cell apoptosis,17 we further
investigated the pathogenesis of CUL4B in this process. In this
study, we first verified the formation of a CUL4B-based E3 ligase
complex, followed by a demonstration of the mechanism of
CUL4B overexpression in osteosarcoma cells. DNA methylation-
mediated downregulation of miR-300 was found to be responsible
for the entire regulatory process. Then, a small compound named
TSC01131 was identified by screening small molecules that in-
hibited the CUL4B-DDB1 interaction in a sesterterpenoid pool,
and this compound greatly inhibited osteosarcoma cell growth by
disrupting the stability of CRL4BDCAF13 E3 ligase. Together, our re-
sults provide new insights into the understanding of the mecha-
nisms underlying CUL4B overexpression and how CRL4BDCAF13

E3 ligase recognizes its substrate PTEN in osteosarcoma cells.
More importantly, our findings provide an opportunity for the
development of CRL4BDCAF13 E3 ligase-targeted therapeutics.

RESULTS
CUL4B Formed a Complex with DDB1 and RBX1 in Human

Osteosarcoma Cells

It is well known that CUL4B forms a complex with DDB1 and RBX1 in
cells derived from different species, including humans.18 To determine
whether CUL4B also interacts with DDB1 and RBX1 in human osteo-
sarcoma cells, we constructed a pCDNA3-Flag-CUL4B vector and trans-
fected it intoU2OS osteosarcoma cells. After immunoprecipitation (IP)
experiments with anti-Flag-Agarose, we detected whether CUL4B
pulled down DDB1 and RBX1. As shown in Figure S1A, the anti-Flag
immunocomplex from U2OS cells pulled down not only DDB1, but
also RBX1. By contrast, we could not detect CUL4B, DDB1, or
RBX1 in U2OS cells transfected with the negative vector pCDNA3-
Flag. These in vivo data verified the formation of an RBX1-CUL4B-
DDB1 complex in osteosarcoma cells. To further confirm this observa-
tion, we constructed yeast-two-hybrid (Y2H) vectors, including
pGADT7-CUL4B, pGBKT7-DDB1, and pGBKT7-RBX1, and tested the
direct interactions of CUL4B-DDB1 and CUL4B-RBX1 in yeast cells.
As shown in Figure S1B, the in vitro results clearly demonstrated that
CUL4B directly interacted with DDB1 and RBX1. Thus, our in vivo
and in vitro results suggested that CUL4B formed a conserved complex
with DDB1 and RBX1 in human osteosarcoma cells.

Components of CRL4BDCAF13 E3 Ligase Were Upregulated in

Human Osteosarcoma Cells

Because CUL4A and CUL4B form CRL4 E3 ligases with RING-box
proteins, adaptor proteins, and substrate recognition receptors, we
verified that CUL4B was able to interact with the RING-box protein
RBX1 and the adaptor protein DDB1. However, the substrate recog-
nition receptor DCAF is still lacking to form an E3 ligase. To iden-
tify the specific DCAFs for CRL4B-based E3 ligases in human
osteosarcoma cells, we primarily constructed a human osteosarcoma
cell-specific cDNA library in the pACT2 vector and then screened
the DCAFs that interacted with DDB1 using pGBKT7-DDB1 as a
bait vector. The transformed yeast cells were selected on synthetic
dropout nutrient medium (SC/-Trp-Leu-His) containing X-a-Gal.
The candidate genes that interacted with DDB1 were obtained
from blue colonies after PCR amplification with pACT2-specific
primers. We identified a DCAF protein, termed DCAF13, in our
primary results. DCAF13 is a protein containing 597 amino acids
with five WD40 repeats located in the middle portion of the mole-
cule (Figure 1A); however, its function has not yet been
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Figure 1. DCAF13 Was a Substrate Recognition Receptor for CUL4B-Based E3 Ligase, and Its Expression Was Elevated in Osteosarcoma Cells

(A) Schematic diagram of theWD40 domains of DCAF13 protein. FiveWD40 repeats and their locations are indicated. (B) DCAF13 directly interacted with DDB1 in yeast cells.

The pGADT7-DCAF13 or pGADT7-p53 plasmid was co-transformed with pGBKT7-DDB1 into AH109 cells. Growth of the transformed yeast cells was assayed on SC-T/L

(left panel) or SC-H/T/L medium (right panel). (C) DCAF13 interacted with DDB1 in osteosarcoma cells. U2OS cells transfected with different combinations of plasmids

(as indicated in the pictures) were incubated for 48 hr. The HA-tagged or Flag-tagged proteins were immunoprecipitated with anti-HA-Agarose or anti-Flag-Agarose,

respectively. The pull-down products were then analyzed via immunoblotting with anti-Flag or anti-HA antibodies. (D) DCAF13 was upregulated in cancerous tissues from an

osteosarcoma patient (MSTS stage III). H&E staining was performed to detect CUL4B, DDB1, or DCAF13 using their corresponding antibodies. Scale bars, 100 mm.

(E) DCAF13 was upregulated in cancerous tissues from three osteosarcoma patients (MSTS stage II–IV: patient 1, P1, stage II; patient 2, P2, stage III; patient 3, P3, stage IV)

and in osteosarcoma cell lines. Immunoblots were performed to detect the protein levels of CUL4B, DDB1, DCAF13, and GAPDH in the cancerous tissues (C) and normal

tissues (N) from three osteosarcoma patients (P1, P2, and P3) and in four osteosarcoma cell lines, including U2OS, Saos-2, MG63, and HOS. (F) Protein level of DCAF13 in

the left panel of (E) was normalized against GAPDH. (G) Protein level of DCAF13 in the right panel of (E) was normalized against GAPDH. **p < 0.001.
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demonstrated. To further verify the interaction between DDB1 and
DCAF13, we performed in vitro Y2H and in vivo co-immunoprecip-
itation (Co-IP) experiments. For the Y2H assay, we constructed
pGADT7-DCAF13, pGADT7-p53 (negative control), and pGBKT7-
DDB1 vectors and tested the direct interactions of DCAF13-
DDB1 and p53-DDB1 in yeast cells. The results indicated that
DCAF13 was able to directly interact with DDB1, but not with
p53 (Figure 1B). To determine whether DCAF13 formed a complex
with DDB1 in human osteosarcoma cells, we performed reciprocal
IP experiments in U2OS cells transfected with pCDNA3-HA-
256 Molecular Therapy: Nucleic Acids Vol. 10 March 2018
DDB1 + pCDNA3-Flag-p53, pCDNA3-HA-DDB1 + pCDNA3-Flag,
pCDNA3-HA-DDB1 + pCDNA3-Flag-DCAF13, pCDNA3-HA +
pCDNA3-Flag-p53, or pCDNA3-HA + pCDNA3-Flag-DCAF13.
The anti-human influenza hemagglutinin (HA) immunocomplex
from HADDB1 cells only pulled down DCAF13, but not p53
(Figure 1C, left panel). In this anti-Flag immunocomplex, only
Flag-DCAF13, and not Flag-p53, was able to pull down DDB1 (Fig-
ure 1C, right panel). These results clearly demonstrated that
CUL4B, RBX1, DDB1, and DCAF13 formed a CRL4BDCAF13 E3
ligase in human osteosarcoma cells.



Figure 2. DCAF13 Interacted with PTEN In Vivo and In Vitro

(A) In vivo pull-down of the Flag-HA-DCAF13-associated complexes. U2OS cells transfected with pCDNA3-Flag-HA-DCAF13 or pCDNA3-Flag-HA were subjected to IP

analysis. The resulting complexes were loaded onto SDS-PAGE gel for separation and then stained with Coomassie Brilliant Blue R 250. The IgG and DCAF13 bands were

indicated. (B) DCAF13 interacted with PTEN in vivo. U2OS cells co-transfected with different combinations of plasmids (as indicated in the pictures) were subjected to Co-IP

analysis with anti-Flag-Agarose (left panel) or anti-HA-Agarose (right panel). The pull-down products were then analyzed via immunoblots with anti-HA and anti-Flag anti-

bodies. (C) DCAF13 directly bound to PTEN in yeast. The pGBKT7-PTEN plasmid was co-transformed with the plasmid pGADT7-DCAF13, pGADT7-DCAF1, or pGADT7

empty vector into AH109 cells. The resulting yeast colonies were dotted on SC-T/L (left panel) or SC-H/T/L medium to determine their growth. (D) PTEN was downregulated

in cancerous tissues from a patient with osteosarcoma (MSTS stage III). H&E staining was performed to detect PTEN levels using a specific antibody in slices from the same

tissues as in Figure 1D. Scale bars, 100 mm. (E) PTEN was downregulated in cancerous tissues from three patients with osteosarcoma and in osteosarcoma cell lines. The

same samples used in Figure 1E were used to detect the protein level of PTEN. (F and G) The protein level of PTEN in (E) was normalized against GAPDH. **p < 0.001.

www.moleculartherapy.org
We previously showed that CUL4B was highly expressed in osteosar-
coma cells;17 thus, it is highly possible that the other components of
the CRL4BDCAF13 complex are also upregulated in osteosarcoma cells.
To verify this hypothesis, we first analyzed histological changes of
members of the CRL4BDCAF13 complex, including CUL4B, DDB1,
and DCAF13, using H&E staining in tumor specimens derived
from an osteosarcoma patient (MSTS stage III). The results
confirmed that the expression of these three proteins was much
higher in cancerous tissue compared with adjacent non-tumor tissue
(Figure 1D). In addition, we assessed the protein levels of these pro-
teins in three osteosarcoma patients under different MSTS stages
(II–IV), as well as in four osteosarcoma cell lines, including U2OS,
Saos-2, MG63, and HOS. As expected, in cancerous tissues and oste-
osarcoma cells, CUL4B, DDB1, and DCAF13 were upregulated (Fig-
ure 1E). The relative protein level of DCAF13 was also normalized
against GAPDH, and a nearly 3-fold induction was identified in the
cancerous tissues from patients and in the four osteosarcoma cell lines
(Figures 1F and 1G).
CRL4BDCAF13 E3 Ligase Recognized PTEN as a Substrate in

Human Osteosarcoma Cells

Previous investigations have identified a number of substrates of
CRL4A E3 ligases, such as DDB2, p12, CDT1, p21, and p27.21–25

However, limited information is available for the substrates of
CRL4B E3 ligases in different cancers. Given that the substrates of
CRL4 E3 ligases are recognized by DCAFs, we first sought to identify
the specific substrates of CRL4BDCAF13 E3 ligase in human osteosar-
coma cells by screening proteins that interacted with DCAF13.
Accordingly, we constructed a two-epitope-tagged vector containing
DCAF13, called pCDNA3-Flag-HA-DCAF13, and then transfected it
into U2OS cells. After a two-step purification method with anti-
Flag-Agarose and anti-HA-Agarose, DCAF13-containing complexes
were enriched (Figure 2A) and subjected to liquid chromatography-
tandem mass spectrometry (LC-MS/MS) analysis. By blasting in the
NCBI database, we obtained a total of 56 proteins that might interact
with DCAF13 in our primary list (Table S1). Interestingly, those pro-
teins included the tumor suppressor protein PTEN. To confirm that
Molecular Therapy: Nucleic Acids Vol. 10 March 2018 257
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Figure 3. PTEN Was a Substrate of CRL4BDACF13 E3

Ligase in Osteosarcoma Cells

(A) CRL4BDACF13 E3 ligase could ubiquitinate PTEN

in vitro. The purified His-PTEN protein was incubated with

E1 (+), with (+) or without (�) E2, and with (+) or without (�)

CUL4B-Flag complex in reaction buffer, followed by

immunoblotting for PTEN. (B–D) Knockdown of CUL4B,

DDB1, or DCAF13 attenuated the ubiquitination level of

PTEN in vivo. U2OS cells were first co-transfected with

PTEN-Flag and HA-Ubiquitin, followed by retroviral

infection of CUL4B-shRNA (B), DDB1-shRNA (C), or

DCAF13-shRNA (D). After 48 hr of incubation, the cells

were lysed, immunoprecipitated with anti-Flag antibody,

and then probed with anti-HA antibody to detect the

ubiquitinated PTEN. The protein levels of CUL4B, DDB1,

and DCAF13 after their knockdown are indicated in the

right panels of each figure.
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DCAF13 interacts with PTEN, we performed an in vivo Co-IP
analysis and an in vitro Y2H assay. For Co-IP analysis, U2OS cells
transfected with pCDNA3-HA-PTEN + pCDNA3-Flag-DCAF1,
pCDNA3-HA + pCDNA3-Flag-DCAF1, pCDNA3-HA-PTEN +
pCDNA3-Flag-DCAF13, or pCDNA3-HA + pCDNA3-Flag-DCAF13
were lysed and immunoprecipitated with either anti-HA-Agarose
or anti-Flag-Agarose. In the anti-Flag immunocomplex, Flag-
DCAF13, but not Flag-DCAF1, was able to pull down PTEN (Fig-
ure 2B, left panel). The anti-HA immunocomplex from HAPTEN cells
brought down DCAF13, but not DCAF1 (Figure 2B, right panel). For
the Y2H assay, we determined the direct interaction of DCAF13 and
PTEN using constructs with pGADT7-DCAF13 + pGBKT7-PTEN,
pGADT7-DCAF1 + pGBKT7-PTEN, and other negative control com-
binations, including pGADT7 + pGBKT7-PTEN, pGADT7-DCAF13 +
pGBKT7, and pGADT7-DCAF1 + pGBKT7. These results also indi-
cated that DCAF13, but not DCAF1, was able to directly interact
with PTEN in yeast cells (Figure 2C). Thus, it is highly possible
that PTEN is a substrate of CRL4BDCAF13 E3 ligase in human osteo-
sarcoma cells. Components of CRL4BDCAF13 E3 were upregulated,
suggesting that this complex should have increased E3 activity in
osteosarcoma cells. Thus, we proposed that PTEN would be downre-
gulated in cancerous tissues of osteosarcoma patients and in osteosar-
coma cells if it was a substrate of CRL4BDCAF13 E3 ligase. To confirm
this hypothesis, we detected PTEN expression by H&E staining
and immunoblotting. As expected, PTEN was downregulated in
cancerous tissues and cells (Figures 2D and 2E). After normalization
against GAPDH, we found a nearly 2-fold decrease of PTEN protein
levels in both cancerous tissues and cells (Figures 2F and 2G).
258 Molecular Therapy: Nucleic Acids Vol. 10 March 2018
Next, we performed in vitro and in vivo exper-
iments to detect whether CRL4BDCAF13 E3
ligase could ubiquitinate PTEN. For the
in vitro analysis, we reconstituted the ubiquiti-
nation reaction using combinations of E1, E2,
immunoprecipitated CUL4B-Flag complex,
and purified recombinant His-PTEN protein,
and we then detected the ubiquitination level
by immunoblotting against PTEN. Our results showed that only the
incubation of E1, E2, and the CUL4B-Flag complex could ubiquiti-
nate PTEN, but that the reactions lacking E2 or the CUL4B-Flag com-
plex could not (Figure 3A). For the in vivo analysis, we co-transfected
pCDNA3-Flag-PTEN with or without pCDNA3-HA-Ubiquitin in
U2OS cells with and without the suppression of CUL4B by its specific
small hairpin RNA (shRNA). After IP with anti-Flag-Agarose, the
ubiquitination of PTEN was examined by immunoblotting against
HA. As shown in Figure 3B, inhibition of CUL4B expression signifi-
cantly reduced PTEN ubiquitination, suggesting that CRL4BDCAF13

E3 ligase contributed to PTEN ubiquitination in vivo. Similarly, we
also knocked down DDB1 and DCAF13 in U2OS cells with their cor-
responding shRNAs, and we then co-transfected pCDNA3-Flag-
PTEN with or without pCDNA3-HA-Ubiquitin in these CUL4B
downregulated cells or normal U2OS cells. Then, the same procedure
was performed to detect PTEN ubiquitination. Our results indicated
that either DDB1 or DCAF13 downregulation was able to decrease
the PTEN ubiquitination level (Figures 3C and 3D). These results
clearly demonstrated that CRL4BDCAF13 E3 ligase recognized PTEN
as a substrate in osteosarcoma cells.

miR-300 Specifically Bound to the 30 UTR of CUL4B and

Negatively Regulated Its Expression in Human Osteosarcoma

Cells

Given that a number of miRNAs play important regulatory roles in
the pathogenesis of different diseases, including cancer, by targeting
specific mRNAs for degradation or translation repression,43 we
next sought to determine whether miRNAs participated in the



Figure 4. Expression of miR-300 Was Downregulated in Osteosarcoma Cell Lines and in the Majority of Cancerous Tissues from Patients with

Osteosarcoma

(A and B) Both the CUL4B protein (A) and mRNA (B) levels were upregulated in osteosarcoma cell lines. The hFOB1.19, U2OS, Saos-2, MG63, and HOS cell lines were

subjected to immunoblotting and qRT-PCR analyses to determine CUL4B protein and mRNA levels. (C and D) Expression of 20 miRNAs that were predicted to target the

30 UTR ofCUL4B in hFOB1.19, U2OS andMG63 cells. (C) miR-4251, miR-4531, miR-3977, miR-6830, miR-4659a, miR-545, miR-153, miR-4659b, miR-561 andmiR-381.

(D) miR-300, miR-4776, miR-6885, miR-7159, miR-8060, miR-3691, miR-3664, miR-4451, miR-3671 and miR-4482. (E and F) Expression of miR-300 in osteosarcoma

cancerous tissues is shown. Relative expression of miR-300 in osteosarcoma tumors (n = 48) was normalized to corresponding adjacent normal tissues (n = 48). (E) Log2 fold

change; (F) absolute fold change. p < 0.001. (G and H) The expression of miR-300 was negatively correlated with osteosarcoma tumor size andMSTS stage. The expression

of miR-300 was significantly lower in larger tumors (tumor maximal diameter R 12 cm) (G) and was significantly lower in patients with osteosarcoma with advanced MSTS

stages (II/III/IV) than in those with an early MSTS stage (H). *p < 0.05; **p < 0.001.
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regulation of CUL4B expression in human osteosarcoma cells. We
first determined whether the overexpression of CUL4B was mediated
transcriptionally or post-transcriptionally. Both the CUL4B mRNA
and protein levels were detected in U2OS, Saos-2, MG-63, and
HOS cells, and we found that both levels were clearly upregulated
compared with those measured in hFOB1.19 cells (Figures 4A
and 4B), suggesting that CUL4B was regulated at the transcriptional
level. Then, we searched for miRNAs that might target the 30 UTR
of CUL4B in an online database (miRDB, http://www.mirdb.org)
for miRNA target prediction and functional annotations. After input-
ting theCUL4B gene name, we found a total of 106miRNAs predicted
to target CUL4B, with target scores from 100 to 52 (Table S2). In this
study, we selected only the top 20 predicted miRNAs with target
scores from 100 to 90 to detect their expression in hFOB1.19,
U2OS, and MG63 cells. Among these 20 miRNAs, 9 were downregu-
lated in both U2OS and MG63 cells compared with hFOB1.19 cells
(Figures 4C and 4D). These nine miRNAs included miR-4251 (target
score 100), miR-3977 (target score 99), miR-545 (target score 97),
miR-561 (target score 96), miR-381 (target score 96), miR-300 (target
score 96), miR-3664 (target score 91), miR-3671 (target score 90), and
miR-4482 (target score 90). Of these, the expression of miR-300 was
much lower than the expression of the other eight miRNAs (Figures
4C and 4D). Thus, we focused our following studies on investigating
the regulatory role of miR-300 for CUL4B.

To confirm that the expression of miR-300 was downregulated, we
performed qRT-PCR analysis to detect miR-300 expression in 48
paired cancerous and non-tumor tissues from patients who were
diagnosed with osteosarcoma at different MSTS stages (see detailed
information in Table S3). Consistent with the results from the
osteosarcoma cell analysis, the expression of miR-300 was also signif-
icantly downregulated in the majority of cancerous tissues (38/48)
Molecular Therapy: Nucleic Acids Vol. 10 March 2018 259
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(Figures 4E and 4F). Moreover, the expression of miR-300 was nega-
tively correlated with tumor size (Figure 4G) and was gradually
decreased with theMSTSmalignant degrees of patients with osteosar-
coma (Figure 4H). Meanwhile, we also analyze CUL4B expression in
these 48-paired cancerous and non-tumor tissues. In contrast with
miR-300 expression, CUL4B was only downregulated in a small
amount of cancerous tissues (10/48), but significantly overexpressed
in the majority of cancerous tissues (38/48) (Figures S2A and S2B).
The decreased expression of miR-300 in cancerous tissues was
negatively correlated with CUL4B expression (p < 0.001) with a Pear-
son correlation coefficient (R) of�0.24 (Figure S2C). Overexpression
of CUL4B in osteosarcoma patients was associated with larger tumor
size (R12 cm; p < 0.01) (Figure S2D) and higher MSTS stages
(p < 0.01) (Figure S2E).

In addition, the sequence alignment also indicated that miR-300 was
able to directly bind to the 30 UTR of CUL4BmRNA (Figure 5A). Our
previous study only detected expression of 20 miRNAs in U2OS and
MG63 cells. To further determine whether miR-300 expression was
commonly downregulated in human osteosarcoma cell lines, we
measured its level by qRT-PCR in U2OS, Saos-2, MG63, and HOS
cells. As expected, our results showed that miR-300 expression was
significantly downregulated in all four cell lines compared with
hFOB1.19 control cells (Figure 5B). Of these four malignant cell lines,
U2OS and MG63 cells were selected to further analyze the role of
miR-300. With the observation that miR-300 was dramatically sup-
pressed in cancerous osteosarcoma tissues and cell lines, we hypoth-
esized that miR-300 functioned as a tumor suppressor. To investigate
whether higher levels of miR-300 had effects on CUL4B expression
and osteosarcoma cell growth, we re-introduced miR-300-mimic
into U2OS and MG63 cells, and the qRT-PCR results indicated that
miR-300 was successfully overexpressed in these two cell lines (Fig-
ure 5C). Conversely, with the overexpression of miR-300, both the
CUL4B mRNA and protein levels were significantly downregulated
(Figures 5D and 5E). These results further suggested that CUL4B
might be a direct target of miR-300. To validate this conclusion, we
performed a luciferase reporter assay by which the wild-type (WT)
and mutant 30 UTRs of CUL4B were co-transfected with miR-300-
mimic or negative control vector, miR-NC. Our results showed that
the overexpression of miR-300 significantly decreased luciferase ac-
tivity in the 30 UTR WT but failed to repress luciferase activity in
the 30 UTRmutant (Figure 5F). These results suggested that mutation
of the miR-300 binding site in the 30 UTR of CUL4B abolished the
transcriptional inhibition of miR-300. Moreover, cells transfected
with miR-300-mimic were also used for cell proliferation assays,
and the results indicated that overexpression of miR-300 significantly
inhibited cell growth compared with cells transfected with miR-NC
(Figure 5G). In addition, a significant decrease in colony formation
rates was also observed in U2OS and MG63 cells overexpressing
miR-300 (Figure 5H). Similarly, the invasiveness of U2OS and
MG63 cells that were transfected with miR-300-mimic was also
dramatically reduced (Figure 5I). We then performed rescue experi-
ments to further validate that miR-300 exerted its role through target-
ing CUL4B in hFOB1.19 cells. Two CUL4B expression vectors,
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pCDNA3-CUL4B-30 UTR (WT)-Flag and pCDNA3-CUL4B-30

UTR (mutant)-Flag (the mutated sites were the same as Figure 5A),
were used to examine cell proliferation, colony formation, and cell in-
vasion abilities. As shown in Figure S3, the rescue experiments clearly
indicated that hFOB1.19 cells transfected with miR-300-mimic +
pCDNA3-Flag and miR-300-mimic + pCDNA3-CUL4B-30 UTR
(mutant)-Flag had similar phenotypes, whereas cells transfected
with miR-300-mimic + pCDNA3-CUL4B-30 UTR (WT)-Flag had
similar phenotypes to hFOB1.19 cells. These results indicated that
miR-300-mimic only bonds to the WT 30 UTR of CUL4B, but not
to its mutant. Because miR-300 was significantly downregulated in
osteosarcoma cells, we next sought to investigate whether repression
of miR-300 in non-cancerous cells could cause similar effects to oste-
osarcoma cells. Accordingly, we transfected miR-NC or anti-miR-300
into hFOB1.19 cells and then evaluated CUL4B expression, cell pro-
liferation, colony formation, and cell invasion abilities. Interestingly,
our results indicated that inhibition of miR-300 in hFOB1.19 cells
resulted in similar phenotypes to U2OS cells (Figure S4). In addition,
we also evaluated the in vivo tumor formation of miR-300 overexpres-
sion by injecting nude mice with U2OS-control (with pmR-ZsGreen1
empty vector), U2OS-miR-300 (with pmR-ZsGreen1-miR-300
vector), MG63-control, or MG63-miR-300 stable cell lines, then
monitored the in vivo tumorigenesis for 30 days by measuring tumor
volumes at 5-day intervals. Compared with mice injected with U2OS-
control or MG63-control, mice injected with pmR-ZsGreen1-miR-
300 vector showed significantly slower tumor growths and decreased
tumor volumes (Figure S5). These results further demonstrated that
miR-300 expression was important for osteosarcoma cell growth,
and that increasing miR-300 expression may represent a promising
strategy for osteosarcoma cancer therapy.

DNA Hypermethylation Was Responsible for the

Downregulation of miR-300 in Osteosarcoma Cells

Given that miR-300 is a tumor suppressor miRNA in osteosarcoma
cells, we next sought to reveal the mechanism of miR-300 downregu-
lation. Several studies have revealed that DNA hypermethylation is a
general mechanism for downregulating miRNA expression. Thus, we
first tried to identify whether CpG islands existed upstream (�1,500)
of the miR-300 genome locus. Fortunately, we found a CpG island
that was located upstream (�800) of the miR-300 genomic locus (Fig-
ure 6A), which implied that DNA methylation might affect miR-300
expression. To verify this hypothesis, we treated U2OS and MG63
cells with the DNA methylation inhibitor 5-AZA-20-deoxycytidine
(AZA), the acetylation inhibitor trichostatin A (TSA), or with a com-
bination of AZA and TSA; we then evaluated miR-300 expression by
qRT-PCR analysis. We observed 6-fold or 8-fold induction of miR-
300 expression in both U2OS and MG63 cells following AZA treat-
ment or AZA + TSA treatment, respectively, but no obvious increase
was observed after TSA treatment alone (Figures 6B and 6C). In
contrast with miR-300 expression, the expression of CUL4B was
significantly inhibited after treatment with AZA or AZA + TSA,
although TSA alone did not affect the expression of CUL4B (Figures
6D and 6E). Importantly, AZA treatment could markedly inhibit
U2OS and MG63 cell proliferation (Figures 6F and 6G). These results



Figure 5. miR-300 Directly Targeted CUL4B

(A) Schematic representation of the 30 UTR of CUL4B shows a putative miR-300 binding site. The seed location for WT 30 UTR of CUL4B is indicated in red, whereas the

mutant 30 UTR is indicated in blue. (B) The expression of miR-300 was decreased in osteosarcoma cell lines. The hFOB1.19, U2OS, Saos-2, MG63, and HOS cells were

subjected to qRT-PCR to determine the miR-300 level. RNU6B was selected as an internal control for normalization, and the resulting ratio in hFOB1.19 cells was arbitrarily

defined as 1-fold. (C) Detection of the overexpression of miR-300 in hFOB1.19, U2OS, and MG63 cells. The miR-300-mimic or its negative control miR-NC was transfected

into hFOB1.19, U2OS, and MG63 cells for 24 hr. Expression of miR-300 was determined by qRT-PCR. (D and E) Overexpression of miR-300 caused the downregulation of

CUL4B at both the mRNA and protein levels. Cells used in (C) were used to determine the expression of CUL4B by qRT-PCR (D) and western blot (E). (F) The CUL4B 30 UTR
mutant failed to bindmiR-300. The miR-300-mimic or miR-NCwas co-transfected with pMIR-CUL4B-30-UTR-WT or pMIR-CUL4B-30-UTRmutant into U2OS cells for 24 hr.

Luciferase activity was quantified using the dual-luciferase assay reporter system by normalizing to Renilla activity. (G) Overexpression of miR-300 inhibited osteosarcoma cell

proliferation. Cells used in (C) were subject to the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay to evaluate the degree of cell proliferation,

and cell viability was determined at 490 nm. (H) Overexpression of miR-300 inhibited osteosarcoma cell colony formation ability. Cells used in (C) were seeded onto six-well

plates with a density of 1 � 103 cells/well and cultured with 0.1 mL of DMEM medium for 2 weeks. Then, the cells were stained with 0.5% crystal violet, and the number of

colonies was counted. (I) Overexpression of miR-300 inhibited osteosarcoma cell invasion. Cells used in (C) were used to determine invasion ability with Boyden chamber

assays. *p < 0.05; **p < 0.001.
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suggested that miR-300 expression in osteosarcoma cells might be
regulated by DNA methylation. To confirm this hypothesis, we de-
tected the DNA methylation status of this CpG island in hFOB1.19,
U2OS, and MG63 cells with or without AZA treatment. Our results
revealed that this CpG island was significantly methylated in U2OS
and MG63 cells (a 6-fold induction) compared with hFOB1.19 cells
without AZA treatment (Figure 6H). However, the DNAmethylation
level was dramatically decreased in all three cell lines with AZA treat-
ment, but there were no obvious differences among them (Figure 6H).
These results indicated that enhanced methylation of the CpG island
located upstream of the miR-300 genomic locus correlated with the
decrease of miR-300 expression in osteosarcoma cells, suggesting
that the downregulation of miR-300 may be regulated, at least in
part, by DNA methylation in osteosarcoma cells.
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Figure 6. DNA Hypermethylation Caused the Downregulation of miR-300 in Osteosarcoma Cells

(A) The promoter region of miR-300 contained one CpG island. CpG island prediction was performed using a database (http://www.urogene.org). The predicted CpG island

and the miR-300 locus are indicated. (B and C) Effects of AZA and TSA onmiR-300 expression in the U2OS and MG63 cell lines. U2OS (B) andMG63 (C) cells were primarily

treated with DMSO, AZA (1 mM), or TSA (300 nM), followed by determination of miR-300 expression via qRT-PCR. (D and E) Effects of AZA and TSA on CUL4B expression in

(D) U2OS and (E) MG63 cells. The cells used in (A) and (B) were used to determine the expression of CUL4B by qRT-PCR. (F and G) AZA treatment caused the inhibition of

osteosarcoma cell proliferation. U2OS (F) and MG63 (G) cells were treated with DMSO or AZA (1 mM), followed by the determination of cell viability at 490 nm. (H) Expression

levels of the methylated CpG island with or without AZA treatment. The hFOB1.19, U2OS, and MG63 cell lines were treated with or without 1 mM AZA; then the expression

levels of the methylated CpG island were determined by qMSP analysis. *p < 0.05; **p < 0.001.
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Ectopic Expression of miR-300 or AZA Treatment Suppressed

PTEN Ubiquitination

Given that both ectopic expression of miR-300 and AZA treatment
could inhibit CUL4B mRNA and protein levels, we next sought to
determine whether these two treatments could affect the stability of
CRL4BDCAF13 E3 ligase and PTEN ubiquitination. We primarily
detected protein levels of CRL4BDCAF13 members in cells transfected
with miR-300-mimic and in cells treated with AZA. CUL4B, DDB1,
and DACF13 protein levels were significantly downregulated after
these two treatments (Figures S6A and S6B), while the PTEN level
was upregulated in these two conditions (Figures S6A and S6B).
These results implied that ectopic expression of miR-300 and AZA
treatment could decrease the stability of CRL4BDCAF13 E3 ligase,
thereby attenuating the ubiquitination of PTEN. To validate this hy-
pothesis, we transfected the following combinations of plasmids,
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including pCDNA3-Flag-PTEN + pCDNA3-HA-Ubiquitin +miR-NC,
pCDNA3-Flag-PTEN + pCDNA3-HA-Ubiquitin + miR-300-mimic,
pCDNA3-Flag-PTEN + miR-300-mimic, or pCDNA3-Flag-PTEN +
miR-NC, into U2OS cells, followed by an in vivo ubiquitination anal-
ysis. Our results indicated that the PTEN ubiquitination level signif-
icantly decreased after transfection with miR-300-mimic or AZA
treatment (Figures S6C and S6D).

TSC01131 Specifically Inhibited the CUL4B-DDB1 Interaction

and Osteosarcoma Cell Growth

The identification of small molecules that disrupt protein-protein
interaction by high-throughput screening (HTS) is a starting point
for the development of novel therapeutic agents. Thus, we were inter-
ested in the identification of small molecules that specifically target
the CUL4B-DDB1 interaction. To this end, we set up an in vitro

http://www.urogene.org
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HTSmethod in yeast cells to obtain small molecules that inhibited the
growth of cells expressing DDB1 and CUL4B. Accordingly, equal vol-
umes of AH109 yeast cells expressing pGADT7-CUL4B and pGBKT7-
DDB1 were grown in 96-well plates supplemented with the individual
compound in each well. The candidate compounds were selected
based on cell density after 18 hr of incubation (Figure S7A). We iden-
tified a compound known as TSC01131 that showed strong cytotoxic
activity against both U2OS and MG63 cells with an inhibitory con-
centration (IC50) growth of nearly 20 mM (Figure S7B), although
much weaker cytotoxic activity was observed against hFOB1.19 cells
(Figure S7B). Interestingly, this compound, also known as hyppo-
spongide B, was a scalarane sesterterpenoid isolated from the sponge
species Hippospongia, and it has been reported to show weak
anticancer activity against human colon, breast, and leukemia cancer
cells.43

To validate whether TSC01131 is able to specifically inhibit the
CUL4B-DDB1 interaction, we treated hFOB1.19, U2OS, and MG63
cells with or without this compound. Then, the protein levels of
CRL4BDCAF13 E3 ligase members were determined, and our results
indicated that CUL4B, DDB1, and DCAF13 were significantly down-
regulated after TSC01131 treatment (Figure S7C). However, the
PTEN protein levels were significantly upregulated (Figure S7C).
These results were similar to those obtained from ectopic expression
of miR-300 and AZA treatment (Figures S6A and S6B), implying that
TSC01131 could also inhibit PTEN ubiquitination. To confirm this
hypothesis, we transfected the following combinations of plasmids,
including pCDNA3-Flag-PTEN + pCDNA3-HA-Ubiquitin, or
pCDNA3-Flag-PTEN only. After 24 hr of incubation at 37�C, we
treated cells with or without TSC01131, followed by in vivo ubiquiti-
nation analysis. Our results indicated that the PTEN ubiquitination
level significantly decreased in a dose-dependent manner after
TSC01131 treatment (Figure S7D). In addition, we also performed
the in vitro ubiquitination assay to evaluate the inhibitory role of
TSC01131. Our results indicated that TSC01131 significantly in-
hibited the ubiquitination of PTEN in vitro (Figure S8). These results
present a new possibility for the development of a therapeutic agent
targeting osteosarcoma cells by disrupting the CRL4B complex.

DISCUSSION
Cullin-based E3 ligases have been shown to play critical roles in
tumorigenesis and to contribute to diverse biological processes in
human cancers.18 CUL4A and CUL4B, two paralogs in the human
genome, share high sequence similarity. The CUL4A-based E3
ligases have been reported to ubiquitinate a number of different
substrates, including DDB2, p12, CDT1, p21, and p27.21–25 How-
ever, to date, the role of CUL4B in cancer, the substrates of
CRL4B E3 ligases, and the underlying mechanism of CUL4B over-
expression are far from being fully elucidated. In this study, we
discovered that CUL4B formed an E3 ligase complex with DDB1,
RBX1 and DCAF13, and the CRL4BDCAF13 E3 ligase recognized
PTEN, a tumor suppressor, as a substrate for ubiquitination. More-
over, we also found that miR-300, an miRNA that directly targets
the 30 UTR of CUL4B, was significantly downregulated via a DNA
hypermethylation mechanism in its promoter region in human
osteosarcoma cells. The downregulation of miR-300 attenuated its
transcriptional inhibition of CUL4B, thereby resulting in the overex-
pression of CUL4B. Either ectopic expression of miR-300 or treat-
ment with the DNA methylation inhibitor AZA was capable of
reducing PTEN ubiquitination, eventually resulting in the accumu-
lation of PTEN. Importantly, we also identified a small molecule,
TSC01131, which could directly abolish the CUL4B-DDB1
interaction, leading to reduced stability of CRL4BDCAF13 E3 ligase.
Taken together, our results identified a new E3 ligase that recog-
nized PTEN as a specific substrate in human osteosarcoma cells,
and we also revealed the underlying mechanism for CUL4B overex-
pression and identified a small molecule that specifically targets the
CRL4BDCAF13 E3 ligase (Figure 7). These results explain the mech-
anism of CUL4B in osteosarcoma and provide potential new thera-
peutic targets for future osteosarcoma treatment.

Although the amino acid sequences of CUL4A and CUL4B share 82%
identity, the existing studies have shown that these two proteins do
not have significant functional redundancy.18 Elevated expression
of CUL4A has been observed in a variety of cancer cells, such as breast
cancer,15 ovarian cancer,44 liver cancer,45 and medulloblastoma.46

CRL4A-based E3 ubiquitin ligase can recognize a series of substrate
proteins, such as DDB2, XPC, UNG2, and SMUG1, as well as histones
H2A, H3, and H4, which are widely involved in DNA damage and
repair process.18 In addition, CRL4ACTD2 E3 ligase can recognize a
number of cell-cycle regulatory proteins, such as CTD1, p21, and
Chk1, as substrates to regulate cancer cell-cycle progression.18 Inter-
estingly, CRL4A-based E3 ligases are also involved in the p53 and
Wnt signaling pathways.18 However, the function of CUL4B in cancer
remains unclear. Previous studies mainly focused on its function in
cell development; for instance, CUL4B mutations lead to defects in
nervous system and cardiac development.47,48 In recent years, studies
have also shown that CUL4B plays an important role in the process of
tumorigenesis, and high expression of CUL4B has been reported in
many cancers. For example, in esophageal cancer cells, CRL4B-based
E3 ubiquitin ligase can ubiquitinate histone H2A and can coordinate
with multi-comb inhibitory complex PRC2 to promote tumor cell
proliferation and invasion.28 Silencing CUL4B in HeLa cells can
lead to cyclin E aggregation and can cause cell-cycle arrest in S phase,
thereby inhibiting cell proliferation.49 In prognosis studies of colo-
rectal cancer patients, high expression of CUL4B was associated
with a poor prognosis,50 but the molecular mechanism was unclear.
Moreover, our previous results also showed that CUL4B is upregu-
lated in human osteosarcoma cells,17 and its silencing could effec-
tively inhibit osteosarcoma cell proliferation and induce apoptosis.
In the current investigation, we identified the individual components
of CRL4BDCAF13 E3 ligase through Y2H screening and LC-MS/MS
methods, and we also identified the specific target of this E3 ligase:
PTEN. By carefully analyzing the ubiquitination pattern of PTEN,
we found that PTEN is modified by polyubiquitination through our
in vitro and in vivo studies, indicating that more than one lysine
(K) site is modified. Through amino acid sequence analysis, we found
that PTEN contains a total of 33 K sites; however, these K sites are
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Figure 7. Schematic Diagram of CRL4BDCAF13 E3

Ligase in Human Osteosarcoma Cells

In normal cells (left), the CpG island located in the

promoter region of miR-300 is not subjected to

methylation or is in a low methylation state; therefore,

it does not inhibit the expression of miR-300. The

normal expression of miR-300 further regulates CUL4B

expression at the transcriptional level. In osteosarcoma

cells (right), the CpG island is hypermethylated, resulting

in downregulation of miR-300 expression, which

weakens its inhibitory effect on CUL4B expression at

the transcriptional level. This results in a significant

increase in the expression of CUL4B, thereby increasing

CRL4BDCAF13 activity and causing the degradation of

PTEN, eventually resulting in a decrease in PTEN

protein. The small molecule compound TSC01131

specifically inhibits the CUL4B-DDB1 interaction,

which affects the stability or enzymatic activity of

CRL4BDCAF13 ubiquitin ligase, thereby inhibiting the

growth of osteosarcoma cells.
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distributed everywhere, making it difficult to find themodified sites in
our case. Some studies have noted that the C terminus of PTEN plays
a crucial role in antagonizing NEDD4-1-mediated ubiquitination,
and some K sites, such as K13 and K289, were reportedly modified
in 293 cells.40 However, we cannot conclude which sites were modi-
fied in our system. We are currently mapping the modified sites
through point mutagenesis.

In recent years, many studies have found that a series of miRNAs,
such as miR-17-5p,51 miR-26a,52 miR-34a,53 miR-133b,54 miR-
150,55 and miR-370,56 exhibit abnormal expression in osteosarcoma
cells. In the investigation into the CUL4B overexpression mechanism,
we found that 9 out of 20 miRNAs that were predicted to target the
30 UTR of CUL4B showed downregulation in osteosarcoma cells.
However, we focused our studies on the function of miR-300, the
most downregulated miRNA. In addition, there were 86 miRNAs,
the expression of which we did not detect in osteosarcoma cells.
Therefore, we cannot conclude that miR-300 alone regulates the
expression of CUL4B. However, there is no doubt that miR-300 plays
a very important role in the regulation of miR-300 expression. For the
mechanism of miRNA downregulation, DNA methylation and his-
tone modification are the two major causes that inhibit miRNA
expression. In this study, we primarily detected the effects of the
DNA methylation inhibitor AZA and the acetylation inhibitor TSA
on miR-300 expression. AZA treatment, but not TSA treatment,
significantly inhibited miR-300 expression, suggesting the major
role of DNA methylation is regulating miR-300 expression in osteo-
sarcoma cells. Interestingly, both ectopic expression of miR-300 and
AZA treatment showed similar effects on CRL4BDCAF13 E3 ligase sta-
bility and PTEN ubiquitination patterns, as well as on cell prolifera-
tion. These consistent results suggest that DNA hypermethylation
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of the CpG island upstream of the miR-300 genomic locus is the pri-
mary reason for tumorigenesis in human osteosarcoma cells.

Because of the important role of the DDB1-CUL4B interaction for
CUL4B-based E3 ligases, disruption of the DDB1-CUL4B interaction
could be an effective approach to treat cancer. Therefore, we devel-
oped an in vitro HTS assay based on yeast cell growth inhibition to
identify compounds that could disrupt binding between DDB1 and
CUL4B. Using a combination of a cell proliferation assay and in vivo
ubiquitination analysis in osteosarcoma cells, we validated TSC01131
as an inhibitor of the DDB1-CUL4B complex. Owing to the much
weaker cytotoxic activity against hFOB1.19 cells than U2OS and
MG63 cells, TSC01131 may be a promising candidate for targeting
CUL4B-based E3 ligases in the therapy of different cancers, not
only in human osteosarcoma. In addition, we also obtained 21 other
small molecules that also greatly inhibited yeast cell growth (data not
shown). Future efforts will be focused on revealing the underlying
mechanisms of these compounds.

In summary, this study uncovered three major findings: (1) we
identified the individual members of the CRL4BDCAF13 E3 ligase,
which could ubiquitinate the tumor suppressor PTEN in vitro
and in vivo; (2) we revealed the mechanism of CUL4B overexpres-
sion, in which DNA hypermethylation attenuated the transcrip-
tional inhibition of CUL4B by miR-300, leading to its upregulation;
and (3) we obtained a small molecule, TSC01131, which could spe-
cifically disrupt the DDB1-CUL4B interaction and inhibit osteosar-
coma cell proliferation. These results not only provide insight into
how CUL4B specifically functions in osteosarcoma cells, but also
identify new molecular targets and specific compounds for osteo-
sarcoma therapy.
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MATERIALS AND METHODS
Cell Culture and Transfection

The human osteoblast cell line hFOB1.19 and human osteosarcoma
cell lines U2OS, Saos-2, MG63, and HOS were obtained from the
American Type Culture Collection (ATCC, USA). Cells were cultured
in DMEMmedium (GIBCO, USA) and supplemented with 10% heat-
inactivated fetal bovine serum (FBS) and 100 U mL�1 penicillin-
streptomycin (Thermo Fisher Scientific, USA), at 37�C with 5% CO2.

Plasmids were transfected into cultured cells with Lipofectamine 2000
reagent (Invitrogen, USA) strictly according to the manufacturer’s
instructions. Then, the cells were incubated at 37�C for 48 hr and sub-
jected to the required experiments. Specific knockdown of CUL4B,
DDB1, orDCAF13 by shRNAswas carried out using a lentiviral system.
In brief, cells were transfected with negative control shRNA, shCUL4B
(TRCN0000006532; Sigma, USA), shDDB1 (TRCN0000082856;
Sigma, USA), or shDCAF13 (TRCN0000138792; Sigma, USA)
following the manufacturer’s instructions. Cells were then incubated
at 37�C for 24 hr, followed by selection with puromycin (1 mg/mL) at
37�C for 48 hr before use in experiments.

Osteosarcoma Clinical Samples

Surgically dissected tumor tissues and their adjacent non-tumor tis-
sues were obtained from 48 patients who underwent surgery and ther-
apy from June 2013 toMarch 2015 at the Department of Orthopedics,
Renji Hospital, School of Medicine, Shanghai Jiao Tong University,
Shanghai, China. The clinical samples were immediately stored
at�80�C until subjection to experiments. All patients were diagnosed
with osteosarcoma under different MSTS stages dependent on histo-
pathological features, which are summarized in Table S3. The clinical
samples were acquired with written informed consent from all of the
participants following protocols approved by the ethical board of
Shanghai Jiao Tong University. All experimental procedures used
in this study were carried out in accordance with the approved guide-
lines of the Ethics Committee of Shanghai Jiao Tong University.

Y2H Assay

For Y2H screening, cDNAs from U2OS cells were cloned into the
pACT2 vector to generate an osteosarcoma-specific cDNA library.
Plasmids from this cDNA library and the bait protein vector
(pGBKT7-DDB1) were co-transformed into AH109 yeast cells. The
transformed cells were selected on synthetic complete medium
without Trp, Leu, and His amino acids (SC-T/L/H). DNA from the
positive clones was amplified by PCR using specific primers for
pACT2 (forward: 50-CTATCTATTCGATGATGAAG-30; reverse:
50-ACAGTTGAAGTGAACTTGCG-30). The inserted fragments
were purified and sequenced; then the obtained sequences were
blasted in the NCBI database.

To determine the interactions between DDB1 and DCAF13 and
DCAF13 and PTEN in yeast, the full coding sequence of DDB1 or
PTEN was fused into the pGBKT7 vector, while the full-
length sequence of DCAF13, DCAF1, or p53 was cloned into the
pGADT7 vector. The following plasmid combinations, including
pGBKT7-DDB1 + pGADT7-DCAF13, pGBKT7-DDB1 + pGADT7,
pGADT7-DCAF13 + pGBKT7, pGBKT7-DDB1 + pGADT7-
p53, pGADT7-p53 + pGBKT7, pGBKT7-PTEN + pGADT7-
DCAF13, pGBKT7-PTEN + pGADT7, pGADT7-DCAF13 + pGBKT7,
pGBKT7-PTEN + pGADT7-DCAF1, pGADT7-DCAF1 + pGBKT7,
were co-transformed into AH109 yeast cells. Transformed yeast cells
were sprayed onto synthetic dropout medium (lacking Trp and Leu).
The positive colonies were then used to determine interactions on
SC-T/L/H medium.

Western Blot Analysis

Cells were lysed in Pierce radioimmunoprecipitation assay (RIPA)
buffer (Thermo Scientific, USA) supplemented with 50 mM NaF,
1 mM Na3VO4, 1� complete protease cocktail inhibitor (Roche,
USA), and 0.2% SDS. The whole-cell lysates were sonicated for
1 min at high intensity and then denatured at 95�C for 5 min.
Equal amounts of proteins were loaded onto an SDS-PAGE gel
for separation. The specific primary antibodies used for immuno-
blot were anti-GAPDH (mouse; Sigma, USA), anti-CUL4B
(mouse; Sigma, USA), anti-DDB1 (rabbit; Sigma, USA), anti-Flag
(mouse; Sigma, USA), anti-HA (mouse; Sigma, USA), anti-
DCAF13 (rabbit; Sigma, USA), and anti-PTEN (mouse; Abcam,
USA). The western blot signals were recorded using a ChemiDoc
MP instrument (Bio-Rad, USA). The images represent three inde-
pendent replicates.

Co-IP Assay

Cells transfected with pCDNA3-DDB1-HA + pCDNA3-p53-
Flag, pCDNA3-DDB1-HA + pCDNA3-Flag, pCDNA3-DDB1-HA +
pCDNA3-DCAF13-Flag, pCDNA3-HA + pCDNA3-p53-
Flag, pCDNA3-HA + pCDNA3-DCAF13-Flag, pCDNA3-DCAF1-
Flag + pCDNA3-PTEN-HA, pCDNA3-DCAF1-Flag + pCDNA3-HA,
pCDNA3-DCAF13-Flag + pCDNA3-PTEN-HA, or pCDNA3-
DCAF13-Flag + pCDNA3-HA were incubated at 37�C for 48 hr. Cells
were then collected, lysed in 1 mL of RIPA buffer (Thermo Scientific,
USA) supplemented with 50 mM NaF, 1 mM Na3VO4, and 1� com-
plete protease cocktail inhibitor (Roche, USA), and centrifuged at
12,000 � g for 10 min at 4�C. Of the 1 mL supernatant, 50 mL was
reserved as input, and the remaining volume was split into two equal
parts. One part was incubated with anti-Flag-Agarose (Sigma, USA),
and the other was incubated with anti-HA-Agarose (Sigma, USA) for
12 hr at 4�C. The beads were then washed five times with 1� PBS
(pH 7.5). The immunoprecipitated proteins were analyzed by immu-
noblotting analysis.

Mass Spectrometry Analysis

Cells transfected with pCDNA3-Flag-HA-DCAF13 or pCDNA3-Flag-
HA plasmid were lysed with Pierce IP lysis buffer (Thermo Fisher Sci-
entific, USA) supplemented with 1� protease inhibitors (Roche,
USA). Cell lysates were subjected to the IP procedure primarily using
anti-Flag-Agarose (Sigma, USA) at 4�C for 4 hr. Then, the beads were
washed five times with lysis buffer, followed by elution with Flag
peptide (Sigma, USA) at room temperature for 2 hr. The resulting
proteins were further bound with anti-HA-Agarose (Sigma, USA)
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at 4�C for another 4 hr. HA-tagged DCAF13 protein was loaded onto
an SDS-PAGE gel for separation and then stained with Coomassie
Brilliant Blue R 250, as previously described.57 The stained proteins
were cut into small pieces, digested with trypsin, and analyzed by
LC-MS/MS. The MS/MS spectra were blasted in the NCBI database
using a MASCOT search engine (V.2.3).

Gene Expression Analysis by qRT-PCR

For CUL4B expression detection, mRNAs were extracted with
TRIzol reagent (Invitrogen, USA) following the manufacturer’s
guidelines, followed by removal of contaminating DNA with
DNase I. A total of 1 mg of mRNA was used as the template to
generate the first-strand cDNA with the M-MLV reverse transcrip-
tase (Promega, USA). The resulting cDNAs were diluted 50-fold,
and qRT-PCR analysis was performed on the Bio-Rad CFX96
real-time PCR system (Bio-Rad, USA) using the specific primers
listed in Table S4. The PCR procedures consisted of 95�C for
3 min, followed by 45 cycles of 95�C for 15 s and 60�C for 30 s.
The expression of CUL4B was normalized against b–Actin
(ACTB) based on the 2�DCt method.58

For the quantitative analysis of miRNAs, total RNAs from
the frozen clinical samples and cultured cells were extracted
with the miRNeasy Mini Kit (QIAGEN, USA) following the
manufacturer’s instructions. A total of 1 mg of RNA was used as
the template to generate cDNAs using the TaqMan MicroRNA
Reverse Transcription kit (Thermo Fisher Scientific, USA). The
resulting cDNAs were used to determine the expression of
individual miRNAs with the corresponding TaqMan MicroRNA
Assay kit (Thermo Fisher Scientific, USA). The qRT-PCR
program was the same as that described above. RNU6B was chosen
as an internal control to normalize miRNA expression using
the 2�DCt method.59 The data represent three independent
experiments.

Cell Proliferation and Colony Formation Assays

Cells transfected with miR-300-mimic, anti-miR-300 or miR-NC,
cells treated with or without AZA, and cells treated with or without
TSC01131 were plated onto 96-well plates for 0, 24, 48, 72, 96, or
120 hr. Then, cell proliferation assays were analyzed with an MTT
kit (Roche, USA) following the manufacturer’s protocol, and cell
viability was determined at 490 nm. All experiments were performed
in quadruplicate.

For the colony formation assay, cells transfected with miR-300-
mimic, anti-miR-300, or miR-NC were diluted and seeded onto six-
well plates with a density of approximately 1,000 cells/well. Cells
were then incubated at 37�C for 14 days with a change of fresh me-
dium every 3 days. Cell colonies were then fixed with 3.7% parafor-
maldehyde (PFA) for 5 min at room temperature, stained with
0.05% crystal violet for 30 min, and washed five times with double-
distilled water (ddH2O) to remove excess dye. The plates were
photographed, and the colony numbers were counted by a gel docu-
mentation system (Bio-Rad, USA).
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Generation of miR-300 Overexpression Stable Cell Lines and

In Vivo Tumor Formation Assay

The miR-300 overexpressing vector (pmR-ZsGreen1-miR-300) was
constructed into pmR-ZsGreen1 (Clontech, CA, USA) with the
following primers: forward: 50-CGGAATTCGGCTATGGAAGGAA
TAGATGTGTG-30, reverse: 50-CGGGATCCGGCCAAGGTAGGC
CCTTTTTG-30 (501 bp). The resulting plasmid was transfected
into U2OS or MG63 cells, and the pmR-ZsGreen1 empty vector
was also transfected into these two cell lines to use as a negative con-
trol. The transfected cells were then selected with G418 for 2 weeks;
then the stable clones overexpressing miR-300 were collected.

For in vivo tumor formation assay, a total of 1 � 106 cells from each
stable cell line were injected into the posterior flank of a 6-week-old
male nude mouse (Shanghai SLAC Laboratory Animal, Shanghai,
China). Twelve mice were used for each cell line, and tumor forma-
tion was monitored over 30 days. Tumor volume was measured
with fine calipers at 5-day intervals and calculated with the formula:
Volume = (length � width2)/2.

In Vitro and In Vivo Ubiquitination Analysis

For the in vitro PTEN ubiquitination assay, immunoprecipitated
CUL4B-Flag was washed with Pierce IP lysis buffer (Thermo Fisher
Scientific, USA). The His-tagged PTEN recombinant protein was
purified with Ni-NTA magnetic agarose beads (Clontech, USA) ac-
cording to the manufacturer’s protocol. Ubiquitination reactions
were carried out with 0.1 mM E1 (Sigma, USA), 0.4 mM E2 (Sigma,
USA), 10 mg CRL4B complex (E3), 20 mg His-PTEN (substrate),
and 10 mg bovine ubiquitin (Sigma, USA) in 100 mL of ubiquitination
buffer supplemented with 2 mM ATP and 0.6 mM DTT at 37�C for
90 min, followed by the termination of reactions by adding 2� SDS-
PAGE loading buffer and boiling at 95�C for 10 min. The ubiquitina-
tion pattern was determined by immunoblot with the anti-PTEN
antibody.

For the in vivo ubiquitination assay, cells co-expressing Flag-tagged
PTEN and HA-ubiquitin were grown at 37�C for 48 hr. The cells
were then lysed with buffer containing 2% SDS, 150 mM NaCl, and
10 mM Tris-HCl (pH 8.0). Cell lysates were incubated with anti-
Flag-Agarose at 4�C for 2 hr. Then, the beads were washed five times
with lysis buffer, followed by boiling in 2� SDS-PAGE loading buffer.
The ubiquitination of PTEN was analyzed by immunoblotting with
an anti-HA antibody.

Quantitative Methylation-Specific PCR

Potential CpG island in the promoter region of the miR-300
genomic locus was identified using an online database (http://
www.urogene.org), and one CpG island was found. The specific
primers used for quantitative methylation-specific PCR (qMSP)
detection of DNA methylation of this CpG island were designed
using Methyl Primer Express v1.0 (Thermo Fisher Scientific,
USA) and are listed in Table S5. In brief, genomic DNAs from
hFOB1.19, U2OS, and MG63 cells treated with or without AZA
were modified with sodium bisulfite using the EpiTect Bisulfite
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Kit (QIAGEN, USA) following the manufacturer’s instructions. The
resulting DNAs were subjected to qRT-PCR analysis on the Bio-Rad
CFX96 real-time PCR system (Bio-Rad, USA) using KAPA SYBR
FAST qPCR kits (Kapa Biosystems, USA). The methylated DNA
was normalized against GAPDH using the 2�DCt method. All reac-
tions were conducted in triplicate.

Small Molecule Screening

We constructed our own small molecule compound library contain-
ing 40,000 terpenoids sourced from plants and sponges. The com-
pounds in this library were all obtained from natural sources with
an average mass of 300 Da, with a range of 200–500 Da, and showed
high chemical structural diversity. Individual compounds were ar-
ranged in 96-well plates as 5 mM solutions in DMSO, which were
further diluted 1:5 with DMSO to 1 mM working stocks. AH109
yeast cells expressing pGADT7-CUL4B and pGBKT7-DDB1
were grown in liquid SC-T/H/L medium to mid-log phase
(OD600 = 1.0). Then, the cells were diluted 1:10 (OD600 = 0.1)
with fresh SC-T/H/L medium, and equal volumes of cells (49 mL)
were transferred into individual wells of 96-well plates. Specifically,
1.0 mL of each compound was then independently added into each
well at a final concentration at 20 mM. The 96-well plates were
sealed with Parafilm to prevent evaporation and then incubated in
a 30�C incubator for 18 hr. The cell density in each well was
measured at 600 nm with the Synergy HTX Multi-Mode Reader
(BioTek, USA). Compounds that significantly inhibited cell growth
(OD600 < 0.2) were selected for secondary screening, using the same
procedures as in the primary screening.

Statistical Analysis

All experiments were independently replicated at least three times.
Statistical analyses of data were performed using a two-sided
Student’s t test. Significance was set at p < 0.05.
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