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Deubiquitinase USP13 maintains glioblastoma stem cells
by antagonizing FBXL14-mediated Myc ubiquitination
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Glioblastoma is the most lethal brain tumor and harbors glioma stem cells (GSCs) with potent tumorigenic capacity. The func-
tion of GSCs in tumor propagation is maintained by several core transcriptional requlators including c-Mye. c-Myec protein is
tightly regulated by posttranslational modification. However, the posttranslational regulatory mechanisms for c-Myc in GSCs
have not been defined. In this study, we demonstrate that the deubiquitinase USP13 stabilizes c-Myc by antagonizing
FBXL14-mediated ubiquitination to maintain GSC self-renewal and tumorigenic potential. USP13 was preferentially expressed
in GSCs, and its depletion potently inhibited GSC proliferation and tumor growth by promoting c-Myc ubiquitination and
degradation. In contrast, overexpression of the ubiquitin E3 ligase FBXL14 induced c-Myc degradation, promoted GSC differ-
entiation, and inhibited tumor growth. Ectopic expression of the ubiquitin-insensitive mutant T58A-c-Myc rescued the effects
caused by FBXL14 overexpression or USP13 disruption. These data suggest that USP13 and FBXL14 play opposing roles in the
regulation of GSCs through reversible ubiquitination of c-Myec.
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INTRODUCTION

Glioblastoma multiforme (GBM) is the most common and
malignant primary brain tumor with an extremely poor
prognosis. Despite the implementation of aggressive therapies
including surgery, radiation, and chemotherapy, the median
survival of GBM patients remains <16 mo (Stupp et al., 2005,
2009; Wen and Kesari, 2008), underscoring the challenge to
treat this fatal cancer. GBM displays remarkable intratumoral
heterogeneity as demonstrated by glioma cells that form a
tumor hierarchy of cells with diverse tumorigenic potential
(Chen et al.,2010; Charles et al., 2012; Kreso and Dick, 2014).
Glioma stem cells (GSCs) reside at this hierarchical apex and
have been shown to contribute to the process of tumor initia-
tion, malignant progression, therapeutic resistance, and tumor
recurrence (Hemmati et al., 2003; Singh et al., 2004; Bao et
al., 2006a; Lee et al., 2006; Liu et al., 2006; Piccirillo et al.,
2006; Calabrese et al., 2007; Gilbertson and Rich, 2007; Chen
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et al., 2012). Similar to neural progenitor cells (NPCs), GSCs
display the capacity of self-renewal and multilineage differ-
entiation (Singh et al., 2004; Lee et al., 2006; Cheng et al.,
2013; Suva et al., 2014;Yan et al., 2014). The stem cell-like
properties and tumorigenic potential of GSCs are maintained
by a set of core stem cell transcription factors (SCTFs) such
as SOX2 and c-Myec. These key stem cell factors are tightly
regulated by both transcriptional control and posttranslational
modifications. However, the mechanisms by which these core
SCTFs are regulated at posttranslational levels in GSCs re-
main poorly understood. A comprehensive understanding
of posttranslational control programs such as ubiquitination
and deubiquitination of these key SCTFs, including c-Myc,
in GSCs may facilitate the development of new therapeutic
strategies to significantly improve GBM treatment.

c-Myc is a well-known basic helix-loop-helix tran-
scription factor that controls expression of a large number
of critical genes (Blackwood and Eisenman, 1991; Dang,
2012; Nie et al., 2012). c-Myc is highly expressed in ~70%
of human cancers and correlates with poor prognosis in pa-
tients (Varley et al., 1987; Field et al., 1989; Cole and Cowling,
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2008; Delmore et al., 2011; Lin et al., 2012). In human brain
cancers including GBMs, the c-Myc gene is dysregulated,
causing elevated expression of c-Myc to promote tumor pro-
gression (Trent et al., 1986; Wasson et al., 1990; Wang et al.,
2008; Zheng et al., 2008). In addition, c-Myc is a critical tran-
scriptional factor for maintaining GSC self-renewal and tum-
origenic potential (Wang et al., 2008). Disruption of c-Myc
by shRINA diminished glioma formation in mice (Wang et
al., 2008). We have previously demonstrated that the elevated
expression of c-Myc in GSCs at the transcriptional level
is regulated by another SCTE zinc finger X-chromosomal
protein (Fang et al., 2014). How c-Myc protein is regulated
at the posttranslational level in GSCs remains unclear. Stud-
ies of other cancer types have revealed several ubiquitin E3
ligases, including Fbw7, Skp2, and HectH9, that target c-Myc
protein for proteasome-mediated degradation (von der Lehr
et al., 2003;Yada et al., 2004; Adhikary et al., 2005). Similarly,
deubiquitinases USP28, USP36, and USP37 have been shown
to stabilize c-Myc protein in some types of cancers (Popov et
al.,2007; Pan et al., 2015; Sun et al., 2015). These studies sug-
gest that the ubiquitination and deubiquitination regulation
of c-Myc may be cell context dependent. Thus, we sought
to identify the key ubiquitin E3 ligases and deubiquitinases
of c-Myc in GSCs and investigate their biological roles in
controlling the stem cell-like properties of GSCs. In addition,
elucidation of the posttranslational regulatory mechanisms of
c-Myc may offer new insights into the maintenance of GSC
tumorigenic potential and reveal novel GSC-specific ther-
apeutic targets. In this study, we found that c-Myc protein
stability is contrarily regulated by the deubiquitinase USP13
and the ubiquitin E3 ligase FBXL14 (F-box and leucine-rich
repeat protein 14) in patient-derived GBM cells.

Deubiquitinase USP13 is a member of the cysteine-
dependent protease superfamily (Reyes-Turcu et al., 2006).
USP13 functions as a ubiquitin-specific enzyme by cleaving
the K48-linked polyubiquitin chain off protein substrate to
reverse ubiquitin-mediated protein degradation (Clague and
Urbé, 2010). During the ER-induced cell cycle regulation,
USP13 is recruited by nuclear ubiquitin-recognition protein
Ufd1 to counteract APC/C“™'-mediated ubiquitination of
Skp2 (Chen et al., 2011). In melanoma cells, USP13 attenu-
ates the autodegradation of Siah2,a RING (really interesting
new gene) finger family E3 ubiquitin ligase (Scortegagna et
al., 2011). In addition, USP13 has been shown to promote
melanoma tumor growth by stabilizing the microphathal-
mia-associated transcription factor (Zhao et al., 2011). How-
ever, the functional significance of USP13 in regulating the
GSC phenotype has not been defined.

FBXL14, which contains 11 leucine-rich repeats and
an F-box motif, is one of the RING family ubiquitin E3 li-
gases (Jin et al., 2004). FBXL14 plays an important role in the
formation of stem cell factor complexes by binding to Skp1,
cullin, and RBX1 (Jin et al., 2004; Nakayama and Nakayama,
2006; Metzger et al., 2012). Deletion of FBXL14 was found
to associate with the neurological disorders (Abdelmoity et
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al., 2011). FBXL14 is also essential for vertebrate axis for-
mation in zebrafish (Zheng et al., 2012). As a tumor suppres-
sor, FBXL14 has been shown to control Snaill, an essential
regulator of the epithelial-mesenchymal transition under hy-
poxia condition. Its homologue Ppa also regulates epithelial-
mesenchymal transition factors including Twist, Snail, Slug,
and Sip1 in the neural crest development of Xenopus laevis
(Vinas-Castells et al., 2010; Lander et al., 2011). However, the
role of FBXL14 in regulating GSC transcription factors has
not been elucidated. To define the posttranslational regulation
of ¢c-Myc in GSCs, we identified FBXL14 and USP13 as a
pair of opposing ubiquitin E3 ligase and deubiquitinase that
control c-Myc protein stability in glioma cells. We demon-
strate that USP13-mediated deubiquitination counteracts
FBXL14-promoted ubiquitination to stabilize c-Myc protein
and maintain GSC phenotype and tumorigenic potential.
This discovery suggests that deubiquitinase USP13 may rep-
resent a potential therapeutic target for GBM through pertur-
bation of oncogenic c-Myec stability.

RESULTS

USP13 and FBXL14 interact with c-Myc in glioma cells

To identify potential ubiquitin ligases and deubiquitinases
that regulate c-Myc protein stability in glioma cells, we in-
terrogated c-Myc—interacting proteins in glioma cells derived
from GBM tumors. GSCs and matched nonstem tumor cells
(NSTCs) were isolated from primary GBMs or patient-de-
rived xenografts (PDXs) through cell sorting (CD15%/
CD133" for GSCs and CD157/CD133" for NSTCs) as pre-
viously described (Son et al., 2009; Guryanova et al., 2011;
Cheng et al., 2013; Zhou et al., 2015). Sorted GSCs were
functionally characterized by three assays including self-
renewal (in vitro serial neurosphere formation), multipo-
tent differentiation (induction of multilineage differentia-
tion in vitro), and tumor initiation (in vivo limiting dilution
tumor formation assay), as previously described (Lee et al.,
2006; Guryanova et al., 2011; Cheng et al., 2013; Zhou et al.,
2015). Immunoprecipitation (IP) and mass spectrometry were
used to identify c-Myc—interacting proteins in PDX-derived
glioma cells. Specifically, Flag-tagged c-Myc was introduced
into GSCs (T387) through lentiviral infection. Tandem pull-
down of exogenous c-Myc was performed through sequen-
tial immunopurification using the affinity resins against the
Flag tag and then the Myc epitope in the partially differ-
entiated GSCs that were induced by serum for a short time
(2 d). The purified c-Myc complex was subjected to SDS-
PAGE, and the interacting proteins in the complex were de-
tected by silver staining (not depicted). Protein bands were
excised from the gel and then analyzed by mass spectrometry
to determine the identities of interacting proteins in the im-
munoprecipitated complex. As a positive indication, several
known c-Myc—interacting proteins including Max and trans-
formation-transcription domain—associated protein were de-
tected in the complex (not depicted). Interestingly, we found
two deubiquitinases including USP13 and three E3 ligases
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Identification of USP13 and FBXL14 as c-Myc-interacting proteins in glioma cells. (A and B) Identification of USP13 peptide (A) and

FBXL14 peptide (B) in the c-Myc-interacting proteins by mass spectrometry analysis. c-Myc-interacting proteins were immunoprecipitated from partially
differentiated GSCs (T387) that were induced by serum for a short time (2 d). Protein complexes were digested with trypsin before analysis by LC-MS. Ubig-
uitin-specific protease 13 (USP13) and the F-box/LRP-repeat protein 14 (FBXL14) were identified in LC-MS analysis by the peptides covering the protein
sequence. The mass spectrometry spectra for the USP13 peptide DLGYMoYFYR (A) and the FBXL14 peptide VLNLGLWQMTDSEK (B) are shown. (C and D) Co-IP
analyses of protein interaction between endogenous c-Myc and USP13 (C) or FBXL14 (D) in partially differentiated GSCs (T387) induced by serum for a short
time (2 d). Cell lysates were immunoprecipitated with specific antibodies against c-Myc, USP13, or FBXL14. The co-IP complexes and total cell lysates were

analyzed by IB with antibodies against c-Myc and USP13 or FBXL14. TCL, total cell lysate.

including FBXL14 in the IP complex (Fig. 1, A and B; and
not depicted). To determine which deubiquitinases and E3
ligases play a role in regulating c-Myc protein stability in gli-
oma cells, we performed quantitative PCR to determine the
gene expression profiles of the identified deubiquitinases and
E3 ligases between GSCs and matched NSTCs from GBM
tumors. We found that USP13 is preferentially expressed in
GSCs and FBXL14 is elevated in NSTCs (not depicted).
As c-Myc protein level is up-regulated in GSCs and down-
regulated in NSTCs, we reasoned that preferential expression
of the deubiquitinase USP13 in GSCs and the ubiquitin E3
ligase FBXL14 in NSTCs could regulate c-Myc protein levels
through ubiquitination and deubiquitination.

The interaction between c-Myc and USP13 or FBXL14
was validated in HEK293 cells coexpressing c-Myc and Flag-
tagged USP13 or FBXL14. Co-IP experiments showed that
either USP13 or FBXL14 was pulled down by anti-Myc
antibody (not depicted). Likewise, c-Myc was coimmuno-

JEM Vol. 214, No. 1

precipitated with USP13 or FBXL14 by anti-Flag antibody
(not depicted). To further confirm the interaction between
endogenous c-Myc and USP13 or FBXL14 in GSCs, c-Myc
was immunoprecipitated from cell lysate of partially differ-
entiated GSCs that were induced by serum acutely (2 d).
Both USP13 and FBXL14 were detected in the complex
precipitated by anti—c-Myc antibody (Fig. 1, C and D). Con-
sistently, c-Myc was coprecipitated by the anti-USP13 or
the anti-FBXL14 antibody (Fig. 1, C and D). These results
demonstrate that c-Myc interacts with USP13 and FBXL14
in glioma cells, indicating that deubiquitinase USP13 and the
ubiquitin E3 ligase FBXL14 are potential regulators of c-Myc
protein stability in GBM.

USP13 is preferentially expressed in GSCs in GBMs

As USP13 is a deubiquitinase, the interaction between USP13
and c-Myc led us to hypothesize that USP13 may stabilize
c-Myec protein in GSCs through deubiquitination. The prefer-
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MERGED Figure 2. USP13 is preferentially ex-

pressed in GSCs in human GBMs.
(A and B) Immunofluorescent staining of
USP13 and the GSC marker SOX2 (A) or OLIG2
(B) in a primary GBM. Frozen sections of GBM
(CCF2774) were coimmunostained with spe-
cific antibodies against USP13 (green) and
the GSC marker SOX2 or OLIG2 (red) and then
counterstained with DAPI (blue) to show nu-
clei. USP13 is coexpressed in the glioma cells
expressing the GSC markers. (C) IHC staining of
USP13 (brown) in human normal brain tissue
and primary GBMs. Tissue sections were coun-
terstained with hematoxylin to mark nuclei.
USP13 is expressed in a fraction of cancer cells
in GBMs but not expressed in the normal brain.
(D) Immunofluorescent staining of USP13 and
the endothelial marker CD31 in a primary GBM.
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Frozen sections of GBM (CCF2445) were coim-
munostained with specific antibodies against
USP13 (green) and CD31 (red) and then coun-
terstained with DAPI (blue) to show nuclei.
USP13 cells are localized in the perivascular
niche. (E) The mean proximities of USP13-pos-
itive cells (+) and USP13-negative cells () to
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ential expression of USP13 in GSCs was validated in primary
GBM tumors directly from patients and the isolated GSC pop-
ulations derived from GBM xenografts. Coimmunofluorescent
staining demonstrated that USP13 was preferentially expressed
in the glioma cells expressing the GSC markers including
SOX2 and OLIG2 and in human primary GBMs (Fig. 2,A and
B), but USP13 is not expressed in the normal brain tissue adja-
cent to the tumor (not depicted). Immunohistochemical (IHC)
staining confirmed that USP13 is differentially expressed in a
fraction of cells in primary GBMs and PDXs but not in the
adjacent normal brain tissues (Fig. 2 C and not depicted). Inter-
estingly, USP13-expressing cells are proximal to blood vessels
marked by CD31 staining in primary GBMs (Fig. 2,D and E),
but USP13 is not expressed in normal brain tissues even in areas
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blood vessels in primary GBMs were statisti-
cally analyzed in three cases of human GBMs
(CCF2445, D262, and CW2208). The USP13 (+)
cells were significantly more proximal to blood
vessels than USP13 (=) cells. Data are mean +
SD.n=3.% P <0.05;* P < 0.01. Student's t
test was used to assess the significance. Data
are from three independent experiments. (F) IB
analysis of USP13, c-Myc, OLIG2, and GFAP in
GSCs (+) and matched NSTCs (—) isolated from
five GBM tumors. OLIG2 and c-Myc are GSC
markers, whereas GFAP is an astrocyte marker.
(G) IB analysis of USP13, c-Myc, and SOX2 in
GSC populations and human NPC lines. GSCs
express more USP13 and c-Myc than normal
NPCs. (F and G) Mass is shown in kilodaltons.
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around blood vessels (not depicted), which is consistent with
the fact that GSCs are often localized in perivascular niches
(Calabrese et al., 2007; Li et al., 2009; Guryanova et al., 2011).
In addition, immunoblot (IB) and RT-PCR analyses further
validated that USP13 and the GSC markers including c-Myc,
SOX2,and OLIG2 were preferentially expressed in the isolated
GSC populations from GBM surgical specimens or xenografts
(Fig. 2 F and not depicted). Immunofluorescent staining con-
firmed preferential expressions of USP13 and the GSC marker
SOX2 or c-Myc in sorted GSCs relative to matched NSTCs
(not depicted). Collectively, these data demonstrate that USP13
is preferentially expressed in GSCs in human GBM tumors.

As GSCs share similar properties with NPCs, we then
examined USP13 expression patterns in NPC lines and the

USP13 and FBXL14 control c-Myc to regulate GSCs | Fang et al.
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subventricular zone (SVZ), which is enriched with NPCs. IB
analysis showed that USP13 and c-Myc levels in NPCs were
much lower than those in GSCs (Fig. 2 G). Immunofluores-
cence staining confirmed that USP13 was rarely expressed
in NPCs (not depicted). As NPCs are typically identified
as SOX27 cells in the SVZ, we performed coimmunofluo-
rescent staining of SOX2 with USP13 or ¢-Myc in SVZs
from mouse brains. Consistently, expression levels of USP13
and c-Myc are low in SOX2" NPCs in normal brain (not
depicted). Collectively, these data demonstrate that USP13
is differentially expressed in GSCs relative to NSTCs and
NPCs, suggesting that USP13 is a potential GSC marker and
GSC-specific therapeutic target.

Targeting USP13 reduces c-Myc protein levels

and impairs GSC maintenance

As USP13 is preferentially expressed in GSCs and USP13
protein levels gradually decreased during GSC differentiation
(Fig. 3 A), we proposed that USP13 may play an important
role in the maintenance of GSCs. To elucidate the functional
significance of USP13 in maintaining the GSC phenotype,
we examined the effects of USP13 knockdown on c-Myc
protein level, GSC growth, and tumorsphere formation. Dis-
rupting USP13 by lentiviral-mediated shRNA (shUSP13-
50 or shUSP13-52) in GSCs reduced USP13 protein by
90%, which also induced a rapid and marked reduction of
c-Myc protein (Fig. 3 B). Immunofluorescence confirmed
that c-Myc protein level decreased after USP13 knockdown
(not depicted), whereas c-Myc mRNA level remained un-
changed as demonstrated by RT-PCR analysis (not depicted).
In contrast, overexpression of USP13 (Flag-USP13) increased
c-Myc protein levels in GSCs (Fig. 3 C). Moreover, treatment
with a proteasome inhibitor blocked the c-Myc loss caused
by USP13 knockdown (not depicted), but overexpression of
USP13 delayed c-Myc turnover in the presence of cyclohexi-
mide (not depicted), suggesting a critical role of USP13 in pre-
venting proteasomal degradation of c-Myc in GSCs.As c-Myc
is crucial for the maintenance of GSCs, down-regulation
of c-Myc by USP13 disruption negatively impacts GSC
function. A tumorsphere formation assay demonstrated that
disrupting USP13 by shRINA significantly reduced GSC
tumorsphere formation as indicated by decreased size and
number of GSC tumorspheres (Fig. 3, D—F). In addition,
USP13 disruption significantly reduced GSC proliferation
(Fig. 3, G and H) but showed little effects on NSTCs and
NPCs (not depicted). Flow cytometry analysis with FITC-
labeled anti—annexin V antibody indicated that disrupting
USP13 significantly increased apoptosis of GSCs (Fig. 3,1 and
J). Furthermore, the expressions of downstream target genes
of c-Myc were significantly reduced after USP13 disruption
by shRNA (Fig. 3 K), supporting the functional regulation
of c-Myc protein stability by USP13 in GSCs. Collectively,
these data demonstrate that USP13 is required for the proper
regulation of self-renewal and proliferation of GSCs through
stabilization of c-Myc protein.

JEM Vol. 214, No. 1

Disrupting USP13 abrogates GSC tumor growth

To determine the effect of USP13 disruption on GSC
tumorigenic potential in vivo, we examined the tumor prop-
agating capacity of GSCs transduced with USP13 shRINAs
(shUSP13-50 or shUSP13-52) or nontargeting shRINA
(shNT) control. The GSCs were also transduced with fire-
fly luciferase, which allows monitoring of tumor growth in
living animals by bioluminescent imaging. GSCs express-
ing luciferase and shUSP13 or shNT were transplanted into
the brains of immunocompromised mice. Bioluminescent
analysis showed that targeting USP13 by two independent
shRINAs markedly impaired GSC tumor growth (Fig. 4, A
and B). Mice sacrificed at day 21 demonstrated that GSCs
transduced with shUSP13 either failed to form tumors or
only harbored relatively small tumors, whereas the control
group developed huge tumors in the mouse brains (Fig. 4 C).
As a consequence, mice intracranially transplanted with the
GSCs expressing shUSP13 survived significantly longer
than the control group (P < 0.001; Fig. 4 D). In addition,
IHC staining of Ki-67 and cleaved caspase 3 confirmed
that USP13 disruption reduced c-Myc protein in the GSC-
derived xenografts and led to a significant decrease in cell
proliferation and an increase in cell apoptosis within the
tumor (not depicted). To further confirm the clinical rele-
vance of targeting USP13 in established GBM tumors, we
applied the Tet-on inducible knockdown system to ex-
amine whether inducible disruption of USP13 by doxy-
cycline affects the growth of established xenograft tumors and
animal survival. In vitro analysis showed inducible disruption
of USP13 in GSCs by 70% reduced c-Myc protein levels
and inhibited GSC proliferation (Fig. 4, E and F). In vivo
bioluminescent analysis confirmed that induced disruption
of USP13 by doxycycline treatment significantly inhibited
GSC tumor growth in mouse intracranial xenografts (Fig. 4,
G and H). Furthermore, mice intracranially transplanted with
GSCs expressing shUSP13 induced by doxycycline treatment
survived significantly longer than the control mice (Fig. 4 I).
Collectively, these data demonstrate that USP13 is required
for maintaining the tumorigenic capacity of GSCs in vivo,
indicating that targeting USP13 to disrupt GSCs may imply
therapeutic potential.

FBXL14 is preferentially expressed in nonstem glioma cells

As we identified that the ubiquitin E3 ligase FBXL14 also
interacts with c-Myec in glioma cells, we speculated whether
FBXL14 mediates ubiquitination of c-Myc for proteasomal
degradation in NSTCs.IB analysis demonstrated that FBXL14
was highly expressed in NSTCs but showed significantly de-
creased expression in matched GSCs (Fig. 5 A). Coimmu-
nofluorescent staining of FBXL14 with a stem cell marker
(SOX2 or c-Myc) or differentiation marker (glial fibrillary
acidic protein [GFAP] or TUJ1) confirmed that FBXL14 was
preferentially expressed in NSTCs relative to matched GSCs
(Fig. 5, B and C; and not depicted). During GSC differentia-
tion, the expression of FBXL14 increased gradually in parallel
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Figure 3. Targeting USP13 disrupted the
maintenance of GSCs. (A) IB analysis of
USP13, the GSC markers (c-Myc and SOX2),
and the differentiation markers (GFAP and
TUJ1) during serum-induced GSC differen-
tiation. GSCs isolated from T4121 xenografts
were cultured in DMEM containing 10% FBS
to induce differentiation and harvested for IB
analysis on the indicated days. USP13, c-Myc,
and SOX2 gradually decreased, whereas the
differentiation markers GFAP (for astrocytes)
and TUJ1 (for neurons) increased during
the differentiation. (B) IB analysis of USP13,
c-Myc, SOX2, OLIG2, TUJ1, and GFAP in the
GSCs (T387) transduced with USP13 shRNA
(shUSP13-50 and shUSP13-52) or shNT (02)
for 2 d. USP13 disruption by shRNA for a
short time rapidly induced a dramatic decrease
of c-Myc protein level in GSCs. (C) IB analy-
sis of USP13, c-Myc, GFAP, and SOX2 in the
GSCs transduced with Flag-USP13 expression
or vector control through lentiviral infection
in two GSC populations derived from T4121
and T387 xenografts. Forced expression of
USP13 increased c-Myc protein levels in GSCs.
(A-C) Mass is shown in kilodaltons.
(D-F) The effect of USP13 knockdown on GSC
tumorsphere formation. Disrupting USP13 by
shUSP13-50 or shUSP13-52 impaired tumor-
sphere formation of GSCs (T387). (D) Repre-
sentative images of GSC tumorspheres are
shown. (E and F) Quantification showing that
USP13 knockdown significantly reduced GSC
tumorsphere number (E) and size (F). n = 4.
(G and H) Growth curves of GSCs expressing
shUSP13 or shNT control. GSCs derived from
T387 xenograft (G) or T4121 xenograft (H) were
transduced with shUSP13 (sh50 and sh52) or
shNT and then measured for cell growth over a
time course (day O to day 8). Disrupting USP13
significantly inhibited the growth of GSCs. n =
6. (I and J) Annexin V-FITC staining to detect
apoptosis in GSCs expressing shUSP13 or shNT.
GSCs (T387) were transduced with shUSP13
or shNT through lentiviral infection for 48 h,
stained with annexin V-FITC and PI, and then
analyzed by flow cytometry. (I) Representative
FACS data are shown. The upper right dots

represent late apoptotic cells (positive for both annexin V and PI). (J) Quantifications showing that disrupting USP13 significantly increased apoptosis of
GSCs. n = 3. (K) RT-PCR analysis of expression of c-Myc downstream targets including cyclin B (CCNB), prohibitin (PHB), and DNA mismatch repair protein
(MSH2) in the GSCs expressing shUSP13 (sh50 or sh52) or shNT. GSCs (T387) were transduced with shUSP13 shNT for 48 h through lentiviral infection, and
the RNA samples were isolated for RT-PCR analysis with specific primers for CCNB, PHB, and MSH2. Disruption of USP13 also reduced expressions of c-Myc
downstream targets in GSCs. n = 3. Data are mean + SD. ™, P < 0.01; ™ P < 0.001; shNT versus shUSP13. Student's t test was used to assess the significance.
Data are from three independent experiments.

with the astrocyte marker GFAP and neuronal markers TUJ1
and MAP2 (Fig. 5 D). To further validate the preferential ex-
pression of FBXL14 in NSTCs in human primary GBMs
in situ, we performed coimmunofluorescence of FBXL14
with a differentiated cell marker (MAP2 or GFAP) or a stem
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cell marker (SOX2) on GBM tumor sections. We confirmed
that FBXL14 was preferentially expressed in glioma cells ex-
pressing the astrocyte marker (GFAP) or the neural marker
(MAP2) but not in GSCs expressing SOX2 in human pri-
mary GBMs (Fig. 5, E-G). Interestingly, FBXL14 expres-
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Figure 4. Disrupting USP13 inhibited GSC tumor growth and prolonged animal survival. (A and B) In vivo bioluminescent imaging of GBM xeno-
grafts derived from luciferase-labeled GSCs expressing shUSP13 or shNT control. GSCs (T387) were transduced with shUSP13 (shUSP13-50 or shUSP13-52)
or shNT and then transplanted into brains of immunocompromised mice (5 x 10° cells per animal). Mice bearing the intracranial xenografts were monitored
after GSC transplantation. (A) Representative bioluminescent images at the indicated days are shown. (B) Quantification of bioluminescence indicated that
disrupting USP13 significantly attenuated GSC tumor growth in mouse brains. n= 5. P < 0.001; shNT versus shUSP13. Student's t test was used to assess
the significance. Five mice per group were used. (C) Representative images of mouse brain cross sections from mice intracranially implanted with the GSCs
transduced with shUSP13 or shNT. GSCs (T387) were transduced with shUSP13 or shNT through lentiviral infection for 48 h and then transplanted into
mouse brains. Cross sections (hematoxylin and eosin stained) of the mouse brains harvested on day 21 after injection are shown. (D) Kaplan-Meier survival
curves of mice intracranially implanted with GSCs expressing shUSP13 or shNT control. Disrupting USP13 significantly increased survival of mice bearing
GSC-derived xenografts. ***, P < 0.001; shNT versus shUSP13. Log-rank analysis was used to assess the significance. Five mice per group were used. (E) 1B
analysis of USP13 and c-Myc in GSCs (T387) transduced with the Tet-on-inducible shUSP13 (pTRIPZ-shUSP13) and treated with doxycycline (Dox) or vehicle
control (Ctrl) for 3 d. Inducible knockdown of USP13 decreased c-Myc protein levels in GSCs. Mass is shown in kilodaltons. (F) Growth curves of GSCs (T387)
transduced the inducible shUSP13 (pTRIPZ-shUSP13) and incubated with doxycycline or control. Then, cells were measured for cell growth over a time
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sion levels were also much higher in human NPC lines with
low c-Myc expression than those in GSC populations with
high levels of c-Myc, as demonstrated by both IB analysis
(Fig. 5 H) and immunofluorescence (Fig. 5 I). We confirmed
that FBXL14 was expressed in differentiated cells (GFAP"
and TUJ1%) and NPCs (SOX2) in SVZs in adult and em-
bryonic mouse brains (Fig. 5,] and K). Collectively, these data
demonstrate that the ubiquitinase FBXL14 is preferentially
expressed in the nonstem glioma cells and neural progenitors.

Overexpression of FBXL14 promotes GSC differentiation

and inhibits GBM tumor growth

As FBXL14 protein levels are much higher in NSTCs than
in matched GSCs, we examined whether overexpression of
FBXL14 in GSCs promoted cell differentiation and inhibited
cell growth. We found that ectopic expression of FBXL14
(Flag-FBXL14) in GSCs not only accelerated the decrease
of c-Myc protein levels, but also augmented the expression
of differentiation markers (GFAP and MAP2) during a time
course of serum-induced cell differentiation assay (Fig. 6 A).
In addition, overexpression of FBXL14 accelerated c-Myc
turnover in the presence of cycloheximide (not depicted),
but treatment with the proteasome inhibitor MG132 rescued
the c-Myc loss caused by FBXL14 overexpression (not de-
picted), indicating that FBXL14 plays a role in promoting
c-Myc degradation to augment cell differentiation. Coimmu-
nofluorescent staining of Flag-FBXL14 with the GSC marker
(SOX2 or c-Myc) or the differentiation marker (GFAP or
TU]J1) further validated that ectopic expression of FBXL14
in GSCs indeed promoted GSC differentiation (Fig. 6, B-E;
and not depicted). The expression of FBXL14 also inhibited
GSC tumorsphere formation (Fig. 6, F-I) and cell growth
(Fig. 6 J). These data demonstrated that overexpression of
FBXL14 in GSCs reduced c-Myc protein and promoted
GSC differentiation to inhibit cell growth.

Given the effects of FBXL14 overexpression on inhib-
iting GSC growth in vitro, we then examined whether over-
expression of FBXL14 impacted tumor propagating capacity
of GSCs in vivo. GSCs transduced with luciferase and Flag-
FBXL14 or vector control were transplanted into brains of
immunocompromised mice and then monitored by biolumi-
nescent imaging. Bioluminescent analysis demonstrated that
FBXL14 overexpression significantly suppressed the tumor
growth of GSCs in an intracranial xenograft mouse model

(Fig. 7, A and B). Mice sacrificed at day 21 after GSC trans-
plantation showed that mice bearing the GSCs expressing
Flag-FBXL14 developed much smaller tumors than the con-
trol group (Fig. 7 C). As a consequence, the survival of mice
bearing the FBXL14-overexpressing GSCs was significantly
longer than that of the vector control group (P < 0.001;
Fig. 7 D). IHC staining confirmed that forced expression
of FBXL14 reduced c-Myc protein, decreased cell prolifer-
ation, and increased apoptosis in the xenograft tumors (not
depicted). To further validate the tumor-suppressive role of
FBXL14 in established tumors, we applied the Tet-on induc-
ible overexpression system to examine the impact of FBXL14
expression on tumor growth in GSC-derived xenografts.
An in vitro analysis showed that induced overexpression of
FBXL14 decreased c-Myc protein and inhibited GSC pro-
liferation (Fig. 7, E and F). In vivo bioluminescent analysis
demonstrated that induced overexpression of FBXL14 by
doxycycline treatment significantly suppressed intracranial
tumor growth (Fig. 7, G and H). As a consequence, mice in-
tracranially transplanted with GSCs overexpressing FBXL14
induced by doxycycline significantly extended their survival
relative to the control group (Fig. 7 I). We conclude that
FBXL14 exhibits tumor-suppressive capacity, and sustained
expression of FBXL14 potently inhibits the tumorigenic ca-
pacity of GSCs in vivo.

FBXL14 mediates c-Myc ubiquitination, whereas USP13
stabilizes c-Myc through deubiquitination

Because FBXL14 interacts with c-Myc and functions as a
ubiquitin E3 ligase and overexpression of FBXL14 in GSCs
rapidly reduced c-Myc protein levels, we speculated that
FBXL14 might mediate c-Myc ubiquitination to promote
protein degradation. A ubiquitination assay demonstrated that
overexpression of FBXL14 markedly increased polyubiquiti-
nation of c-Myc (Fig. 8 A). In contrast, FBXL14 knockdown
reduced c-Myc ubiquitination, leading to elevated c-Myc
protein levels (Fig. 8 B). As threonine 58 (T58) and serine 62
(S62) residues on human c-Myc have been shown to be crit-
ical for the ubiquitin-mediated degradation of c-Myc pro-
tein (Yada et al., 2004; Hollern et al., 2013), we mutated the
T58 or/and S62 to alanine (T58A or/and S62A) on c-Myc
and then examined the effects of these mutations on protein
stability. The ubiquitination assay indicated that both muta-
tions (either alone or in combination) abolished the elevated

course (day O to day 8). Disrupting USP13 significantly inhibited the growth of GSCs. n = 5., P < 0.01; ** P < 0.001. Student's t test was used to assess
the significance. Data are from three independent experiments. (G and H) In vivo bioluminescent imaging of GBM xenografts derived from luciferase-labeled
GSCs expressing inducible shUSP13 and treated with doxycycline or vehicle control. GSCs (T387) were transduced with the Tet-on-inducible shUSP13 (pTRI
PZ-shUSP13) and then transplanted into brains of immunocompromised mice (10* cells per animal). Mice bearing the intracranial xenografts were closely
monitored. 7 d after GSC transplantation, mice were treated with the vehicle control or doxycycline (2 mg/ml in drinking water) to induce expression of
shUSP13 in xenografts. (G) Representative images at the indicated days are shown. (H) Bioluminescent quantification at day 21 indicated that induced dis-
ruption of USP13 by doxycycline attenuated GSC tumor growth in mouse brains. n= 5., P < 0.01. Student's t test was used to assess the significance. Five
mice per group were used. (1) Kaplan-Meier survival curves of mice intracranially implanted with the GSCs (T387) transduced with the pTRIPZ-shUSP13 for 7 d
and then treated with doxycycline or the vehicle control. Induced disruption of USP13 significantly increased the survival of mice bearing the GSC-derived
xenografts. ™, P < 0.01. Log-rank analysis was used. Five mice per group were used. Data are mean + SD.

252

USP13 and FBXL14 control c-Myc to regulate GSCs | Fang et al.

520z Jequeoe( 0 U0 3senb Aq pd'€291610Z Wel/909.5.1/5¥Z/L/v|z/pd-aone/wal/Bio sseidny//:dpy woly papeojumoq



A T4121 D456 T387 T4302 H2S
+ —+ -+ — + — + — GSCs
46 W —w» - — — w» — w|FBXL14

vy)

FBXL14 DAPI c-Myc DAPI FBXL14 c-Myc MERGED

62|. . - - - |c-Myc

RNe = e = = [0lc2

NSTCs

50 we w» @ @ @GFAP

50 I‘.——-—--| Tubulin

C FBXL14 DAPI GFAP DAPI FBXL14 GFAP MERGED

4. % N

46
62
34
50
50

280 = mMAP2
50 [ S s e =] Tubulin

NSTCs

T CCF2445

GSCs NPCs
= —r—— | FBXL14 DAPI SOX2 DAPI FBXL14 SOX2 MERGED
dhoR
< c
EaRRes

(.

Adult

FBXL14 DAPI GFAP DAPI FBXL14 GFAP MERGED FBXL14 DAPI TUJ1 DAPI FBXL14 tTUJ‘l MERGED

E125

Figure 5. FBXL14 is preferentially expressed in nonstem glioma cells and NPCs. (A) IB analysis of FBXL14, c-Myc, OLIG2, and GFAP in GSCs (+) and
matched NSTCs () isolated from five GBM tumors. OLIG2 and c-Myc are GSC markers, whereas GFAP is a marker for differentiated cells (astrocytes). FBXL14
is preferentially expressed in NSTCs. (B) Immunofluorescent staining of FBXL14 (green) and c-Myc (red) in GSCs and matched NSTCs derived from T387
xenografts. Nuclei were counterstained with DAPI (blue). FBXL14 is expressed in NSTCs but rarely expressed in the GSCs. (C) Immunofluorescent staining of
FBXL14 (green) and the differentiation marker (GFAP; red) in GSCs and matched NSTCs derived from T387 xenografts. Nuclei were counterstained with DAPI
(olue). FBXL14 is preferentially expressed in the NSTCs. (D) IB analysis of FBXL14, the GSC markers (c-Myc and SOX2), and the differentiated cell markers
(GFAP, TUJ1, and MAP2) during serum-induced GSC differentiation. T4121 GSCs were cultured in DMEM containing 10% FBS to induce differentiation and
harvested on the indicated days for immunoblotting. c-Myc and SOX2 gradually decreased, whereas FBXL14 along with the differentiation markers GFAP
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c-Myc ubiquitination caused by FBXL14 overexpression
(Fig. 8 C). In addition, the T58A mutant attenuated the abil-
ity of c-Myc to interact with FBXL14 (not depicted), thus
suggesting that the T58 residue on human c-Myc is required
for FBXL14-mediated ubiquitination. Collectively, these data
demonstrated that FBXL14 functions as a ubiquitin E3 ligase
to promote c-Myc ubiquitination and degradation and thus
down-regulates c-Myc protein levels in glioma cells.

As USP13 functions as a deubiquitinase that also in-
teracts with c-Myc (Fig. 1) and the preferential expression
of USP13 in GSCs positively regulates c-Myc protein levels
(Fig. 3,B and C), we hypothesized that USP13 might mediate
deubiquitination of c-Myec protein to prevent its degradation
and stabilize c-Myc in GSCs. To test this hypothesis, we ex-
amined whether USP13 knockdown impacted c-Myc poly-
ubiquitination. The ubiquitination assay demonstrated that
disruption of USP13 by shRINA markedly increased c-Myc
ubiquitination and reduced c-Myc protein level in GSCs
(Fig. 8 D). To validate this result, we examined the effect of
USP13 overexpression on c-Myc ubiquitination. GSCs were
transduced with wild-type USP13 (Flag-USP13) or the cat-
alytically inactive mutant (USP13-C345A; Zhao et al., 2011)
and then subjected to ubiquitination assay of c-Myc protein.
Consistently, overexpression of the wild type but not the
USP13 mutant reduced c-Myc ubiquitination and resulted
in elevated c-Myc protein levels (Fig. 8 E). Interestingly,
we found that the C345A-USP13 mutant played a domi-
nant-negative role in c-Myc stabilization as overexpression of
this catalytically inactive mutant reduced c-Myc protein lev-
els and promoted expression of differentiation markers (not
depicted). Collectively, these data demonstrate that USP13
stabilizes c-Myc protein through deubiquitination in GSCs.

The antagonistic functions of USP13 and FBXL14 determine
glioma cell fate through c-Myc regulation

Our data have demonstrated that USP13 mediates deubig-
uitination of c-Myc, whereas FBXL14 facilitates c-Myc
ubiquitination in glioma cells. This suggests that USP13 and
FBXL14 function as an opposing pair of deubiquitinase and
ubiquitin E3 ligase to regulate c-Myc protein stability at the
posttranslational level. To further validate this hypothesis, we
reconstituted a regulatory system by overexpressing USP13
with FBXL14 or knocking down USP13 and FBXL14 to
directly assess c-Myc regulation by USP13-mediated deubig-

uitination and FBXL14-mediated ubiquitination in glioma
cells (GSCs or NSTCs). Overexpression of USP13 reduced
c-Myc ubiquitination, and forced expression of FBXL14 in-
creased c-Myc ubiquitination (Fig. 8 F). Importantly, over-
expression of USP13 together with FBXL14 abolished the
increased c-Myc ubiquitination caused by FBXL14 overex-
pression (Fig. 8 E last lane). Moreover, USP13 knockdown in-
creased c-Myc ubiquitination, whereas FBXL14 knockdown
reduced c-Myc ubiquitination (Fig. 8 G). Silencing FBXL14
alongside USP13 disruption attenuated the increased c-Myc
ubiquitination caused by USP13 disruption (Fig. 8 G). The
regulation of c-Myc protein level by these two counterparts
(USP13 and FBXL14) was further confirmed by coimmuno-
fluorescent staining (not depicted). Functionally, overexpres-
sion of USP13 and FBXL14 together in GSCs abolished the
enhanced cell differentiation induced by FBXL14 overexpres-
sion (not depicted), and knockdown of FBXL14 and USP13
together in GSCs attenuated the increased differentiation in-
duced by USP13 disruption (not depicted). These data fur-
ther confirmed that USP13-mediated deubiquitination and
FBXL14-mediated ubiquitination serve opposite roles in the
regulation of c-Myec protein levels as a control mechanism for
cell fate determination of GSCs (stemness or differentiation).

The ubiquitination-insensitive mutant T58A-c-Myc

rescued the effects caused by USP13 disruption

or FBXL14 overexpression

As USP13 and FBXL14 function as oppositional counter-
parts to regulate c-Myc protein levels in glioma cells, we
further examined whether the ubiquitination-insensitive
mutant T58A—c-Myec (Yada et al., 2004; Hollern et al., 2013)
could rescue the phenotype caused by USP13 knockdown
or FBXL14 overexpression in glioma cells in vitro and in
vivo. As the T58 A—c-Myc mutant attenuated its ability to in-
teract with FBXL14 (not depicted), this mutant is resistant
to FBXL14-mediated ubiquitination. The expression level
of the exogenous c-Myc mutant (Flag-Myc-T58A) was ad-
justed to the similar level of endogenous c-Myc (Fig. 9, A
and B).We confirmed that this c-Myc mutant is insensitive to
ubiquitination-mediated degradation, as USP13 knockdown
or FBXL14 overexpression did not affect the protein level of
the mutant (T58A—c-Myc) but markedly reduced endoge-
nous c-Myc in GSCs (Fig. 9,A and B). Ectopic expression of
the ubiquitin-insensitive c-Myc mutant in GSCs rescued the

(for astrocytes) and MAP2 (for neurons) increased during GSC differentiation. (E-G) Immunofluorescent staining of FBXL14 and the differentiation marker
MAP2 (E) or GFAP (F) or GSC marker SOX2 (G) in a primary GBM (CCF2445). Frozen sections of GBM were coimmunostained with specific antibodies against
FBXL14 (green) and a differentiation marker (MAP2 or GFAP; red) or a GSC marker (SOX2; red) and then counterstained with DAPI to show nuclei. FBXL14
is coexpressed in the glioma cells expressing the differentiation markers but not the GSC marker. (H) 1B analysis of FBXL14, c-Myc, and SOX2 in GSC pop-
ulations and human NPC lines. GSCs expressed much less FBXL14 but much more c-Myc than NPCs. (1) Immunofluorescent staining of FBXL14 and SOX2
in human NPCs. NPCs were coimmunostained with specific antibodies against FBXL14 (green) and a stem cell marker (SOX2; red) and then counterstained
with DAPI (blue). FBXL14 is expressed in NPCs. (J and K) Immunofluorescent staining of FBXL14 and GFAP, SOX2, or TUJ1 in the dentate gyrus (DG) or SVZ
in the adult or embryonic mouse brain. Frozen sections of normal mouse brains were coimmunostained with specific antibodies against FBXL14 (green)
and an NPC marker (SOX2; red), an astrocyte marker (GFAP; red), or a neuronal marker (TUJ1; red) and then counterstained with DAPI (blue) to show nuclei.
Asterisks indicate the dentate gyrus (J, top) or the SVZ (J, bottom; and K). (A, D, and H) Mass is shown in kilodaltons.
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Figure 6. Overexpression of FBXL14 promoted GSC differentiation and inhibited GSC tumor growth. (A) IB analysis of FBXL14, c-Myc, SOX2, GFAP,
and MAP2 in the GSCs transduced with Flag-FBXL14 expression through lentiviral infection during a time course of differentiation. Forced expression of
FBXL14 in GSCs accelerated expression of differentiated cell markers (GFAP and MAP2) and augmented loss of GSC markers (c-Myc and SOX2) during
serum-induced GSC differentiation. VEC, vector. (B-E) Immunofluorescent staining of Flag-FBXL14 and c-Myc (B) or GFAP (C) in GSCs (T387) expressing
Flag-FBXL14 or vector control during a time course of GSC differentiation induced by serum (FBS). Cells were counterstained with DAPI (blue) to mark
nuclei. Quantifications show that forced expression of FBXL14 significantly accelerated the reduction of c-Myc-positive cells (D) and increased percent-
age of GFAP-positive cells (E) during serum-induced GSC differentiation. n = 4. Data are from three independent experiments, and representative images
are shown. (F-1) The effect of FBXL14 overexpression on GSC tumorsphere formation. GSCs (T387) were transduced with Flag-FBXL14 or vector control.
(G) Ectopic expression of Flag-FBXL14 reduced tumorsphere formation of GSCs. (H and 1) Quantifications show that forced expression of FBXL14 signifi-
cantly decreased GSC tumorsphere size (H) and number (I). n = 3-4. Data are from three independent experiments, and representative images are shown.
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impaired tumorsphere formation caused by USP13 knock-
down or FBXL14 overexpression (Fig. 9, C—=H) and restored
the cell growth impaired by USP13 disruption or FBXL14
overexpression (not depicted). Immunofluorescent analysis
indicated that ectopic expression of the mutant c-Myc in
GSCs reduced the differentiation induced by FBXL14 over-
expression (not depicted). Importantly, an orthotopic tumor
formation assay demonstrated that ectopic expression of
the ubiquitin-insensitive c-Myc mutant (T58A—c-Myc) re-
stored GSC tumor growth which was attenuated by USP13
down-regulation or FBXL14 up-regulation (Fig. 9, I-L).
Furthermore, ectopic expression of the mutant c-Myc abol-
ished the increased survival of mice bearing GSC-derived
xenografts expressing shUSP13 or Flag-FBXL14 (Fig. 9, M
and N). In addition, terminal deoxynucleotidyl transferase
deoxyuridine triphosphate nick-end labeling (TUNEL) assay
demonstrated that expression of the mutant c-Myc dimin-
ished the increased apoptosis caused by USP13 disruption in
GSC-derived xenografts (not depicted). Immunofluorescence
analysis confirmed that ectopic expression of the mutant
c-Myec reduced the cell differentiation (measured by GFAP"
cells) induced by FBXL14 overexpression in GSC-derived
xenografts (not depicted) and restored cell proliferation in-
hibited by FBXL14 overexpression as measured by Ki-67
staining (not depicted). Collectively, these data demonstrate
that the ubiquitination-insensitive mutant of c-Myc is able
to rescue the phenotypes caused by USP13 knockdown or
FBXL14 overexpression in vitro and in vivo, which supports
that USP13 and FBXL14 mediate posttranslational regulation
of c-Myc to control the stem cell-like phenotype and tumor-
igenic potential of GSCs.

USP13 expression showed an inverse correlation

with the survival of GBM patients, but FBXL14

displayed a positive correlation

To confirm the clinical relevance of preferential expression
of USP13 in GSCs and FBXL14 in NSTCs, we analyzed
the potential correlation of USP13 and FBXL14 expres-
sion with the prognosis of GBM patients in the Rembrandt
database. Kaplan-Meier survival curves demonstrated a sig-
nificant inverse correlation between USP13 expression and
the overall survival of GBM patients (Fig. 10 A). Higher
expression of USP13 in GBMs predicts worse survival
of the patients. In contrast, FBXL14 expression is posi-
tively correlated with the overall survival of GBM patients
(Fig. 10 B). Higher FBXL14 expression informed bet-
ter patient survival. In addition, a correlation analysis be-
tween USP13 or FBXL14 and the GSC marker (SOX2 or
OLIG2) in the dataset confirmed that USP13 expression
was positively correlated with the expression of SOX2 and

OLIG2 (Fig. 10 C), whereas the expression of FBXL14 is
negatively correlated with expression of SOX2 and OLIG2
(Fig. 10 D). Furthermore, analysis of the Rembrandt data-
base demonstrated that USP13 expression was significantly
increased in high-grade gliomas relative to low-grade gli-
omas and normal human brain tissues (Fig. 10 E), whereas
FBXL14 expression was significantly decreased in high-
grade gliomas (Fig. 10 F). Collectively, these data demon-
strate that USP13 and FBXL14 expression may serve as
prognostic markers for GBM.

DISCUSSION

GBMs are highly lethal brain tumors and are resistant to cur-
rent treatments (Stupp et al., 2005; Wen and Kesari, 2008). The
presence of self-renewing and tumorigenic GSC populations
in GBM tumors contributes to therapeutic resistance and
treatment failure (Bao et al., 2006a; Liu et al., 2006; Chen et
al., 2012). Thus, eliminating GSCs or impairing their growth
through GSC differentiation may effectively improve GBM
treatment. GSCs are maintained by a set of core SCTFs, includ-
ing c-Myc (Wang et al., 2008; Gargiulo et al., 2013; Annibali
et al., 2014; Kozono et al., 2015). Several studies have demon-
strated that c-Myc oncoprotein plays crucial roles in maintain-
ing the self-renewal, proliferation, and tumorigenic potential of
cancer stem cells including GSCs (Wang et al., 2008; David et
al., 2010; Rahl et al., 2010; Saborowski et al., 2014; Terunuma
et al., 2014). Cellular c-Myc protein levels are tightly regulated
by both transcriptional control and posttranslational regulation.
Although the posttranslational modification of c-Myc has been
studied in leukemia stem cells (King et al., 2013), the regula-
tory control of c-Myc by the ubiquitination and deubiquiti-
nation system in GSCs has not been elucidated. In this study,
we demonstrated that USP13-mediated deubiquitination and
FBXL14-mediated ubiquitination regulate c-Myc protein lev-
els in glioma cells and play a critical role in controlling the
maintenance or differentiation of GSCs (Fig. 10 G). USP13
stabilizes c-Myc through deubiquitination to promote GSC
self-renewal, proliferation, and tumor formation. In contrast,
the ubiquitin E3 ligase FBXL14 mediates c-Myc ubiquitina-
tion and subsequent degradation to induce GSC differentiation
and inhibit GSC tumor growth. USP13 and FBXL14 function
as antagonizing counterparts to regulate c-Myc protein levels
and control cell fate determination, as well as the tumorigenic
potential of glioma cells. We have demonstrated that disruption
of USP13 or forced expression of FBXL14 potently suppressed
GSC tumor growth in GBM xenograft models, suggesting
that manipulating the posttranslational regulation of c-Myc in
GSCs by targeting its deubiquitinase USP13 may effectively
control GBM tumor progression and potentially overcome
GSC-mediated therapeutic resistance.

(J) Growth curves of GSCs expressing Flag-FBXL14 or vector control. GSCs (T387) were transduced with Flag-FBXL14 or vector control through lentiviral
infection and then measured for cell growth over a time course. Ectopic expression of FBXL14 significantly inhibited GSC growth. n = 4. Data are from three
independent experiments. Data are mean + SD. **, P < 0.001. Student's t test was used to assess the significance. (A and F) Mass is shown in kilodaltons.

256

USP13 and FBXL14 control c-Myc to regulate GSCs | Fang et al.

520z Jequeoe( 0 U0 3senb Aq pd'€291610Z Wel/909.5.1/5¥Z/L/v|z/pd-aone/wal/Bio sseidny//:dpy woly papeojumoq



A VEC (Control)

Flag-FBXL14

=y

O N A O © O

——\/ector
—e—FBXL14

Relative luminescence

—\/ector
—FBXL14

(Days)

Figure 7. Overexpression of FBXL14 in-
hibited GBM tumor growth and promoted
animal survival. (A and B) In vivo biolumi-
nescent imaging of GBM xenografts derived
from luciferase-expressing GSCs transduced
with FBXL14 or vector (VEC) control. GSCs
(T387) were transduced with luciferase and
21 Flag-FBXL14 or vector control and then trans-
planted into brains of immunocompromised
mice (5 x 107 cells per animal). Mice bearing
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Flag-FBXL14 or vector control through lenti-
viral infection for 48 h and then transplanted
into mouse brains. Cross sections (hematoxylin
and eosin stained) of the mouse brains har-
vested on day 21 after injection are shown.
(D) Kaplan-Meier survival curves of mice intra-
cranially implanted with the GSCs expressing
Flag-FBXL14 or vector control. Ectopic expres-
sion of FBXL14 significantly increased survival
of mice bearing the GSC-derived xenografts.
Log-rank analysis was used. Five mice per
group were used. (E) IB analysis of FBXL14
and c-Myc in GSCs (T387) transduced with
inducible FBXL14 (pCW-Flag-FBXL14) and then
treated with doxycycline (Dox) for 3 d. FBXL14
overexpression decreased c-Myc protein lev-
els. Mass is shown in kilodaltons. Ctrl, control.

(F) Growth curves of GSCs transduced with inducible FBXL14 expression and treated with doxycycline or control. Cells were measured for cell growth over a
time course (day O to day 8). Overexpression of FBXL14 significantly inhibited the growth of GSCs. Data are mean + SD. n = 3. Student's t test was used to
assess the significance. Data are from three independent experiments. (G and H) In vivo bioluminescent imaging of GBM xenografts derived from the lucif-
erase-labeled GSCs transduced with inducible FBXL14 overexpression and treated with doxycycline or control. GSCs (T387) were transduced with inducible
FBXL14 expression (0CW-Flag-FBXL14) and then transplanted into brains of immunocompromised mice (10* cells per animal). Mice bearing the intracranial
xenografts were closely monitored. 7 d after GSC transplantation, mice were treated with 2 mg/ml doxycycline in drinking water to induce expression of
FBXL14 in xenografts. (G) Representative images at the indicated days are shown. (H) Bioluminescence quantification indicated that induced overexpression
of FBXL14 attenuated GSC tumor growth in mouse brains at day 21. Data are mean + SD. n = 5. Student's t test was used to assess the significance. Five
mice per group were used. (1) Kaplan-Meier survival curves of mice intracranially implanted with the GSCs transduced with pCW-Flag-FBXL14 for 7 d and
then treated with doxycycline or control. Induced expression of FBXL14 significantly increased survival of mice bearing the GSC-derived xenografts. Log-
rank analysis was used. Five mice per group were used. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

c-Myc is a critical pleiotropic transcription factor regu-
lating the expressions of many genes that control cell prolif-
eration, growth, apoptosis, metabolism, ribosomal biogenesis,
and the maintenance of stem cells including cancer stem cells
(Gordan et al., 2007a,b; Nieminen et al., 2007; Wang et al.,
2008; Gao et al., 2009; Rahl et al., 2010; Nie et al., 2012;
Masui et al., 2013). The maintenance of c-Myc protein level

JEM Vol. 214, No. 1

and activity is crucial for normal cell proliferation and growth
during homoeostasis. Increased c-Myc levels or its activity
through aberrant overexpression or dysregulated posttransla-
tional modification is closely associated with tumorigenesis
and malignant progression of many human cancers (Cole and
Cowling, 2008; Pan et al., 2015; Sun et al., 2015). The on-
cogenic role of the c-Myc gene has been shown in various
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Figure 8. FBXL14 mediates ubiquitination and
degradation of c-Myc, whereas USP13 stabilizes
c-Myc protein through deubiquitination. (A) Ubig-
uitination (Ub) assay showing that overexpression of
FBXL14 promoted degradation of c-Myc in GSCs. GSCs
(T387) were transduced with Flag-FBXL14 or vector
control through lentiviral infection for 48 h, treated
with the proteasome inhibitor MG132 for 6 h, har-
vested for IP of c-Myc with an anti-c-Myc antibody,
and then immunoblotted with anti-ubiquitin antibody.
Total cell lysates (TCL) were also immunoblotted with
antibodies against FBXL14, USP13, c-Myc, and tubulin.
(B) Ubiquitination assay showing that FBXL14 knock-
down decreased c-Myc ubiquitination in GSCs. GSCs
(T387) were transduced with shFBXL14 or shNT through
lentiviral infection for 48 h and then treated with the
proteasome inhibitor MG132 for 6 h before collecting
samples. Cell lysates were immunoprecipitated with an
anti-c-Myc antibody and then immunoblotted with
anti-ubiquitin antibody. (C) Ubiquitination assay show-
ing that FBXL14 mediated ubiquitination of wild-type
c-Myc (lane 4) but not the ubiquitin-insensitive c-Myc
mutants (Mt): T58A-Myc (lane 5), S62A-Myc (lane 6),
and T58A-S62A-Myc (lane 7). Flag-FBXL14 or vector
control and wild-type c-Myc or the c-Myc mutant
were overexpressed in 293FT cells and then subjected
to ubiquitination assay and IB analysis. (D) Ubiquitina-
tion assay showing that USP13 knockdown increased
c-Myc ubiquitination and decreased c-Myc protein lev-
els in GSCs. GSCs (T387) were transduced with shUSP13
(shUSP13-50 or shUSP13-52) or shNT control for 48 h
and then treated with the proteasome inhibitor MG132
for 6 h before collecting samples. Cell lysates were im-
munoprecipitated with an anti-c-Myc antibody and
then immunoblotted with anti-ubiquitin antibody.
(E) Ubiquitination assay showing that c-Myc ubiquitina-
tion was specifically attenuated by wild-type USP13 but
not catalytic dead mutant USP13 (C345A). GSCs (T387 or
T4121) were transduced with Flag-USP13, Flag-USP13-
C345A, or vector control for 48 h, treated with the pro-
teasome inhibitor MG132 for 6 h, and then subjected
to analysis of c-Myc ubiquitination and IB analyses.
(F) Ubiquitination analysis showing that USP13-medi-
ated deubiquitination antagonizes FBXL14-mediated
c-Myc ubiquitination to regulate c-Myc protein levels
in GSCs. GSCs (T387) were transduced with HA-FBXL14,
Flag-USP13, Flag-USP13 plus HA-FBXL14, or vector
control for 2 d through lentiviral infection, treated
with MG132 for 6 h, and harvested for ubiquitination
assay of c-Myc and IB analyses. FBXL14 overexpression
alone increased c-Myc ubiquitination (lane 3), whereas
USP13 overexpression alone decreased c-Myc ubiquiti-
nation (lane 4). However, USP13 and FBXL14 double

overexpression attenuated the increased c-Myc ubiquitination induced by FBXL14 overexpression (lane 5). (G) Ubiquitination assay showing that
c-Myc protein level was regulated by USP13-mediated deubiquitination and FBXL14-induced ubiquitination in GSCs. GSCs (T387) were differentiated
for 2 d and transduced with shUSP13, shFBXL14, shUSP13 plus shFBXL14, or shNT for 2 d through lentiviral infection, treated with MG132 for 6 h,
and then collected for ubiquitination analysis and IB analyses. USP13 knockdown alone increased c-Myc ubiquitination (lane 3), whereas FBXL14
knockdown alone decreased c-Myc ubiquitination (lane 4). However, USP13 and FBXL14 double knockdown attenuated the increased c-Myc ubig-
uitination induced by USP13 knockdown (lane 5). Mass is shown in kilodaltons.
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Figure 9. T58A-c-Myc mutant rescued the phenotype caused by USP13 knockdown or FBXL14 overexpression. (A) IB analysis of Flag-T58A-c-
Myc mutant, endogenous c-Myc (WT), USP13, FBXL14, GFAP, and SOX2 in the T387 GSCs transduced with Flag-T58A-c-Myc or vector (Vec) control in
combination with shUSP13 or shNT control. USP13 knockdown decreased the endogenous wild-type c-Myc but not the ectopic Flag-T58A-c-Myc mutant.
(B) IB analysis of Flag-FBXL14, HA-T58A-c-Myc mutant, endogenous c-Myc (WT), USP13, GFAP, and SOX2 in the GSCs transduced with HA-T58A-c-Myc or
vector control in combination with Flag-FBXL14 or vector control. Ectopic expression of FBXL14 decreased endogenous wild-type c-Myc but not the HA-
T58A-c-Myc mutant. (A and B) Mass is shown in kilodaltons. (C-E) Tumorsphere formation of GSCs transduced with Flag-T58A-c-Myc or vector control in
combination with shUSP13 or shNT control. (C) Representative images (phase contrast) of tumorspheres are shown. Ectopic expression of Flag-T58A-c-Myc
mutant in GSCs rescued the impaired tumorsphere formation caused by USP13 disruption. (D and E) Quantification indicated that ectopic expression of the
T58A-c-Myc mutant in GSCs rescued the decreased tumorsphere size (D) and number (E) caused by USP13 disruption. Data are mean + SD. n = 4. ** P <
0.001. Student's t test was used to assess the significance. Data are from three independent experiments. (F-H) Tumorsphere formation of GSCs transduced
with HA-T58A-c-Myc or vector control in combination with Flag-FBXL14 or vector (VEC) control. (F) Representative images (phase contrast) of tumor-
spheres are shown. Ectopic expression of the T58A-c-Myc mutant in GSCs rescued the reduced tumorsphere formation caused by FBXL14 overexpression.
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tissues in mouse models (Lewis et al., 2003; Wang et al., 2011;
Kim et al., 2012; Hollern et al., 2013). c-Myc protein level
is tightly controlled by posttranslational modifications such
as ubiquitin-mediated proteasomal degradation and deubiq-
uitination. c-Myc protein is very unstable in nontransformed
cells and is degraded by the ubiquitin—proteasome system
(von der Lehr et al., 2003). Several ubiquitin E3 ligases in-
cluding Fbw7, Skp2, and HectH9 have been shown to reg-
ulate c-Myc protein stability and activity (von der Lehr et
al., 2003; Welcker et al., 2004; Adhikary et al., 2005). Sim-
ilar to other posttranslational modifications, ubiquitination
of c-Myc can be reversed by deubiquitination mediated by
the ubiquitin-specific proteases. USP28, USP37, and USP36
have been shown to deubiquitinate and stabilize c-Myc pro-
tein in colon cells (Popov et al., 2007; Pan et al., 2015; Sun
et al., 2015). These studies suggested that the ubiquitination
and deubiquitination regulation of c-Myc by different pairs
of ubiquitin E3 ligase and deubiquitinase may depend on cell
context. Our study demonstrates that USP13 and FBXL14 are
the main pair of deubiquitinases and ubiquitin E3 ligases that
regulate c-Myc protein levels in glioma cells, which supports
a cell type—specific posttranslational regulation of c-Myec.

In nontransformed cells, c-Myc protein is transiently
stabilized upon stimulation of cell growth and is then quickly
degraded by the ubiquitin-proteasome.The growth-regulated
turnover of c-Myc usually involves two conserved phosphor-
ylation sites (T58 and S62) within Myc box I (Welcker et
al., 2004;Yada et al., 2004; Hollern et al., 2013). The phos-
phorylation of c-Myc at S62 in response to growth signals
increases c-Myc protein stability, whereas T58 phosphoryla-
tion destabilizes c-Myc by facilitating S62 dephosphoryla-
tion and recruiting the ubiquitin E3 ligase to mediate c-Myc
ubiquitination and degradation (Sears et al., 2000; Yeh et al.,

2004; Hollern et al., 2013). Thus, T58 phosphorylation is re-
quired for ubiquitination-mediated c-Myc degradation. T58
mutations that prevent its phosphorylation and ubiquitina-
tion-mediated c-Myc degradation were found in a subset
of Burkitt’s lymphomas (Bhatia et al., 1993). Consistently,
our data showed that the T58A—c-Myc mutant was insen-
sitive to FBXL14-mediated ubiquitination and was able to
rescue the phenotypes caused by FBXL14 overexpression.
Importantly, we demonstrated that USP13, which functions
as the deubiquitinase of c-Myc, was preferentially expressed
in GSCs. USP13 stabilizes c-Myc to maintain the stem cell-
like phenotype and tumorigenic potential of GSCs. As other
known c-Myc deubiquitinases such as USP28, USP37, and
USP36 are rarely expressed in glioma cells (not depicted),
USP13 is likely to be the main deubiquitinase that maintains
high levels of c-Myc for sustaining the stemness and tumor-
igenic capacity of GSCs.

USP13 has been proposed to mediate deubiquitination of
the ubiquitinated proteins and thus reverses their degradation
in cells (Zhao et al., 2011). Although USP13 is an orthologue
of the well-characterized deubiquitinase USP5, it has been
demonstrated that USP13 is very different from USP5, both
in substrate preference and catalytic efficiency (Zhang et al.,
2011). USP5 generally functions as a deubiquitinating enzyme
for trimming unanchored polyubiquitin chains to maintain the
homoeostasis of the free ubiquitin pool (Zhang et al., 2011),
whereas USP13 lacks the ability to hydrolyze free polyubiq-
uitin chain to monoubiquitin efficiently and does not act as a
regulator for the free ubiquitin pool (Zhang et al.,2011). How-
ever, USP13 plays important roles in the regulation of specific
protein substrates. Recent studies indicated that USP13 can
deubiquitinate and regulate protein levels of Beclin-1, micro-
phathalmia-associated transcription factor, Siah2, phosphatase

(G and H) Quantification indicated that ectopic expression of the T58A-c-Myc mutant in GSCs rescued the decreased tumorsphere size (G) and number (H)
caused by FBXL14 overexpression. Data are mean + SD. n = 4.™, P < 0.001. Student's ¢ test was used to assess the significance. Data are from three inde-
pendent experiments. (I and J) In vivo bioluminescent imaging of GBM xenografts derived from the luciferase-labeled GSCs transduced with Flag-T58A-c-
Myc mutant or vector control in combination with shUSP13 or shNT control. The luciferase-labeled GSCs (T387) were transduced with Flag-T58A-c-Myc
or vector control and shUSP13 or shNT through lentiviral infection and then transplanted into the brains of immunocompromised mice (5 x 10° cells per
animal). Mice bearing the intracranial xenografts were monitored after GSC transplantation. (I) Representative images at the indicated days are shown.
(J) Quantification of luminescence indicates that ectopic expression of the T58A-c-Myc mutant restored the GSC tumorigenic potential impaired by USP13
disruption. Data are mean + SD. n = 5. P < 0.001; VEC + shUSP13 versus other groups. Student's t test was used to assess the significance. Five mice per
group were used. (K and L) In vivo bioluminescent imaging of GBM xenografts derived from luciferase-expressing GSCs transduced with HA-T58A-c-Myc
mutant or vector control in combination with Flag-FBXL14 or vector control. GSCs (T387) were transduced with HA-T58A-c-Myc or vector control in com-
bination with Flag-FBXL14 or vector control through lentiviral infection and then transplanted into immunocompromised mouse brains (5 x 10° cells per
animal). Mice bearing the intracranial xenografts were monitored after GSC transplantation. (K) Representative images at the indicated days are shown. (L)
Luminescence quantification shows that ectopic expression of the c-Myc-T58A mutant restored GSC tumorigenic potential attenuated by ectopic expres-
sion of FBXL14. Data are mean + SD. n= 5. P < 0.001; VEC + FBXL14 versus other groups. Student's ¢ test was used to assess the significance. Five mice
per group were used. (M) Kaplan-Meier survival curves of mice implanted with GSCs transduced with Flag-T58A-c-Myc or vector control in combination
with shUSP13 or shNT control. Mice implanted with the GSCs were maintained until the development of neurological signs or for 60 d. Ectopic expression
of the T58A-c-Myc mutant in GSCs significantly attenuated the increased survival of mice caused by USP13 disruption in the GSC-derived tumors. **, P <
0.001; VEC + shUSP13 versus other groups. Log-rank analysis was used. Five mice per group were used. (N) Kaplan-Meier survival curves of mice implanted
with GSCs transduced with HA-T58A-c-Myc or vector control in combination with Flag-FBXL14 or vector control. Mice implanted with the GSCs were
maintained until the development of neurological signs or for 60 d. Ectopic expression of the T58A-c-Myc mutant in GSCs significantly attenuated the
increased survival of mice caused by FBXL14 expression in the GSC-derived tumors. ***, P < 0.001; VEC + FBXL14 versus other groups. Log-rank analysis was
used. Five mice per group were used.
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Figure 10. USP13 and FBXL14 expressions
are clinically associated with GBM patient
survival, GSC makers, and glioma grades.
(A) Analysis of the Rembrandt database shows
a significant inverse correlation between
USP13 expression and the overall survival of
GBM patients. Log-rank analysis was used. n =
210. (B) Analysis of the Rembrandt database
indicates a significant positive correlation be-
tween FBXL14 expression and the overall sur-
vival of GBM patients. Log-rank analysis was
used. n = 210. (C) Linear regression analysis of
the Rembrandt database showed a significant
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and the expression of GSC markers SOX2 (R =
0.2493; P = 0.0002) or OLIG2 (R = 0.3363; P
< 0.0001). Pearson's R correlation test was
used. n = 220. (D) Linear regression analysis
of the Rembrandt database indicated a signif-
icant negative correlation between expression
of FBXL14 and the expression of GSC markers
SOX2 (R = —0.2912; P = 0.0002) or OLIG2 (R =
—0.1600; P = 0.0175). Pearson's R correlation
test was used. n = 220. (E) Analysis of the Rem-
brandt database shows that USP13 expression
was significantly higher in gliomas than that
in normal brains. (F) Analysis of the Rembrandt
database indicates that FBXL14 expression was
lower in high-grade gliomas (lll and IV) than
in low-grade glioma (ll) and normal brains.
(E and F) Tukey's multiple comparisons test
was used. Normal, n=7; grade Il, n=99; grade
lIl, n = 85; grade IV, n = 220. (G) A schematic

Deubiquitinase » Ub E3 Ligase illustration for the posttranslational regulation
n of c-Myc by USP13-mediated deubiquitination
Dub Ub (Dub) and FBXL14-mediated ubiquitination

Stabilization *

Self-renewal of GSCs

and tensin homolog, and STAT-1 (Liu et al.,2011; Scortegagna
et al., 2011; Zhao et al., 2011;Yeh et al., 2013; Zhang et al.,
2013),and the deubiquitination process of USP13 could also be
orchestrated by Beclin-1 (Liu et al.,2011). USP13 also interacts
with USP10, and the interaction increases USP13 deubiquiti-
nating activity (Liu et al., 2011). In addition, USP13 interacts
with the P97/valosin-containing protein complex, a key chap-
erone in ER -associated degradation (Chen et al.,2011), which
increases the protein level of CD39,an ER ~associated degrada-
tion substrate (Zhang et al.,2011). Interestingly, USP13 can an-
tagonize gp78 (a ubiquitin E3 ligase) to deubiquitinate Ubl4A,
a key component of the Bag6 chaperone complex in ER-
associated degradation (Liu et al., 2014). Aberrant expression
of USP13 has been associated with human cancers. It has been
shown that the mRINA level of USP13 is elevated in thyroid
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Degradation

C. e wgg “‘;%

Differentiation of GSCs

(Ub) to determine the cell fate of glioma cells.
The net balance between the FBXL14-mediated
ubiquitination and the USP13-mediated de-
ubiquitination controls c-Myc protein levels to
determine the maintenance or differentiation
of GSCs. *, P < 0.05; ™, P < 0.01.

tumors (Fontaine et al.,2009). Increased USP13 expression was
also detected in melanomas, with a positive correlation with
its substrate Siah2, suggesting its oncogenic role (Scortegagna
etal.,2011). Our data demonstrate that USP13 plays an onco-
genic role to maintain stemness and tumorigenic potential of
GSCs in GBM s by stabilization of the c-Myc protein through
deubiquitination. Importantly, USP13 expression is negatively
correlated with the overall survival of GBM patients. Because
USP13 is a deubiquitinating enzyme and is preferentially ex-
pressed in GSCs but rarely expressed in NPCs and targeting
USP13 potently inhibits tumor growth, USP13 represents an
attractive molecular target with a high therapeutic index for
developing novel anti-GSC—specific therapeutics.

In contrast to the deubiquitinating role of USP13 in
stabilizing c-Myc protein in GSCs, FBXL14 functions as a
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ubiquitin E3 ligase and mediates c-Myc ubiquitination to pro-
mote c-Myc degradation in nonstem glioma cells (NSTCs).
FBXL14 also regulates Snail2 protein during neural crest de-
velopment in Xenopus laevis (Lander et al., 2011) and mod-
ulates ubiquitination and protein levels of mitogen-activated
protein kinase phosphatase 3 (Mkp3) to regulate vertebrate
axis formation in zebrafish (Zheng et al., 2012). In mamma-
lian cells, FBXL14 has been demonstrated to target Snaill for
proteasome-mediated degradation through polyubiquitination
(Vinas-Castells et al., 2010). Interestingly, FBXL14 expression
was significantly down-regulated during hypoxia, a condi-
tion causing an increase of Snaill protein but not its mRNA
(Vinas-Castells et al., 2010).A decrease of FBXL14 expression
was detected in tumors with high expression of Twist] and
carbonic anhydrase 9, two proteins up-regulated by hypoxia
(Vinas-Castells et al., 2010). Our previous study showed that
hypoxia promotes the maintenance of GSCs, and hypoxia
may facilitate the dedifferentiation of nonstem glioma cells
to GSCs (Li et al., 2009; Heddleston et al., 2010). However,
the molecular mechanisms underlying the hypoxia-mediated
maintenance of GSCs are not fully understood. As FBXL14 is
highly expressed in NSTCs and low expressed in GSCs and
FBXL14 functions as a ubiquitin E3 ligase to promote c-Myc
degradation, hypoxia-induced down-regulation of FBXL14
may reduce c-Myc ubiquitination and degradation, which may
up-regulate c-Myc protein levels to promote the maintenance
of GSCs or facilitate the dedifferentiation of NSTCs to GSCs
under hypoxia condition. In this study, we demonstrated that
forced expression of FBXL14 promoted differentiation of
GSCs and potently inhibited GSC tumor growth, suggesting a
tumor-suppressive role of FBXL14 in GBM malignant growth.

In conclusion, we uncovered a ubiquitination and de-
ubiquitination regulatory node of c-Myc in glioma cells and
defined the role of this posttranslational regulation in cell
fate determination of glioma cells. USP13 mediates ubiq-
uitination of c-Myc to antagonize FBXL14-mediated ubiq-
uitination and thus maintains the stem cell-like phenotype
and tumorigenic potential of GSCs. As USP13 is prefer-
entially expressed in GSCs relative to NSTCs and NPCs
and disrupting USP13 reduced c-Myc protein and potently
inhibited GSC proliferation and tumor growth, USP13 rep-
resents an attractive druggable target for developing a poten-
tial therapy to disrupt GSCs and effectively improve GBM
treatment. In contrast, FBXL14 functions as a ubiquitin E3
ligase that targets c-Myc degradation through ubiquitination.
Forced expression of FBXL14 induced GSC differentiation
and inhibited tumor growth. Moreover, expression of the
ubiquitination-insensitive T58 A—c-Myc mutant rescued the
inhibitory effects caused by USP13 disruption or FBXL14
overexpression. Thus, USP13 and FBXL14 play opposing
roles in the regulation of the GSC phenotype through deu-
biquitination and ubiquitination of c-Myec. This regulatory
balance represents a critical new paradigm in GSC fate de-
termination and holds therapeutic promise as both a thera-
peutic target and prognostic marker.
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MATERIALS AND METHODS

Isolation and characterization of glioma cells from GBMs
De-identified GBM surgical specimens were collected from
the Cleveland Clinic Brain Tumor and Neuro-Oncology Cen-
ter as well as the Brain Tumor and Neuro-Oncology Center
at University Hospitals, Case Medical Center. The protocol
for the collection and use of the human GBM surgical tu-
mors for our study was approved by the Institutional Review
Board. GSCs and matched NSTCs were isolated from primary
GBM tumors or xenografts and functionally characterized as
previously described (Bao et al., 2006a; Guryanova et al., 2011;
Cheng et al., 2013; Zhou et al., 2015). In brief, glioma cells
were dissociated from GBM tumors using the Papain Dissoci-
ation system (Worthington Biochemical Corporation). Glioma
cells were labeled with an FITC-conjugated anti-CD15 anti-
body (347423;BD) and a PE-conjugated anti-CD133 antibody
(130-090-854; Miltenyi Biotec) followed by FACS to isolate
GSCs (CD15"/CD133") and matched NSTCs (CD157/
CD1337). The sorted GSCs were maintained in Neurobasal
medium (Invitrogen) supplemented with B-27 (Invitrogen),
epidermal growth factor (EGF), and basic fibroblast growth
factor (bFGF; 20 ng/ml each; R&D Systems). The cancer stem
cell phenotypes of GSCs were validated by the expressions of
GSC markers (SOX2, OLIG2, CD15, and L1CAM) and three
functional assays (including in vitro limiting dilution assay, se-
rum-induced cell differentiation assay, and in vivo tumorigenic
assay) to assess the self-renewal potential, multilineage differen-
tiation potency, and in vivo tumorigenic capacity of GSCs, as
previously described (Bao et al., 2006a; Li et al., 2009; Gury-
anova et al., 2011; Cheng et al., 2013; Zhou et al., 2015).

Culture of NPCs

Human NPC lines derived from fetal brains (Lonza) were
cultured and maintained in suspension culture according to
the vendor’ instruction or propagated on stem cell Matrigel
(BD). NPCs were kept in Neurobasal media (Invitrogen) sup-
plemented with B27 (Invitrogen), EGE and bFGF (20 ng/ml
each; R&D Systems) as previously described (Guryanova et
al.,2011; Huang et al., 2011).

Identification of c-Myc—interacting proteins

by mass spectrometry analysis

c-Myc—interacting proteins were coimmunoprecipitated from
glioma cells and then analyzed by mass spectrometry. In brief,
GSCs were transduced with Flag—c-Myc and then induced
for partial differentiation by serum for a short time (2 d).
The partially differentiated glioma cells expressing Flag—c-
Myc or vector control were subjected to lysis in IP buffer.
The c-Myc complexes were pulled down by two-step immu-
nopurification (anti—Flag-M2 agarose and anti-Myc agarose),
separated on SDS-PAGE, and visualized by silver staining.
The gel pieces were then dehydrated in acetonitrile, dried in
a speed vacuum, and digested with trypsin. The peptides were
extracted from the polyacrylamide and were evaporated for
liquid chromatography mass spectrometry (LC-MS) analysis.
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IB, immunofluorescence, and immunohistochemistry

IB analysis of protein expression and immunofluorescence
staining on cells or tissue sections were performed as pre-
viously described (Bao et al., 2006a; Guryanova et al., 2011;
Cheng et al., 2013; Zhou et al., 2015). Specific antibodies
against USP13 (Abcam), c-Myc (Cell Signaling Technology
or Santa Cruz Biotechnology, Inc.), SOX2 and OLIG2 (EMD
Millipore or Santa Cruz Biotechnology, Inc.), Flag and o~
tubulin (Sigma-Aldrich), GFAP (BioLegend or BD), MAP2
(Covance), TUJ1 (Covance), CD31 (Dako), FBXL14 (Santa
Cruz Biotechnology, Inc.), CD133 (Miltenyi Biotec), ubiq-
uitin (BioLegend), hemagglutinin (HA; Santa Cruz Biotech-
nology, Inc.), and Ki-67 (Abcam) were used for IB analysis
or immunofluorescent staining. IHC staining on tumor and
normal tissue sections was performed with an avidin—biotin
complex kit and a 3,3'-diaminobenzine detection kit (Vec-
tor Laboratories) as previously described (Bao et al., 2006b;
Guryanova et al., 2011; Zhou et al., 2015).

IP

For IPs, GSCs or 293FT cells were lysed in the bufter (50 mM
Hepes, 150 mM NaCl, 1% NP-40,and 5 mM EDTA) contain-
ing a protease inhibitor cocktail (Roche) and incubated with
the indicated antibodies or antibody-conjugated agarose beads.
Anti—Flag-M2 agarose and anti-Myc agarose beads were used
to immunoprecipitate the indicated proteins from 293FT cells.
Antibodies against FBXL14 (Santa Cruz Biotechnology, Inc.)
and c-Myc (Cell Signaling Technology) in combination with
protein A/G plus agarose (Santa Cruz Biotechnology, Inc.)
were used to pull down the indicated proteins in GSC lysate.

Ubiquitination assay

The ubiquitination assay was performed as previously de-
scribed (Huang et al., 2011). Cells were treated with or with-
out 10 pM MG132 for 6 h before they were collected. Co-IP
of protein was performed as described in the previous section.
The precipitated proteins were then released from the resins
by boiling for 10 min in SDS-PAGE loading buffer. Then,
the samples were subjected to Western blotting with the anti-
ubiquitin antibody from BioLegend.

Differentiation assay

GSCs were cultured on Matrigel-coated coverslips or dishes
and then induced for differentiation by serum-containing
medium (10% FBS in DMEM) or withdrawal of EGF and
bFGF from neurobasal medium. At the indicated time points,
cells were harvested for IB analysis or fixed for immunofluo-
rescent staining of the indicated markers.

DNA constructs, shRNAs, and lentivirus production

Lentiviral clones expressing USP13 shRNA (shUSP13),
FBXL14 shRNA (shFBXL14), or shNT (SHC002) were
acquired from Sigma-Aldrich. Two of five shUSP13
(shUSP13-50 and shUSP13-52) and two of five shF-
BXL14 (shFBXL14-1 and shFBXL14-2) that displayed
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high efficiency of knockdown (80-90% reduction) were
used for all related experiments. Lentiviral constructs ex-
pressing Flag-tagged T58A—c-Myc (Flag-T58A-Myc),
Flag-S62A-Myc,  Flag-T58A-S62A-Myc,  HA-tagged
T58A—c-Myc (HA-T58A-Myc), Flag-tagged USP13
(Flag-USP13), and Flag-tagged USP13-C345A (Flag-
USP13-C345A) were generated by cloning an open
reading frame with the N-terminal Flag or HA sequence
into the pCDH-MCS-T2A-Puro-MSCV vector (Sys-
tem Biosciences). Mutagenesis was done using a Quick-
change Multi IIT Site-Directed Mutagenesis kit (Agilent
Technologies) and confirmed by DNA sequencing. Viral
particles were produced in 293T cells with the pACK set of
helper plasmids (System Biosciences) in stem cell media.Viral
stocks were concentrated by precipitation with PEG-8000
and titered according to the manufacturer’s instructions.

Apoptotic analysis by flow cytometry and TUNEL assay
Annexin V=FITC and propidium iodide (PI) staining was
performed for flow cytometry according to the manufactur-
er’s guidelines (BD). In brief, GSCs transduced with USP13
shRINA or shNT control for 48 h were washed in Neuro-
basal medium. Then, the cells were resuspended with 100 pl
of binding buffer and incubated with 5 ul PI and 5 pl annexin
V—FITC for 15 min in the dark at room temperature. Flow
cytometric analysis was immediately performed using a flow
cytometer (LSRII; BD). TUNEL assays detecting apoptotic
cell death on tumor sections were performed with an Apop-
Tag Plus Peroxidase In Situ Apoptosis kit (EMD Millipore)
according to the manufacturer’s instructions.

Intracranial tumor formation and

in vivo bioluminescent imaging

Intracranial transplantation of GSCs to establish GBM xe-
nograft was performed as previously described (Bao et al.,
2006a; Guryanova et al., 2011; Cheng et al., 2013; Zhou et
al., 2015). To monitor tumor growth in living animals, all
GSCs used for the animal study were transduced with firefly
luciferase through lentiviral infection. GSCs expressing fire-
fly luciferase were then transduced with shUSP13 or shNT,
Flag-FBXL14 or vector, and/or Flag-T58A-Myc or vector
control through lentiviral infection. 48 h after the lentiviral
transduction, viable cells were intracranially transplanted into
athymic immunocompromised mice. For the survival exper-
iments, animals were maintained until manifestation of neu-
rological signs or for 60 d. To examine the tumor growth,
mouse brains implanted with GSCs were monitored by bio-
luminescent imaging or harvested simultaneously after GSC
transplantation. Animals were administrated with p-luciferin
intraperitoneally and anesthetized with isoflurane for the im-
aging analysis. The tumor luciferase images were captured by
using an IVIS imaging system (Spectrum CT; PerkinElmer).
All animal procedures were performed in accordance with
Cleveland Clinic Institutional Animal Care and Use Com-
mittee—approved protocol.

263

520z Jequeoe( 0 U0 3senb Aq pd'€291610Z Wel/909.5.1/5¥Z/L/v|z/pd-aone/wal/Bio sseidny//:dpy woly papeojumoq



JEM

Inducible knockdown and overexpression

Inducible shUSP13 constructs (pTRIPZ-shUSP13; Tet-on)
were purchased from Thermo Fisher Scientific. The induc-
ible overexpression vector pCW was obtained from Addgene.
The open reading frame of FBXL14 with a Flag tag was in-
serted into pCW (Nhel and BamHI) to construct a Tet-on
pCW-Flag-FBXL14 overexpression that can be induced by
doxycycline. GSCs stably expressing firefly luciferase were in-
fected with lentivirus carrying inducible pTRIPZ-shUSP13
or pCW-Flag-FBXL14. The transduced cells were cultured
in 0.5 pg/ml doxycycline for 3 d before cell lysates were col-
lected to confirm inducible knockdown of USP13 or overex-
pression of FBXL14. After validation of inducible disruption
or overexpression by doxycycline in vitro, GSCs were trans-
planted intracranially into immunocompromised mice sup-
plied with water containing 2 mg/ml doxycycline or control
water. Growth of orthotopic GBM tumors was monitored by
bioluminescent imaging every 7 d.

Quantitative RT-PCR

Total RINA was extracted with the RINeasy kit (QIAGEN) and
reversely transcribed to cDNA with PrimeScript RT Master Mix
(Takara Bio Inc.). Real-time PCR was performed on a cycler
(Applied Biosystems) using SYBR green master mix (Invitrogen)
with the following primers: USP13-E 5-CTAAATATGCCA
ACAACCTCACCC-3; USPI3-R, 5-GCCCGTTGCCCC
CAGAGC-3"; USP28-E 5'-TCCATGGAAATGCCTTCACA-
3’ USP28-R, 5'-AATCTCACTCCTCCATCTCTGAAGAC-
3, USP36-E  5-AGCACTTTTCCCCCAGAACTG-3';
USP36-R, 5'-GGCTCCCAGATCTGCTGCTA-3"; USP37-E
5'-GCCCAAAACAATCACAGAGC-3'; USP37-R, 5'-TCC
CTTTCACGCTCCATATC-3"; OTUBI-E 5-TTTCTATCG
GGCTTTCGGA-3; OTUBI-R, 5-TCGGAGGTGCTC
TGGTCAT-3"; FBXL14-E 5'-CCTGTGACAACATCAGTG
ACAC-3';  FBXLI4-R, 5-GTTGATGCCATCATCACT
GATG-3'; FBW7-E 5-ATGGGCCCTGCTCTTCACTTC
ATGTCC-3; FBW7-R, 5'-CACTGTGCGTTGTATGCA
TC-3"; RanBP2-E 5'-GAAATAAAACATTCTACACCGTC-
3’; RanBP2-R, 5'-GTTTCAACTCCTGCATTTCTTTC-3';
SKP2-F 5'-CCTAAGCAGCTGTTCCC-3"; SKP2-R, 5'-TTC
GAGATACCCACAACCCC-3'; UBR4-E 5'-GCTGCCCCA
AACAGTGAAGAC-3";and UBR4-R,5'-GGTTTTGATAGC
TGAGGCTTG-3". The other primers were described previ-
ously (Fang et al., 2014).

Statistical analysis

All grouped data are presented as mean * SD. Difference be-
tween groups was assessed by one-way ANOVA or one-way
ANOVA on rank tests. For the in vivo experiments, log-rank
survival analysis was performed. SigmaStat Software (version
3.5; Systat Software, Inc.) was used for all statistical analyses.
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