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The mesenchymal (MES) subtype of glioblastoma (GBM) stem cells (GSCs) represents a subpopulation of cancer cells
that are notorious for their highly aggressive nature and resistance to conventional therapy. Aldehyde dehydrogenase
1A3 (ALDH1A3) has been recently suggested as a key determinant for the maintenance of MES features of GSCs.
However, the mechanisms underpinning aberrant ALDH1A3 expression remain elusive. Here, we identified ubiquitin-
specific protease 9X (USP9X) as a bona fide deubiquitinase of ALDH1A3 in MES GSCs. USP9X interacted with,

depolyubiquitylated, and stabilized ALDH1A3. Moreover, we showed that FACS-sorted USP9X™ cells were enriched for
MES GSCs with high ALDH1AS3 activity and potent tumorigenic capacity. Depletion of USP9X markedly downregulated
ALDH1AS3, resulting in a loss of self-renewal and tumorigenic capacity of MES GSCs, which could be largely rescued by
ectopic expression of ALDH1A3. Furthermore, we demonstrated that the USP9X inhibitor WP1130 induced ALDH1A3
degradation and showed marked therapeutic efficacy in MES GSC—derived orthotopic xenograft models. Additionally,
USP9X strongly correlated with ALDH1AS expression in primary human GBM samples and had a prognostic value for
patients with the MES subgroup. Collectively, our findings unveil USP9X as a key deubiquitinase for ALDH1AS protein
stabilization and a potential target for GSC-directed therapy.
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Introduction
Glioblastoma (GBM) is the most common and devastating human
brain malignancy characterized by extensive intratumoral hetero-
geneity (1, 2). Despite recent advances in multimodal treatments,
the outcomes for GBM patients remain dismal, with a median
survival of 12 to 15 months (3). GBM possesses a subpopulation
of cells, termed GBM stem cells (GSCs) (4-6), closely resem-
bling neural precursor cells and having self-renewal activity and
multilineage differentiation potential as well as tumor-initiating
capacity, which are thought to be responsible for disease progres-
sion, recurrence, and therapeutic resistance (7-10). Thus, there
is an urgent need for the exploration of new treatment strategies
against GSCs.

The aldehyde dehydrogenase (ALDH) superfamily comprises
19 enzymes that metabolize endogenous and exogenous alde-
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The mesenchymal (MES) subtype of glioblastoma (GBM) stem cells (GSCs) represents a subpopulation of cancer cells

that are notorious for their highly aggressive nature and resistance to conventional therapy. Aldehyde dehydrogenase 1A3
(ALDH1A3) has been recently suggested as a key determinant for the maintenance of MES features of GSCs. However, the
mechanisms underpinning aberrant ALDH1A3 expression remain elusive. Here, we identified ubiquitin-specific protease 9X
(USP9X) as a bona fide deubiquitinase of ALDH1A3 in MES GSCs. USP9X interacted with, depolyubiquitylated, and stabilized
ALDH1A3. Moreover, we showed that FACS-sorted USP9X" cells were enriched for MES GSCs with high ALDH1A3 activity

and potent tumorigenic capacity. Depletion of USP9X markedly downregulated ALDH1A3, resulting in a loss of self-renewal
and tumorigenic capacity of MES GSCs, which could be largely rescued by ectopic expression of ALDH1A3. Furthermore, we
demonstrated that the USP9X inhibitor WP1130 induced ALDH1A3 degradation and showed marked therapeutic efficacy in
MES GSC-derived orthotopic xenograft models. Additionally, USP9X strongly correlated with ALDH1A3 expression in primary
human GBM samples and had a prognostic value for patients with the MES subgroup. Collectively, our findings unveil USP9X
as a key deubiquitinase for ALDH1A3 protein stabilization and a potential target for GSC-directed therapy.

hydes to their corresponding carboxylic acids (11). ALDH1A3 is the
predominant ALDH isozyme that participates in various physi-
ological processes in human cells. Growing evidence has shown
that ALDH1A3 exhibits high activity in cancer stem cells (CSCs)
and influences a diverse range of biological characteristics within
these cells (12-15). In GBMs, ALDH1A3 has been found to function
as a key molecule for the maintenance of self-renewal and tumor-
igenicity of mesenchymal (MES) GSCs (16-18). Nevertheless,
the mechanisms underlying ALDH1A3 dysregulation in MES GSCs
remain enigmatic.

Deubiquitinating enzymes (DUBs) are a large group of prote-
ases that counteract the action of protein ubiquitination through
removing ubiquitin moieties from target proteins. Thus far, there are
approximately 115 recognized human DUBs consisting of 6 differ-
ent families: ubiquitin-specific proteases (USPs), ubiquitin carboxy-
terminal hydrolases (UCHs), ovarian tumor proteases (OTUs),
Machado-Joseph disease proteases (M]Ds), JAB1/MPN/Mov34
metalloenzymes (JAMMs), and motif interacting with Ub-contain-
ing novel DUB family (MINDY) (14, 19, 20). Accumulating evidence
has suggested that DUBs are often deregulated in a variety of can-
cers and play a pivotal role in the homoeostasis of cellular proteins
and the regulation of cellular processes that are involved in cancer
initiation and progression (21, 22). USP9X is an important member
of the USP subfamily that regulates a myriad of cellular processes,
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Figure 1. USP9X maintains ALDH1A3 stability. (A) Four Flag-tagged DUBs (USP3, USP9X, USP22, and OTUD1) were expressed in HEK293T cells, and cell
lysates were analyzed by IP with Flag beads followed by IB with antibodies against ALDH1A3 and Flag. (B) Increasing amounts of Flag-tagged USPIX (WT or
C1566A mutant) were transfected into HEK293T cells, and cell lysates were analyzed by IB with antibody against ALDH1A3. (C) IB analysis of USPSX protein
expression in ALDH1" and ALDH1° subpopulations isolated from MES 21 and 505 GSCs. (D) MES 21 and 505 GSCs transfected with 2 independent USP9X shR-
NA were treated with or without the proteasome inhibitor MG132 (20 pM, 8 hours), and then USP9X and ALDH1A3 were analyzed. (E) IB analysis of ALDH1A3
levels in MES 21 and 505 GSCs transduced with USP9X shRNA, together with either shRNA-resistant (sh-res) Flag-tagged USPSX WT or USPIX C1566A. (F)
HEK293T cells were cotransfected with His-tagged ALDH1A3 and Flag-tagged USPIX WT or USP9X C1566A, treated with 100 pg/ml CHX, collected at the indi-
cated times, and then subjected to IB with antibodies against His and Flag. Quantification of ALDH1A3 levels relative to B-actin is shown. (G and H) MES 21 (G)
and 505 (H) GSCs stably expressing control shRNA or USPIX shRNA were treated with 100 pug/ml CHX, harvested at the indicated times, and then subjected
to IB with antibodies against ALDH1A3 and USP9X. Quantification of ALDH1A3 levels relative to -actin is shown. Data are represented as mean + SD of 3
independent experiments. **P < 0.01, 1-way ANOVA with Dunnett’s post test (F); 2-tailed Student’s t test (G and H).

including cell growth and migration (23, 24), apoptosis and autopha-
gy (25-27), immune response (28, 29), and neural development (30).
USP9X has been shown to be deregulated in various types of malig-
nancies and to display a unique ability to either promote or suppress
tumorigenesis in a context-dependent manner (31-36). Notably, it
has been recently demonstrated that USP9X is highly expressed in
GBMs and that inhibition of USP9X could sensitize GBM cells to
intrinsic and extrinsic apoptotic stimuli (37, 38). However, whether
USP9X plays a role in GSC biology remains unclear.

In this study, we identify USP9X as a bona fide DUB that regulates
ALDH1A3 polyubiquitylation and stabilization. We find that USP9X
serves as a key molecule for predicting the enrichment of ALDH1A3"
MES GSCs and is required for the self-renewal and tumorigenicity
of MES GSCs. We also assess the potential therapeutic effects of
USP9X inhibition on patient-derived MES GSC xenograft models.

Results
USP9X maintains ALDHIAS3 stability. To determine whether the
ALDHIAS3 protein is posttranslationally controlled by the ubig-

uitin-proteasome system (UPS), we first blocked de novo protein
synthesis using cycloheximide (CHX) and chased the ALDH1A3
protein levels in HEK293T cells and normal human astrocytes
(NHAs). Indeed, ALDH1A3 was gradually degraded and became
almost undetectable within 8 hours of CHX treatment (Supple-
mental Figure 1A; supplemental material available online with
this article; https://doi.org/10.1172/JCI126414DS1). Moreover,
treatment of cells with the proteosomal inhibitor MG-132 resulted
in a significant increase in ALDH1A3 protein levels (Supplemental
Figure 1A). These data suggest that ALDH1A3 is degraded through
the UPS. Next, we sought to identify the potential DUBs responsi-
ble for ALDH1A3 stabilization and performed an RNAi screening
using the iGENOME RTF Library targeting 98 DUBs in HEK293T
cells. This initial screen identified 4 DUBs (USP3, USP9X, USP22,
and OTUD]I) that are associated with ALDH1A3 expression (Sup-
plemental Figure 1B). When these DUBs were coexpressed with
ALDH1A3 in HEK293 cells, we found that only USP9X was able to
interact directly with the endogenous ALDH1A3 (Figure 1A), thus
implicating USP9X as a prominent candidate that controls ALD-
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H1A3 stability. To test this, we transfected Flag-tagged WT USP9X
or a catalytically inactive mutant C1566A USP9X (carrying a point
mutation in one of the key cysteines of the catalytic domain)
into HEK293T cells. Expression of WT USP9X, but not the
C1566A mutant, increased the ALDH1A3 protein levels in a dose-
dependent manner (Figure 1B), suggesting that USP9X modulates
ALDHI1A3 in a manner that depends on its DUB activity. In con-
trast, depletion of endogenous USP9X led to a drastic decrease in
ALDH1A3 protein levels in 2 GBM cell lines (Supplemental Figure
1C). Neither overexpression nor knockdown of USP9X altered
ALDH1A3 mRNA levels (Supplemental Figure 1, D and E).

Given the importance of ALDHIA3 in the maintenance of GSCs
(16-18), we investigated whether USP9X could affect ALDH1A3
expression levels in different subtypes of GSCs. To that end, we
used cell-surface markers CD44 or CD133 to isolate 2 MES GSCs
(MES 21 and 505) and 2 proneural (PN) GSCs (PN 35 and 182) from
patient-derived GBM cells maintained through serial passages in
immunocompromised mice as subcutaneous xenografts (Supple-
mental Figure 1, F-N). We observed that MES GSCs exhibited high
levels of expression of USP9X and CD44, but minimal levels of the
PN marker OLIG2. In contrast, PN GSCs expressed OLIG2 at high
levels, but had minimal levels of USP9X and CD44 (Supplemen-
tal Figure 10). It has been shown before that CD44* MES GSCs
include both ALDH1A3" and ALDH1A3P cells (16). Accordingly, we
separated MES 21 and 505 GSCs into ALDH1" and ALDH1% sub-
populations using FACS analysis after staining with ALDEFLUOR.
Interestingly, we found that USP9X is highly expressed in the
ALDH1" subpopulation, but not the ALDHI* subpopulation (Fig-
ure 1C). Next, we knocked down USP9X in MES 21 and 505 GSCs
using 2 nonoverlapping lentiviral shRNAs. We noted that USP9X
depletion dramatically reduced the expression of ALDHI1A3 pro-
tein, which could be almost completely reversed by addition of
the proteasomal inhibitor MG132 or overexpression of an shRNA-
resistant WT, but not C1566A, mutant, USP9X (Figure 1, D and E).
Conversely, expression of ALDH1A3 was dramatically increased
when USP9X was ectopically expressed in PN 35 and 182 GSCs
(Supplemental Figure 1P). However, USP9X depletion or over-
expression had no significant effect on ALDHIA3 mRNA levels
(Supplemental Figure 1, Q and R). To prove that USP9X could affect
the stability of ALDH1A3 per se, we used CHX to cease protein syn-
thesis and detected the ALDH1A3 protein levels after manipulation
of USP9X. Enforced expression of WT USP9X, but not the C1566A
mutant USP9X, resulted in a prominent increase in the stability of
ectopically expressed ALDH1A3 protein in HEK293T cells (Figure
1F), whereas knocking down USP9X expression in MES 21 and 505
GSCs led to destabilization of the ALDH1A3 protein (Figure 1, G
and H). Collectively, these results indicate that USP9X specifically
regulates ALDH1A3 stability.

USP9X interacts with ALDHIA3. We next sought to determine
whether USP9X directly interacts with ALDH1A3. Co-IP assays
revealed that His-tagged ALDH1A3 could be readily detected in
either Flag-USP9X WT or Flag-USP9X C1566A immunoprecip-
itates in HEK293T cells and NHAs (Figure 2A and Supplemen-
tal Figure 24), indicating that the DUB activity of USP9X is not
required for such interaction. Similarly, a physical association
between endogenous USP9X and ALDH1A3 proteins was validated
in MES 21 and 505 GSCs as well as 2 established GBM cell lines
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(U87MG and T98G) (Figure 2B and Supplemental Figure 2B).
Furthermore, we performed an in vitro GST pull-down assay by
mixing purified GST-ALDH1A3 with purified recombinant protein
Flag-USP9X WT or Flag-USP9X C1566A. As shown in Figure 2C,
either USPOX WT or its CI566A mutant was able to bind to immo-
bilized GST-ALDH1A3, but not to GST alone, thus confirming
that the interaction between USP9X and ALDH1A3 is direct. To
map the minimal essential regions required for their interaction,
we generated various truncated mutants of Flag-USP9X and His-
ALDH1A3 to narrow down the binding site (Figure 2D). Truncated
mutation analysis showed that the N-terminal sequences (amino
acids 1-600) of USP9X and the N-terminal sequences (amino
acids 1-200) of ALDHI1A3 are both required and sufficient for
direct interaction with each other (Figure 2, E and F).

USP9X deubiquitinates ALDHIA3. To investigate whether
USP9X actually catalyzes the deubiquitination of ALDH1A3, we
coexpressed His-ALDH1A3 and HA-ubiquitin with either WT or
the C1566A mutant of USP9X in HEK293 cells and NHAs. After
IP ALDHI1A3 from cells treated with MG132, we observed that
ALDHI1A3 was heavily ubiquitinated. However, coexpression of
WT USP9X almost completely abolished ALDH1A3 ubiquitina-
tion, while the C1566A mutant USP9X did not have this effect
(Figure 3A). Conversely, downregulation of USP9X by 2 indepen-
dent shRNAs dramatically increased ALDH1A3 polyubiquityla-
tionin MES 21 and 505 GSCs (Figure 3B). To prove that ALDH1A3
is a direct deubiquitinated substrate of USP9X, we incubated
polyubiquitinated ALDH1A3 with purified GST-USP9X WT or
GST-USP9X C1566A under cell-free conditions. We found that
purified GST-USP9X WT, but not GST-USP9X C1566A, which
is still able to interact with ALDH1A3, specifically disassembled
ALDH1A3 ubiquitin moieties in vitro (Figure 3C), suggesting
that USP9X stabilizes ALDH1A3 by removing its ubiquitination
directly. To date, 2 major forms of polyubiquitin chains are known
to be formed through distinct types of linkages (Lys48- or Lys63-
linked chains). Lys48-linked ubiquitin chains serve as the main
targeting signals for protein degradation by the proteasome,
whereas Lys63-linked ubiquitin chains are involved in multi-
ple cellular events that do not rely on the proteasome-mediated
degradative pathway. Accordingly, we wondered which type of
polyubiquitin modifications on ALDH1A3 protein was affected by
USP9X. As shown in Figure 3D, USP9X effectively disassembled
Lys48-linked polyubiquitylation of ALDH1A3, but had no signif-
icant effect on the nondegradative Lys63-linked polyubiquityla-
tion of ALDH1A3. Furthermore, we expressed a Lys48-resistant
(Lys48R) form of ubiquitin in USP9X-depleted MES 21 and 505
GSCs and found that enforced expression of Lys48R ubiquitin
attenuated USP9X depletion-induced ALDH1A3 downregulation
(Figure 3E), confirming that Lys48-linked polyubiquitination is
critical for USP9X-mediated ALDH1A3 turnover. Together, these
results demonstrate that USP9X is a bona fide DUB targeting
ALDH1A3 protein for deubiquitination.

High USP9X expression predicts enrvichment of ALDHIA3" MES
GSCs with potent tumorigenic capability. Given the findings that
both USP9X and ALDHI1AS3 are preferentially expressed in MES
GSCs (Figure 1C and Figure 4A), coupled with the role of USP9X in
regulating ALDH1A3 stability, we wondered whether high expres-
sion of USP9X might predict an enrichment of MES GSCs with
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Figure 2. USP9X interacts with ALDH1A3. (A) HEK293T cells were transfected with His-ALDH1A3 alone or in combination with Flag-tagged USP9X WT

or USP9X C1566A, and cell lysates were analyzed by IP with Flag beads followed by IB with antibodies against His and Flag. (B) Cell lysates from MES 21
and 505 GSCs were analyzed by IP using antibodies against USP9X and ALDH1A3, then subjected to IB analysis. I1gG was used as the isotype control. (C)
Purified Flag-tagged USPSX WT or USP9X C1566A was incubated with GST or GST-ALDH1A3 coupled to glutathione-Sepharose beads. Proteins retained
on Sepharose were then subjected to IB with indicated antibodies. Recombinant GST-ALDH1A3 was purified from bacteria and analyzed by SDS-PAGE and
Coomassie blue staining. (D) Schematic representation of Flag-tagged full-length (FL) ZEB1, His-tagged FL ALDH1A3, and their various deletion mutants.
(E) HEK293T cells were cotransfected with His-ALDH1A3 and Flag-tagged FL USP9X or its deletion mutants, and cell lysates were analyzed by IP with

Flag beads followed by IB with antibodies against His and Flag. (F) HEK293T cells were cotransfected with Flag-USP9X and His-tagged FL ALDH1A3 or its
deletion mutants, and cell lysates were analyzed by IP with His beads followed by IB with antibodies against Flag and His.

high ALDH1A3 activity. To that end, we separated MES 21 and 505
GSCsinto 2 distinct pools, expressing either high (USP9X") or low
(USP9XP) USPIX levels (Figure 4B). As expected, ALDHIA3 was
highly expressed in the USP9X" subpopulation compared with
the USP9XP subpopulation (Figure 4C). Furthermore, the results
of ALDEFLUOR assay showed that the USP9X"™ subpopulation
exhibited significantly higher ALDH1 activity than the USP9X"
subpopulation (Figure 4D).

Next, we performed extreme limiting dilution intracranial
implantation using USP9X" and USP9XP cells genetically engi-
neered to stably express firefly luciferase. In vivo bioluminescence
imaging demonstrated that as few as 5 x 102 USP9X" cells were
sufficient to establish tumors in 60 days (Figure 4E). In stark con-
trast, a minimum of 5 x 10* USP9XPY cells were required for tumor
initiation (Figure 4, E and F). Below this level, the tumorigenic
potential of the USP9X" cells was negligible. Immunohistochemi-
cal analysis demonstrated that mice bearing USP9X" cell-derived
tumors exhibited high expression levels of ALDH1A3, whereas
those bearing USP9XP cell-derived tumors were negative or only
faintly positive for this molecule (Figure 4F). As a consequence,
mice implanted with USP9X" cells had significantly shortened
survival relative to those implanted with USP9X® cells (Supple-
mental Figure 3, A and B). Collectively, these results suggest
that high expression of USP9X might signify great enrichment of
ALDH1A3" MES GSCs with potent tumorigenic capacity.

Ablation of USP9X expression impairs the self-renewal, tumor-
igenicity, and radio/chemoresistance of MES GSCs. Given our
results above, we were motivated to investigate whether USP9X is
required for the self-renewal and tumorigenicity of MES GSCs. As
expected, silencing of USP9X considerably attenuated cell growth
(Figure 5, A and B) and decreased DNA replication, as revealed by
EdU incorporation assay (Supplemental Figure 4, A and B). More-
over, in vitro limiting dilution assay demonstrated that knocking
down USP9X expression remarkably reduced the tumorsphere
formation frequency of MES21 and 505 GSCs (Figure 5C). Fur-
thermore, reduced expression of ALDH1A3 and CD44 as well as
master MES-specific markers, including C/EBPf, TAZ, phosphor-
ylated STAT3 (p-STAT3), VEGF-A, and ¢-MET, were observed in
USP9X-depleted MES GSCs compared with controls (Figure 5D).

We next examined the impact of USP9X depletion on the
tumorigenic potential of MES GSCs in vivo. Equal numbers of
luciferase-labeled MES GSC 21 or 505 transduced with con-
trol shRNA (shCtrl) or shUSP9X were intracranially injected
into NOD/SCID mice. Compared with the mice implanted with
shCtrl-transduced MES GSCs, those implanted with shUSP9X-
transduced MES GSCs displayed extended survival with a lower
rate of tumor formation (Figure 5, E and F, and Supplemental
Figure 4, C and D). To evaluate the role of ALDH1A3 in USP9X-
mediated GSC stemness and tumorigenicity, we ectopically
expressed ALDH1A3 in MES21 and 505 GSCs, in which endog-
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Figure 3. USP9X deubiquitinates ALDH1A3. (A) HEK293T cells or NHAs were cotransfected with His-ALDH1A3, HA-ubiquitin (HA-Ub), and Flag-tagged
USPIX WT or USP9X C1566A, and cell lysates were subjected to IP with His beads followed by IB with antibodies against HA and His. Cells were treated
with 20 uM MG132 for 8 hours before harvesting. (B) MES 21 and 505 GSCs were cotransfected with the indicated siRNA and HA-Ub, and cell lysates were
subjected to IP with ALDH1A3 antibody, followed by IB with antibodies against HA and ALDH1A3. Cells were treated with 20 uM MG132 for 8 hours before
harvesting. (C) Unubiquitylated or ubiguitylated His-ALDH1A3 was incubated with GST-USP9X WT or GST-USP9X C1566A coupled to glutathione-Sephar-
ose beads. His-ALDH1A3 was subjected to IP with His beads followed by IB with antibodies against HA and His. Recombinant GST-USPSX or GST-USP9X
C1566A was analyzed by SDS-PAGE and Coomassie blue staining. (D) MES 21 and 505 GSCs were cotransfected with His-ALDH1A3, Flag-USP3X, and the
indicated HA-Ub Lys0, Lys48-only, or Lys63-only plasmids, and then the ALDH1A3 ubiquitylation linkage was analyzed. (E) MES 21 and 505 GSCs transfect-
ed with Ub WT or Ub Lys48R were cultured for 72 hours in the presence of control siRNA or USP9X siRNA. Cell lysates were analyzed by IB using antibodies

against ALDH1A3 and USP3X.

enous USP9X had been depleted. We found that the inhibitory
effect of USP9X depletion on cell proliferation, self-renewal, and
tumorigenic potential could be largely rescued by ALDH1A3 (Fig-
ure 5, A-F, and Supplemental Figure 4, A-D). These results suggest
the functional importance of the USP9X/ALDH1A3 axis in the
maintenance of MES traits of GSCs.

Recent studies have shown that USP9X contributes to the radio-
resistance and/or chemoresistance of several types of cancer cells
(31, 32, 34, 39). Thus, we wondered whether USP9X is involved in
radio/chemoresistance of GSCs. To address this, PN 35 and 182 GSCs
expressing low basal levels of USP9X were transduced with either
empty or USP9X lentiviral vectors and stably transduced cells were
treated with ionizing radiation (IR) (5 Gy) or temozolomide (TMZ)
(100 uM). We found that enforced expression of USP9X in PN GSCs
conferred resistance to both IR and TMZ (Supplemental Figure 4,
E-G), whereas knockdown of USP9X enhanced the sensitivity of
USP9X-overexpressing PN GSCs to IR and TMZ (Supplemental
Figure 4, H-]). These results indicate that USP9X might contribute to
the acquisition of radio/chemoresistance in PN GSCs.

jci.org

Pharmacological inhibition of USP9X attenuates the tumor-
initiating ability of MES GSCs with high ALDHIA3 activity. To
leverage our findings for clinical application, we investigated the
effect of USP9X pharmacologic inhibition on MES GSC-derived
GBM models. We used a recently reported small-molecule
inhibitor of USP9X, WP1130, and first examined whether the
deubiquitinating activity of USP9X on ALDH1A3 is suppressed
by WP1130 under our experimental conditions. Indeed, the
ability of USP9X to remove ubiquitin moieties from polyubig-
uitinated ALDH1A3 was almost completely abrogated by 1
umol/l WP1130 (Figure 6A). Correspondingly, WP1130 treat-
ment reduced ALDH1A3 protein levels in MES 21 and 505 GSCs
without affecting its mRNA levels (Figure 6B and Supplemental
Figure 5A). This effect was reversed by MG132, suggesting that
WP1130, like USP9X knockdown, promotes ALDH1A3 ubiquiti-
nation and degradation (Figure 6B). Indeed, cotreatment with
WP1130 and CHX induced a marked decrease in the half-life
of ALDH1A3 protein to less than 2 hours (Figure 6C). Further-
more, WP1130 substantially inhibited ALDH1 activity in MES
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Figure 4. High USP9X expression predicts enrichment of ALDH1A3" MES GSCs with potent tumorigenic capability. (A) Confocal images showing colocal-
ization of USP9X (red) and ALDH1A3 (green) in MES 21 GSCs. Nuclei were counterstained with DAPI (blue). (B) FACS sorting of USP9X" or USP9X" fractions
isolated from MES 21 and 505 GSCs. (C) IB analysis of USP9X and ALDH1A3 levels in FACS-sorted USPIX" and USP9X" subpopulations. (D) Quantification
of FACS analysis for ALDH1 activity in USP9X" or USPIX" subpopulations. DEAB was used to inhibit ALDH1 activity, serving as a negative control. (E)
Representative bioluminescent images of intracranial GBM xenografts derived from FACS-sorted USPIX" or USP9X" subpopulations. Quantification of
bioluminescent images is shown on the right. Colored scale bars represent photons/s/cm?/steradian. (F) H&E staining images and IHC images of USP9X
and ALDH1A3 are shown in consecutive brain sections from mice implanted with 5 x 104 USP9X" or USP9X" subpopulations. Red arrows indicate tumors.
Scale bars: 25 um (A); 1 mm (H&E staining) and 100 um (IHC staining) (F). Data are represented as mean + SD of 3 independent experiments. **P < 0.07;

***P < 0.001, 2-tailed Student’s t test.

21 and 505 GSCs, as demonstrated by FACS analysis using the
ALDEFLUOR assay (Figure 6D).

Next, we examined the sensitivity of MES 21 and 505 GSCs to
WP1130. We found that treatment of 2 MES GSCs with WP1130
resulted in a significant inhibition of cell proliferation and tumor-
sphere-forming ability accompanied by a pronounced loss of
MES features (Figure 6, E and F, and Supplemental Figure 5, B
and C). We then assessed the therapeutic effects of WP1130 on
mice bearing intracranial tumors derived from MES 21 and 505
GSCs. WP1130 or vehicle was administered locally by convection-
enhanced delivery (CED). Consistent with our in vitro find-
ings, tumor-bearing mice receiving WP1130 treatment by 7-day
continuous CED infusion showed retarded tumor growth and
improved survival compared with vehicle-treated mice (Figure
6G and Supplemental Figure 5D). In these tumors, expression
levels of USP9X, ALDH1A3, and CD44 were strongly attenuated
by WP1130, as demonstrated by immunohistochemical analysis
(Figure 6H). Together, these results suggest that pharmacological
inhibition of USP9X might effectively eliminate MES GSCs via
promoting ALDH1A3 destabilization.

USP9X shows a positive correlation with ALDHIA3 protein lev-
els and is associated with poor survival of ALDHIA3" MES GBMs.

Finally, we performed immunohistochemical staining of USP9X,
ALDH1A3 (MES GBM marker), and OLIG2 (PN GBM marker) in
a tissue microarray, including 138 primary GBM specimens. As
shownin Figure 7A and Supplemental Figure 6A, USP9X s strongly
correlated with ALDHIA3 expression and mutually exclusive with
OLIG2. Specifically, about 88.2% of the high USP9X samples
exhibited high ALDH1A3 expression, whereas 69.8% of samples
with low USP9X displayed low ALDH1A3 expression. Further-
more, Kaplan-Meier survival analysis demonstrated that USP9X
expression levels had no predictive value for patient survival in
the OLIG2" GBM patients. In contrast, USP9X" GBM patients
displayed significantly shorter overall survival and progression-
free survival in the ALDH1A3" patient group (Figure 7B), suggest-
ing that USP9X has a prognostic value for patients within the MES
subgroup. Collectively, these human GBM data strongly align with
our experimental findings of USP9X-mediated ALDH1A3 stabili-
zation and associated MES features in GSCs.

Discussion

One of the major hindrances for cancer treatment and therapeutic
design is intratumor heterogeneity, shaped by phenotypically dis-
tinct tumor cell subpopulations. GSCs are at the apex of the cellu-
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Figure 5. Ablation of USP9X expression impairs the self-renewal, tumorigenicity, and radio/chemoresistance of MES GSCs. (A and B) Primary neuro-
sphere formation was assessed in MES 21 and 505 GSCs transduced with shCtrl or shUSP9X, reconstituted with vector control or ALDH1A3. Representative
images are shown (A). Neurosphere formation efficiency (spheres/cells plated) was quantified. (B) Data are represented as means + SD of 3 independent
experiments. ***P < 0.001, 2-tailed Student’s t test. (C) In vitro limiting dilution sphere-forming frequency of MES 21 and 505 GSCs transduced with shCtrl
or shUSP3X, reconstituted with vector control or ALDH1A3. Stem cell frequencies were estimated as the ratio 1/x with the upper and lower 95% confidence
intervals, where 1= stem cell and x = all cells. (D) IB analysis of USP9X, ALDH1A3, CD44, C/EBPB, TAZ, p-STAT3, STAT3, VEGF-A, and c-MET levels in MES
21and 505 GSCs expressing shCtrl or shUSPIX, reconstituted with vector control or ALDH1A3. (E) H&E-stained brain sections from mice intracranially
implanted with MES 21 or 505 GSCs with indicated modifications. Red arrows indicate tumors. (F) Kaplan-Meier survival curves of mice intracranially
injected with MES 21 or 505 GSCs with indicated modifications (n = 8). ****P < 0.0001, log-rank (Mantel-Cox) test. Scale bars: 500 um (A); 1 mm (E).

lar hierarchy in GBMs, which are thought to be responsible for the
aggressive phenotype and therapeutic resistance (40, 41). Emerg-
ing evidence has shown that high levels of ALDH1A3 activity are
critical for maintaining MES features of GSCs (16-18). Therefore,
identification of regulatory mechanisms that govern ALDHI1A3
expression is critical for developing GSC-targeted therapy. In this
study, using unbiased DUB-focused siRNA screening, we iden-
tified USP9X as a bona fide DUB that interacts with ALDH1A3,
reverses ALDHIA3 polyubiquitylation, and protects ALDHI1A3
from proteasomal degradation, thereby leading to the stabilization

jci.org

and accumulation of ALDH1A3 in MES GSCs. We provide evidence
that this event requires the catalytic activity of USP9X because a cat-
alytically inactive mutant C1566A could not stabilize ALDH1A3.
We also mapped and identified the N-terminal region (amino acids
1-600) of USP9X and the N-terminal region (amino acids 1-200) of
ALDHI1A3 essential for their mutual interactions. Moreover, the
results from human GBM specimens further underscored the exis-
tence of a strong association between USP9X and ALDH1A3.

It has been recently demonstrated that most CD44* MES GSCs
express high levels of ALDH1A3, whereas a small subset of CD44*
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Figure 6. Pharmacological inhibition of USP9X attenuates the tumor-initiating ability of MES GSCs with high ALDH1A3 activity. (A) MES 21 and 505
GSCs were cotransfected with His-ALDH1A3, HA-Ub, and Flag-USP9X in the absence or presence of 1 uM WP1130, and cell lysates were subjected to IP
with His beads followed by IB with antibodies against HA and His. Cells were treated with 20 uM MG132 for 8 hours before harvesting. (B) IB analysis of
ALDH1A3 in MES 21 and 505 GSCs treated with 1 uM WP1130 or vehicle with or without MG132. (€) MES 21 and 505 GSCs were treated with 1 uM WP1130 or
vehicle for 24 hours, followed by 100 pg/ml CHX, harvested at the indicated times, and then subjected to IB with antibodies against ALDH1A3. SE, short
exposure; LE, long exposure. (D) Quantification of FACS analysis for ALDH1 activity in MES 21 and 505 GSCs following treatment with 1 uM WP1130, 150
uM DEAB, or vehicle. (E) In vitro limiting dilution sphere-forming frequency of MES 21 and 505 GSCs after treatment with 1 uM WP1130 or vehicle. (F) IB
analysis of the indicated proteins in MES 21and 505 GSCs after treatment with 1 uM WP1130 or vehicle. (G) T2-weighted MRI images (left) and quantifi-
cation of tumor volume (right) in mice bearing xenografts derived from MES 21 or 505 GSCs following treatment with 25 mg/kg WP1130 or vehicle. Red
arrows indicate tumors. (H) H&E- and IHC-stained images of USP9X, ALDH1A3, and CD44 in mice intracranially implanted with MES 21 or 505 GSCs after
treatment with WP1130 (25 mg/kg) or vehicle. Red arrows indicate tumors. Scale bars: 1 mm (G); 1 mm (H&E) and 100 pum (IHC) (H). Data are represented
as mean + SD of 3 independent experiments. ***P < 0.001, 1-way ANOVA with Dunnett’s post test (D); 2-tailed Student’s t test (G).

MES GSCs express relatively low levels of ALDH1A3 (16), sug-
gesting that both CD44"ALDH1A3" and CD44*ALDHI1A3® exist
in individual tumors. In this study, we fractionated CD44* MES
GSCs into USP9X" and USP9X" subpopulations and observed
that the USP9X" fraction exhibited substantially higher ALDH1A3
expression and activity than the USP9X" fraction. When USP9X"
and USP9XP subpopulations were assayed for intracranial tumor-
igenicity by the extreme limiting dilution analysis, we found that
mice implanted with the USP9X" subpopulation showed markedly
higher tumorigenic potential compared with those implanted with
the USP9XP subpopulation. Our findings indicate that CD44* MES
GSCs include both USP9X/ALDH1A3" and USP9X/ALDH1A3P
cells, that CD44* USP9X/ALDH1A3" cells represent a particular
subpopulation responsible for more aggressive behavior of MES
GSCs, and that these cells might be potential targets for treat-

ment of GBMs. Indeed, silencing of USP9X resulted in ALDH1A3
destabilization and reduced expression of CD44 and master MES-
associated transcription factors (TFs), including C/EBPB, TAZ,
and p-STATS3, leading to the inhibition of self-renewal and tumor-
initiating capacities of MES GSCs. This effect could be largely res-
cued by ectopic expression of ALDH1A3. Thus, our work expands
our understanding of how GSCs possess high ALDH1A3 expres-
sion and activity and also identifies the USP9X/ALDHI1A3 axis as
an important target for GSC-based therapy.

In the current neurooncology clinic, adjuvant IR combined
with TMZ is a mainstay of postsurgical GBM treatment. Our cur-
rent study showed that enforced expression of USP9X in PN GSCs
conferred resistance to both IR and TMZ. This effect could be
substantially abrogated by knocking down USP9X. Thus, our find-
ings reveal USP9X as a critical factor for the acquisition of radio/
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Figure 7. USP9X shows a positive
correlation with ALDH1A3 protein

levels and is associated with poor
survival of ALDH1A3" MES GBMs.
(A) IHC staining of 138 human GBM
specimens for USP9X and ALDH1A3.
Representative consecutive sections
from 2 specimens are shown. Scale
bars: 50 um. (B) Kaplan-Meier curves
showing overall survival (upper
panels) and progression-free survival
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chemoresistance in PN GSCs and suggest that targeting USP9X
could potentially attenuate radio/chemoresistance of PN GSCs
following IR or TMZ treatment.

The emergence of ALDH1A3 as a potentially therapeutic tar-
get for GSCs serves as an impetus for the need for the development
of selective inhibitors. However, no clinically active drugs that
specifically target ALDH1A3" subpopulation are currently avail-
able (11). Accumulating evidence suggests that selective inhibition
of DUBs has been proposed as a promising treatment option for
cancer therapy, and a number of DUB inhibitors have been identi-
fied and are currently being tested in preclinical studies and clin-
ical trials (42, 43). In the current study, we used the USP9X inhib-
itor WP1130 to assess the impact of pharmacological inhibition
of USP9X on ALDH1A3 protein expression and activity as well as
MES GSC-derived tumor growth. We found that WP1130 is able to
promote robust polyubiquitylation of ALDH1A3, which results in a
marked reduction in ALDH1A3 protein levels and functional activ-
ity, leading to attenuation of the tumor-initiating ability of MES
GSCsboth in vitro and in vivo. Therefore, our findings suggest that
USP9X-specific inhibitors might hold promise for future therapy
of patients with ALDH1A3" MES GSCs, and it would be interest-
ing to explore whether these results might be generalizable to the
treatment of other CSCs as well.

In summary, this study identifies USP9X as a critical deubiq-
uitinase for stabilizing ALDH1A3 and maintaining its high activity,
which leads to the maintenance of MES properties, self-renewal,

jci.org

(lower panels) of GBM patients
divided based on USPSX expression in
ALDH1A3" MES tumors or OLIG2" PN
tumors (P values by log-rank test).
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and tumorigenic capability of GSCs (Supplemental Figure 6B).
Targeting ALDH1A3 stabilization through pharmacological inhi-
bition of USP9X may thus open an avenue for therapeutic inter-
vention in GBMs.

Methods

Human subjects. Four freshly resected GBM specimens were obtained
from the Department of Neurosurgery, First Affiliated Hospital of
Nanjing Medical University (Supplemental Table 1). Tissue microarray
consisting of 138 formalin-fixed, paraffin-embedded GBM tissues was
obtained from the Department of Neurosurgery, Second and Fourth
Affiliated Hospitals of Harbin Medical University (44).

Cell lines, primary cell cultures, and GSCs. Human GBM U87MG
and T98G cell lines and human embryonic kidney HEK293T cell
lines were obtained from ATCC. These cell lines were cultured in
DMEM with 10% FBS. NHAs were obtained from ScienCell Research
Laboratories and cultured in astrocyte growth media supplemented
with rhEGF, insulin, ascorbic acid, GA-1000, L-glutamine, and 5%
FBS. MES or PN GSCs were isolated from primary GBM tumors or
patient-derived GBM xenografts, as previously described (45, 46).
Briefly, primary GBM cells were dissociated from the freshly resected
GBM specimens using the Papain Dissociation System (Worthington
Biochemical). The isolated GBM cells were recovered in DMEM/F12
medium supplemented with B27 (Invitrogen), bFGF, and EGF (20 ng/
ml each). Cells were then labeled with anti-CD44 (Miltenyi Biotec,
catalog 130-113-334) or anti-CD133 (Miltenyi Biotec, catalog 130-110-
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962) antibody followed by FACS to isolate MES or PN GSCs. The sorted
GSCswere validated by GSC enrichment markers and were functionally
characterized by self-renewal potential, multilineage differentiation
potency, and tumorigenic capacity. GSCs were constantly maintained
as GBM xenografts and were only dissociated, sorted, and cultured in
the neurobasal medium for the functional experiments. Only early pas-
sage GSC cells were used for the study. The unique identities of GBM
cell lines and patient-derived GSC cells were authenticated by short
tandem-repeat analysis, as described in Supplemental Table 2. All the
cells were routinely tested for mycoplasma contamination bimonthly
using MycoAlert PLUS Kits (Lonza).

Cell sorting. Alexa Fluor 488-conjugated USP9X (Abcam,
ab203270) was incubated with the Protein Transfection Reagent
(Thermo Scientific, Pierce Protein Biology) for 5 minutes in serum-
free medium. The protein/reagent mixture was then added to GSCs.
After 4 hours of incubation in a 5% CO, incubator at 37°C, GSCs were
washed 3 times with PBS and analyzed by a BD FACSAria II SORP.

ALDEFLUOR assay and separation of the ALDHI" cell population
by FACS analysis. ALDH1 enzyme activity was determined using a
fluorogenic dye-based ALDEFLUOR assay kit (Stem Cell Technol-
ogies) according to the manufacturer’s instructions. Cells were sus-
pended in ALDEFLUOR assay buffer containing ALDH1 substrate
(BODIPY-aminoacetaldehyde) and incubated for 45 minutes at 37 °C.
ALDEFLUOR-stained cells treated with the specific ALDH1 enzyme
inhibitor diethylaminobenzaldehyde (DEAB) (150 uM) were used as
negative controls. ALDH1" and ALDH1" cells were isolated using a BD
FACSAria II SORP based on fluorescence signals of these cells.

SIRNA library screening. The Dharmacon siGENOME RTF
SMARTpool siRNA library for human DUBs was used to screen for
human deubiquitylases. Briefly, HEK293T cells were added to the
rehydrated Dharmacon RTF siRNA library plates. After 48 hours, cell
lysates were extracted and the expression of endogenous ALDH1A3
was examined by IB.

Plasmids, siRNA, shRNA, and cell transfections. Lentiviral constructs
expressing Flag-tagged USP9X, Flag-tagged USP9X C1566A, and
His-tagged ALDH1A3 were generated by cloning their ORF with the
N-terminal Flag or His sequence into the pPCDH-CMV-MCS-EF1a-Puro
vector. Plasmids coding for HA-tagged ubiquitin-Lys63 (pRK5-HA-
ubiquitin-Lys63) and HA-tagged ubiquitin-Lys48 (pRK5-HA-ubiquitin-
Lys48) were obtained from Addgene. Site-directed mutagenesis in
USP9X was performed with a QuikChange Mutagenesis Kit (Agilent
Technologies), according to the manufacturer’s instructions. The
authenticity of all the constructs was confirmed by DNA sequenc-
ing. Lentiviral shRNA plasmids for targeting USP9X and nonspecific
control shRNA were purchased from Dharmacon (Supplemental Table
3). All transfections were performed using Lipofectamine 3000 (Invit-
rogen) following the manufacturer’s instructions.

RNA isolation and quantitative real-time PCR. Total RNA was
extracted using the RNeasy Mini Kit (QIAGEN) and then reverse
transcribed with an iScript cDNA Synthesis Kit (Bio-Rad). Expression
levels of ALDHIA3 were determined using the 2** method and nor-
malized to the housekeeping gene GAPDH. The primer sequences of
ALDHIA3 are shown in Supplemental Table 3.

IB, immunofluorescence, and immunohistochemistry. The following
primary antibodies were used in this study: anti-CD44-FITC (catalog
130-113-334) and anti-CD133-PE (catalog 130-110-962) from Miltenyi
Biotec; anti-USP9X (catalog ab19879), anti-TAZ (catalog ab84927),
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anti-C/EBPp (catalog ab32358), anti-VEGFA (catalog ab51745), and
anti-c-MET (catalog ab74217) from Abcam; anti-CD44 (catalog 3570),
anti-p-STAT3 (catalog 9145), anti-STAT3 (catalog 9139), anti-His-Tag
(catalog 2366), anti-HA-Tag (catalog 3724), anti-mouse IgG (catalog
5415), anti-rabbit IgG (catalog 3900), anti-GST (catalog 2624), and
anti-B-actin (catalog 4970) from Cell Signaling Technology; anti-
ALDHI1A3 (catalog ab129815) from Abcam; and anti-Flag-Tag (catalog
F3165) from Sigma-Aldrich.

For IB, cells were harvested and lysed in NETN buffer contain-
ing protease and phosphatase inhibitors (Sigma-Aldrich). Cell lysates
were subjected to SDS-PAGE and then electrotransferred onto poly-
vinylidene difluoride membranes that were incubated with the indi-
cated primary antibodies, washed, and probed with HRP-conjugated
secondary antibodies.

For immunofluorescence staining, patient-derived GSCs were
fixed with 4% formaldehyde, permeabilized with 0.25% Triton X-100,
and then blocked with 1% BSA for 1 hour at room temperature. Cells
were probed with the indicated primary antibodies. Following wash
with PBS-T, cells were incubated with appropriate Alexa Fluor 488-
or Alexa Fluor 594-labeled secondary antibodies (Thermo Fisher Sci-
entific) and DAPI-containing Vectashield mounting medium (Vector
Laboratories), then visualized by confocal laser-scanning microscopy
(Zeiss LSM 5).

For immunohistochemical staining, human GBM tissue microar-
ray or GBM xenografts were deparaffinized and rehydrated through
a descending alcohol series, which was followed by antigen retrieval
with sodium citrate buffer. Tumor sections were blocked with 1%
BSA with 0.25% Triton X-100 and 3% H,0O, in PBS for 1 hour at room
temperature, then incubated with the indicated primary antibodies
overnight at 4°C. Thereafter, sections were incubated with HRP con-
jugates using diaminobenzidine detection. The staining signal was
scored according to the proportion of positive cells and staining inten-
sity, as described previously (45). Briefly, the quantification of IHC
staining was done according to the proportion of positively stained
tumor cells and the intensity of staining. The proportion of positively
stained tumor cells was graded as follows: 0, no positive tumor cells; 1,
0.01%-25% positive tumor cells; 2, 25.01%-50% positive tumor cells;
3, 50.01%-75% positive tumor cells; and 4, 75% or greater positive
tumor cells. The cells at each intensity of staining were recorded on a
scale of O (no signal), 1 (weak), 2 (moderate), and 3 (strong). The IHC
score for each section was computed by the following formula: IHC
score = staining intensity x proportion of positively stained tumor
cells. A total score of 0-12 was calculated and graded as negative
(- score: 0), weak (+, score: 1-4), moderate (++, score: 5-8), or strong
(+++, score: 9-12). Cutoff values to define the high and low expression
of USP9X and ALDH1A3 were chosen on the basis of a measurement
of heterogeneity with the log-rank test statistic with respect to overall
survival. Because the optimal cutoff thresholds were identified from
the current study as 4, tumors with IHC scores of 4 or more were con-
sidered as high expression, and tumors with IHC scores of less than 4
were considered as low expression.

GST-tagged protein purification and GST pull-down assays. GST-
ALDH1A3, GST-USP9X-WT, and GST-USP9X-C1566A in the bacte-
rial expression plasmid pGEX-4T-1 were expressed in the Escherichia
coli strain BL21 by induction with 0.4 mM isopropyl B-D-1-thiogalac-
topyranoside at 16°C and purified with GST beads (Sigma-Aldrich)
according to the manufacturer’s protocol.
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For GST pull-down assay, bacterial-expressed GST, GST-
ALDHI1A3, GST-USP9X-WT, or GST-USP9X-C1566A bound to gluta-
thione-Sepharose 4B beads (GE Healthcare) was incubated with Flag-
USP9X WT, Flag-USP9X C1566A, or His-ALDHI1A3 expressed in
HEK293T cells for 2hours at 4°C. After reaction, complexes were washed
at least 4 times with GST-binding buffer, eluted by boiling in SDS-PAGE
loading buffer, and subjected to IB with the indicated antibodies.

IP. Cells transfected with the indicated constructs were collected
and lysed in NETN buffer containing protease inhibitors (Sigma-Al-
drich). Cell lysates were precleared with protein A/G agarose (Ther-
mo Fisher Scientific) for 1 hour at 4 °C. Precleared lysates were
immunoprecipitated with the indicated antibodies overnight at
4°C and then incubated with protein A/G agarose for an additional
2 hours at 4°C. The immunocomplexes were washed with NETN
buffer 4 times, and the bound proteins were eluted by boiling and
subjected to SDS-PAGE and IB.

In vivo and in vitro deubiquitylation of ALDHIA3. For in vivo
ALDHI1A3 ubiquitylation assay, cells were transfected with the
indicated plasmids, then treated with 20 uM MG132 for 8 hours.
Cells were collected and lysed in NETN buffer plus 0.1% SDS, 20
uM MG132, and protease inhibitors. Lysates were incubated with
anti-ALDH1A3 antibody for 3 hours and protein A/G agarose beads
for a further 8 hours at 4°C. The precipitated proteins were then
released from the beads by boiling for 10 minutes in SDS-PAGE
loading buffer and were subjected to IB with the anti-HA antibody.

For preparation of ubiquitinated ALDH1A3 as the substrate for
the in vitro deubiquitination assay, HEK293T cells were transfected
with both His-ALDH1A3 and HA-ubiquitin and were treated with 20
uM MG132 for 8 hours. Ubiquitylated ALDH1A3 was purified from the
cell extracts with anti-His affinity column (Thermo Fisher Scientific)
and then incubated with the recombinant GST-USP9X-WT or GST-
USP9X-C1566A protein in a deubiquitylation buffer for 2 hours at
37°C. Reactions were subjected to IB analysis.

Protein half-life assay. Cells transfected with the indicated plasmids
were treated with the protein synthesis inhibitor CHX (100 pg/ml;
Sigma-Aldrich) for the indicated durations before collection.

EdU incorporation. EQU staining was performed using the Click-iT
EdU Alexa Fluor 488 Imaging Kit (Invitrogen). Briefly, dissociated
GSCs were plated into wells of laminin-precoated 8-well chamber
slides. EAU was added to the culture media at a final concentration
of 10 umol/1 for 3 hours. Cells were then fixed with 4% paraformalde-
hyde in PBS for 15 minutes and penetrated with 0.5% Triton X-100 for
30 minutes. Nuclei were counterstained with DAPI. Five fields of view
per slide were examined for EdU-positive cells.

Neurosphere formation assay and extreme limiting dilution assay. For
neurosphere formation assay, dissociated single cells were plated at a
density of 1 cell/pl and the spheres that formed after 7 days were counted.
For extreme limiting dilution assay, GSCs with indicated modification
or treatment were dissociated to single cells and then plated in 96-well
plates at densities of 1, 5, 10, 20, or 50 cells per well. After incubation
for 7 days, each well was examined for formation of tumor spheres.
Stem cell frequency was calculated using Extreme Limiting Dilution
Analysis (ELDA) (http://bioinf.wehi.edu.au/software/elda/).

Intracranial xenograft tumor models and treatments. For tumorigenic-
ity studies, 1 x 10° luciferase-expressing GSCs with indicated modifica-
tion were intracranially injected into the right caudate nucleus of immu-
nocompromised mice using a stereotactic apparatus (coordinates: 2 mm
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anterior, 2 mm lateral, 3 mm depth from the dura). All mice were mon-
itored daily for the development of neurological symptoms. The tumor
growth was monitored by bioluminescence imaging with an IVIS Lumi-
na Imaging System. The mice were humanely euthanized 2 to 10 weeks
after implantation, and their brains were harvested, paraffin embedded,
stained with H&E to confirm the presence of tumor, and subjected to
immunohistochemical staining. For in vivo limiting dilution assays, mice
were implanted with 5 x 102, 5 x 103 and 5 x 10* FACS-sorted USP9X" or
USP9XP cells. For animal survival analysis, mice were maintained until
manifestation of neurological symptoms (i.e., hunched back, loss of body
weight, reduced food consumption, and inactivity) from tumor burden
developed or until 80 days after injection.

For testing in vivo inhibition effect of USP9X inhibitor WP1130,
1 x 10° MES GSCs were implanted intracranially into individual mice.
From day 10, MRI was performed to verify the formation of MES GSC-
derived tumors. There were no significant differences in tumor size
between groups at time of treatment allocation. ALZET micro-osmotic
pumps (DURECT Corp.) and infusion apparatus were implanted into
tumor-bearing mice, and CED of either WP1130 (25 mg/kg) or vehicle
was initiated. Treatment was delivered at a rate of 0.5 pl/h for 7 days. To
verify the efficacy of intracranial administration of WP1130, MRI was car-
ried out after removal of the pump system. The investigators were blinded
to the group allocation and study outcome assessments of all mice.

MRI of orthotopic xenograft tumors. MRI studies were performed
on a Bruker 7.0T scanner (Bruker BioSpin GmbH) with a 16 cm bore.
T2-weighted coronal images were acquired by rapid acquisition with
relaxation enhancement (RARE) sequence with the following param-
eters: TR, 3000 ms; TE, 60 ms; RARE factor, 12; average, 4; FOV, 40
x 30 mm; in-plane resolution, 156 x 156 pmol/1% slice thickness, 0.75
mm; and slice gap, 0.25 mm. Tumor volume was assessed by contour-
ing the lesions in the T2-weighted images using Image] (NIH).

Statistics. Data in all graphs are represented as mean * SD of bio-
logical triplicates. Significance was calculated by a 2-tailed Student’s
¢ test or 1-way ANOVA with Dunnett’s post test for multiple compar-
isons using GraphPad Prism 7.0 software. Kendall’s t-B was used to
test for correlations in the immunohistochemical results. A log-rank
(Mantel-Cox) analysis was used to determine statistical significance
of Kaplan-Meier survival curves. For all statistical tests, P values of less
than 0.05 were considered significant.

Study approval. All tumor collection and analysis was approved by
the IRBs and the ethics committees of Nanjing Medical University and
Harbin Medical University. Informed consent was obtained from all
individual participants. All animal experiments were conducted with
the approval of IACUC of Nanjing Medical University and in conformi-
ty with the Guide for the Care and Use of Laboratory Animals (National
Academies Press, 2011).
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