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Cancer stem cells sustain propagation of the deadly primary brain cancer glioblastoma. Glioblastoma stem cells (GSCs)
characterized by a mesenchymal phenotype are aggressive and resistant to therapies and represent a crucial therapeutic
target. In this issue of the JCI, Chen et al. show that the intracellular levels of aldehyde dehydrogenase 1A3 (ALDH1A3),
known as a functional marker of mesenchymal GSCs, are regulated posttranslationally by ubiquitin-specific protease 9X—
mediated (USP9X-mediated) deubiquitination. Increased expression of USP9X stabilizes ALDH1AS, enabling GSCs to
exhibit mesenchymal traits and the malignant phenotype. Thus, the USP9X-ALDH1AS3 axis may offer a novel therapeutic
target in glioblastoma.
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therapeutic target in glioblastoma.

Mesenchymal glioblastoma
stem cells

Despite much-improved understanding
of underlying molecular pathogenesis,
glioblastoma remains one of the deadliest
solid cancers in the body. In spite of
the latest multimodality treatment, the
median survival still remains at only 15
to 18 months (1). Since the discovery of
small subsets of neoplastic cells in glio-
blastoma with stem-like properties and
high tumorigenicity, glioblastoma stem
cells (GSCs), often marked by CD133 or
Sox2, have constantly been a subject of
extensive laboratory and clinical research.
GSCs sit at the top of the hierarchy of
functionally diverse tumor cells, and drive
and sustain tumor propagation (2). While
whether GSCs are generally more resis-
tant to conventional therapies than the
bulk tumor cells is controversial, there is
a consensus that GSCs that survive radi-
ation therapy and chemotherapy ulti-
mately cause a relapse of glioblastoma for
which standard or effective therapy does
not exist. Being genetically and pheno-
typically highly heterogeneous between
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Cancer stem cells sustain propagation of the deadly primary brain

cancer glioblastoma. Glioblastoma stem cells (GSCs) characterized by

a mesenchymal phenotype are aggressive and resistant to therapies

and represent a crucial therapeutic target. In this issue of the JCI, Chen

et al. show that the intracellular levels of aldehyde dehydrogenase 1A3
(ALDH1A3), known as a functional marker of mesenchymal GSCs, are
regulated posttranslationally by ubiquitin-specific protease 9X-mediated
(USP9X-mediated) deubiquitination. Increased expression of USP9X
stabilizes ALDH1A3, enabling GSCs to exhibit mesenchymal traits and the
malignant phenotype. Thus, the USP9X-ALDH1A3 axis may offer a novel

patients, glioblastoma has been widely
classified according to transcriptome-
based gene expression signatures into
proneural, neural, classical, and mesen-
chymal glioblastoma (3). Reflecting this
heterogeneity, GSCs exhibit contrasting
expression profiles, either proneural or
mesenchymal (4). In 2013, Mao et al.
showed that mesenchymal GSCs were
more aggressive in vivo and refractory
to radiation therapy (4), identifying char-
acteristic GSC populations that may
be enriched in recurrent glioblastoma
through a phenomenon analogous to the
“epithelial-to-mesenchymal transition.”
In line with the prior report that ALDH1
facilitated GSCs (5), high activity of alde-
hyde dehydrogenase 1A3 (ALDHI1A3)
drove active glycolytic metabolism that
was critical for the maintenance of mes-
enchymal GSCs (4). A member of the
ALDH superfamily, ALDH1A3, along with
ALDHI1A1l, ALDH1A2, and ALDHS8AL,
participates in the NAD* dependent
oxidization of retinaldehyde to biosyn-
thesize retinoic acid (RA) and plays a role
in a number of metabolic and physiolog-
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ical processes (6). What is unique about
ALDHI1A3 is that it serves as a functional
marker of mesenchymal GSCs, as well as
other cancer stem cells, because its actions
directly contribute to the properties of
cancer stem cells and allow flow cytom-
etry-based identification of cells with
high ALDH activity, i.e., ALDH#" cells,
using the ALDEFLUOR assay. Therefore,
ALDHI1A3 represents a prime therapeutic
target in mesenchymal GSCs. Cheng et al.
modified a natural ALDH inhibitor, daid-
zin, and developed a compound, GAll,
that upon systemic administration dem-
onstrated in vivo efficacy in mice bearing
GSC-derived xenografts (7). Regulators
that control ALDH1A3 expression include
FOXD1, STAT3, K-ras, HGF/c-Met, and
miR-187/miR-125a/b (6), but whether
targeting any of these would affect the
mesenchymal GSCs through inhibition
of ALDHIA3 remains unknown. Given
the dearth of approaches to inhibiting
ALDHIA3, a deeper understanding of how
the protein levels of ALDHIA3 are reg-
ulated in mesenchymal GSCs is necessary
for therapeutically targeting this critical
metabolic enzyme and pathway.

Role of USPSX in human
mesenchymal GSCs

Chen and colleagues discovered a new
mechanism that controls the stability of
ALDHIA3 in human glioblastoma cells (8).
Through an siRNA screen of 98 deubiqui-
tylating /deubiquitinating enzymes (DUBs),
they identified ubiquitin-specific prote-
ase 9X (USP9X) as a specific regulator of
ALDHI1A3 in human mesenchymal GSCs.
Upon interaction with ALDH1A3, USP9X
removes Lys48-linked polyubiquitin chains
of ALDHIA3, and increases ALDHI1A3
stability by averting its targeting to protea-
somal degradation. USP9Xhe! GSCs have
higher ALDH activity and a higher capabil-
ity to generate orthotopic gliomas in mice,
as compared with USP9X"" GSCs. Genetic
knockdown of USP9X reduces expression
of ALDHIAS3 as well as a number of other

Number5  May 2019

1833


https://www.jci.org
https://www.jci.org
https://www.jci.org/129/5
https://doi.org/10.1172/JCI128742

1834

COMMENTARY

) AUD Mesenchymal
ALDH1A3) ————» @ — @ — » glioma stem cell
phenotypes

Loss of
— glioma stem cell
phenotypes
Proteasomal
degradation

Figure 1. USP9X stabilizes ALDH1A3 to maintain mesenchymal glioma stem cells. (A) In mesenchymal
glioma stem cells, Lys48-linked polyubiquitination of ALDH1A3 is rapidly targeted by the deubiquitinat-
ing enzyme USPIX, resulting in increased stability and high-level expression of ALDH1A3 that facilitates
cancer stem cell phenotypes. (B) Deubiquitinating enzyme inhibitor (e.g., WP1130) blocks USP9X and
allows targeting of polyubiquitinated ALDH1A3 to proteasome-mediated protein degradation, resulting
in the loss of ALDH1A3 and cancer stem cell phenotypes.

mesenchymal markers such as CD44, C/
EBPB, and TAZ, and impairs self-renewal
and in vivo tumorigenicity of mesenchy-
mal GSCs, validating the pivotal role of
USP9X-ALDHI1A3 axis in the maintenance
of mesenchymal GSCs. Immunohistochem-
ical analysis of 138 clinical glioblastoma
specimens revealed a positive correlation
between USP9X and ALDHIA3 staining,
and an association of high tumor USP9X
with poor survival outcomes in patients with
mesenchymal glioblastoma. Collectively,
the series of well-designed and executed
experiments presented in this elegant work
allowed the authors to conclude that USP9X
is the key deubiquitinating enzyme that pro-
motes the stabilization of ALDH1A3 in mes-
enchymal GSCs. Furthermore, the authors
succeeded in elevating the clinical relevance
of their findings by testing a small mole-
cule that inhibits USP9X. USP9X inhibi-
tor WP1130 (Degrasyn) recapitulated the
effects observed with USP9X knockdown;
it induced accumulation of poly-ubiquiti-
nated ALDH1A3 with proteasomal inhibi-
tion, markedly reduced ALDHI1A3 levels
along with other mesenchymal proteins,
and suppressed GSC sphere formation in
vitro. Local treatment with WP1130 by
7-day continuous convection-enhanced
delivery significantly inhibited the growth
of mesenchymal GSCs in the brain in vivo.
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Inhibition of USP9X in
ALDH1A3-driven cancers

The work by Chen et al. thus showed that
ALDHI1AS3 is indeed the principal facilitator
of the stem-like and malignant characteris-
tics of mesenchymal GSCs, confirming prior
reports. Their work is, however, unique as
it for the first time identified a posttransla-
tional molecular mechanism that regulates
ALDHIA3; the deubiquitinase enzyme
USP9X promotes the stability of ALDH1A3
by removing “degrons” (linkage-specific
degradation signals), preventing its degra-
dation by the proteasome (9). USP9X, also
called FAM, is encoded by USP9X, located
on the X chromosome, and a member of the
ubiquitin-specific proteases (USP) family
that makes up the largest subclass of DUBs
and is implicated in the regulation of car-
cinogenesis and cancer stem cells (10, 11).
Accumulating evidence supports oncogen-
ic roles of USP9X, as it promotes TGF-B/
SMAD¢4 signaling (12) and epithelial/mes-
enchymal transition (13) and stabilizes anti-
apoptotic protein MCL1 (14) and the fam-
ily of the inhibitors of apoptosis proteins
(IAPS) (e.g., XIAP)(15). In glioma, USP9X
promotes growth through deubiquitination
and resulting stabilization of B-catenin (16)
and radioresistance via, at least in part,
upregulation of MCL1 (17). WP1130 was
initially identified by its inhibitory action
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on JAK2 and found to downregulate Ber/
AbI (18) and c-Myc (19). Subsequent studies
attributed the pharmacological activity of
WP1130 to its inhibition of the deubiquiti-
nase activity of USP9X, USP5, USP14, and
UCH37 (20). The partially selective deu-
biquitinase inhibition by WP1130 has been
explored for cancer therapy, as WP1130
exhibits anticancer effects both as mono-
therapy and in combination with other
modalities, such as chemotherapy, in pre-
clinical models of a variety of cancer types,
including glioblastoma (10, 11, 21). Chen
and colleagues now provide a mechanistic
insight and rationale for the therapeutic
inhibition of USP9X in cancers driven or
sustained by ALDHI1A3, represented by
mesenchymal GSCs and glioblastoma.

Future directions

Despite the exciting scientific progress
enabled by this publication, however,
future research is necessary to address
questionsand challengesthatremainunan-
swered. First, the clinical development of
the USP9X inhibitor will require improve-
ments in selectivity and drug properties.
Peterson et al. developed a small mole-
cule inhibitor of USP9X, EOAI3402143,
that had better drug-like properties than
WP1130 and showed antimyeloma activity
(22). Second, as is the case with many oth-
er molecular targeted approaches, resis-
tance to USP9X blockade may emerge.
Indeed, USP9X knockdown leads to
compensatory upregulation of USP24, a
deubiquitinase closely related to USP9X,
which is inhibited by EOAI3402143 (22).
In the context of mesenchymal GSCs, loss
of mesenchymal identity may trigger a
“mesenchymal-to-proneural” switch for
the GSCs to survive, and this possibility
may need to be ruled out. Third, USP9X-
mediated deubiquitination regulates a vari-
ety of cellular processes, including those
potentially critical physiologically (23).
For example, USP9X regulates DNA rep-
lication fork stability during the S phase
(24) and the spindle assembly checkpoint
during the M phase (25) to protect genomic
stability. Thus, consequences of USP9X
inhibition, even if very selective, could be
diverse and may accompany unwanted
or protumorigenic effects, necessitating
an increased understanding of a full
spectrum of USP9X functions, careful
assessment of potential toxicity to normal
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tissues, and considerations for tumor-
selective drug delivery.
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