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Abstract

Glioblastoma (GBM) is the most lethal brain tumor containing glioma stem cells (GSCs)
that promote malignant growth and therapeutic resistance. The self-renewal and
tumorigenic potential of GSCs are maintained by core stem cell transcription factors
including SOX2. Defining the posttranslational regulation of SOX2 may offer new insights
into GSC biology and potential therapeutic opportunity. Here, we discover that HAUSP
stabilizes SOX2 through deubiquitination to maintain GSC self-renewal and tumorigenic
potential. HAUSP is preferentially expressed in GSCs in perivascular niches in GBMs.
Disrupting HAUSP by shRNA or its inhibitor P22077 promoted SOX2 degradation,
induced GSC differentiation, impaired GSC tumorigenic potential, and suppressed GBM
tumor growth. Importantly, pharmacological inhibition of HAUSP synergized with
radiation to inhibit GBM growth and extended animal survival, indicating that targeting
HAUSP may overcome GSC-mediated radioresistance. Our findings reveal an
unappreciated crucial role of HAUSP in the GSC maintenance and provide a promising

target for developing effective anti-GSC therapeutics to improve GBM treatment.
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Highlights:
1. HAUSP deubiquitinates and stabilizes SOX2 in glioma stem cells (GSCs).
2. HAUSP is preferentially expressed by GSCs in perivascular niches in GBMs.
3. HAUSP is required for maintaining GSC self-renewal and tumorigenic potential.
4. Targeting HAUSP inhibited malignant growth in GSC-derived GBM xenogratfts.
5. Inhibition of HAUSP synergized with radiation to suppress GBM tumor growth.
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Introduction

Glioblastoma (GBM) is the most malignant and lethal type of primary brain tumor with
extremely poor prognosis. Despite maximal therapy and new advances in cancer
treatment, the median survival of GBM patients remain approximately 14-16 months 3,
GBMs are highly resistant to current therapies including radiation, chemotherapy,
targeted therapy and immune checkpoint inhibition 4, leading to rapid and essentially
universal tumor recurrence after the treatment. Thus, developing novel effective
therapeutics is critical for improving the survival of GBM patients. GBMs display striking
cellular heterogeneity and hierarchy in differentiation status. The cancer cells at the apex
of the cellular hierarchy within a GBM tumor bulk are glioma stem cells (GSCs) or tumor
initiating cells that display potentials of extensive self-renewal, multi-lineage
differentiation, and propagation of tumors in vivo 5. It has been well-recognized that
GSCs are critical cancer cells to maintain tumor growth and repopulate tumor after
current treatments. We and others have demonstrated that GSCs interact with their
niches to promote tumor angiogenesis, cancer invasion, immune evasion, and
therapeutic resistance 42°, We also discovered that GSCs give rise to the majority of
vascular pericytes in GBM 25, Importantly, these GSC-derived pericytes contribute to the
formation of the blood-brain tumor barrier (BTB) that blocks drug delivery and negatively
impacts chemotherapy 2’. Furthermore, we found that GSCs secrete periostin (POSTN)
to recruit monocyte-derived macrophages (TAMs) and secrete WISP1 to maintain the
recruited TAMs as tumor-supportive macrophages (M2) that promote GBM malignant

progression 2 2%, These studies indicate that targeting GSCs may effectively inhibit GBM
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malignant growth, disrupt the BTB, remodel the tumor microenvironment (TME) including
the immune microenvironment, and overcome therapeutic resistance to improve
treatment efficacy and reduce tumor recurrence. We aim to develop novel therapeutics
through targeting key signaling regulators in GSC maintenance to directly eliminate GSC
populations or induce GSC differentiation, which may effectively disrupt GSC
tumorigenic potential to improve GBM treatment. Thus, dissecting signaling pathways

controlling GSC self-renewal and tumorigenic potential is of highest importance.

As GSCs share critical characteristics with neural stem cells and embryonic stem cells
(ESCs), some crucial stem cell transcription factors (SCTFs) including SOX2 involved in
the maintenance of normal stem cells are also required for maintaining GSC properties.
As one of key components of the SCTF network, SOX2 plays critical roles in maintaining
the self-renewal potential of normal stem cells and cancer stem cells (CSCs), including
GSCs 2830, Disrupting SOX2 with shRNA in GSCs potently induces cell differentiation.
SOX2 is an important member of the SRY-related HMG-box protein family and contains
the DNA-binding domain, the transcriptional activation domain, and the group B homolog
domain 3% It has been shown that SOX2 is highly expressed in several types of
malignant tumors 323°, Importantly, SOX2 is preferentially expressed in CSC populations,
including GSCs in GBM, relative to their matched differentiated progeny 2°3%. As a core
stem cell transcription factor, SOX2 is tightly and dynamically regulated at both
transcriptional and posttranslational levels to affect cellular states during normal

development. In mouse ESCs, the SOX2 protein is regulated by the ubiquitination
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mediated by WWP2, an ubiquitin E3 ligase that targets SOX2 for degradation 3.
However, how SOX2 is regulated by ubiquitination and deubiquitination in GSCs remains
elusive. As SOX2 plays a vital role in maintaining GSCs that are critical cells for
promoting malignant progression and therapeutic resistance, it is important to define the
posttranslational regulation of SOX2 in GSCs, which may provide useful molecular
targets for developing novel therapeutics targeting GSCs to overcome GSC-driven

therapeutic resistance and improve GBM treatment.

In this study, we aim to identify the key potential deubiquitinase that stabilizes SOX2 to
maintain GSC self-renewal and tumorigenic potential. To this end, we found that HAUSP
(the Herpesvirus-Associated Ubiquitin-Specific Protease, also known as Ubiquitin-
Specific Protease 7, USP7) is the critical deubiquitinase that stabilizes SOX2 protein
through deubiquitination to promote the GSC maintenance. HAUSP was initially
identified as an ubiquitin-specific protease (USP) associated with the viral protein ICPO
(herpes simplex virus type 1 regulatory protein) or EBNA1 (Epstein-Barr nuclear antigen
1) during viral infection, thus regulating ICPO stability as well as EBNAL transcriptional
activity 3% 3%, HAUSP plays vital roles in regulating critical signaling pathways in
oncogenesis 446, This deubiquitinase has been shown to be overexpressed in breast
carcinoma #/, lung squamous cell carcinoma and large cell carcinoma “¢, chronic
lymphocytic leukemia #°, prostate cancer #4, and epithelial ovarian cancer %% %, HAUSP is
well-known for its ability to stabilize the oncogenic protein MDM2 (or the human ortholog

HDM2) that functions as an ubiquitin E3 ligase to target p53 for proteasome-mediated
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degradation through ubiquitination 4% 4252, Thus, HAUSP is a negative regulator of the
tumor suppressor p53 under normal conditions. Genetic ablation of HAUSP results in
reduced MDM2 protein levels, leading to stabilization and accumulation of p53 and
growth suppression of cancer cells 4% 42 52, HAUSP also regulates the stability and
function of several other critical proteins such as PTEN, FOX4, Claspin, DNMT1 and
REST under normal and stress conditions 444 5355 For example, HAUSP is able to
deubiquitinate the tumor suppressor PTEN, and thus regulates its nuclear exclusion 44,
In response to oxidative stress, HAUSP inhibits transcriptional activity and nuclear
localization of FOX0O4 (a forkhead box O transcription factor) by interacting with and
deubiquitinating FOXO protein %*. During early embryonic development, HAUSP deletion
caused early embryonic lethality between E6.5 and E7.5, which was thought due to
increased p53 levels to arrest cell cycle %6 5. Interestingly, HAUSP and p53 double
knockout mice, although extending the embryonic development, could not survive the
whole prenatal development 56 57 Inactivation of p53 failed to completely rescue the
neonatal lethality of hausp-null mice, suggesting a p53-independent function of HAUSP
in the control of cell proliferation or in the maintenance of stem cells. However, the
potential roles of HAUSP in the maintenance of stem cells including cancer stem cells

such as GSCs have not been explored.

Our study showed that HAUSP is preferentially expressed in GSCs relative to matched
non-stem tumor cells (NSTCs) in GBMs. We demonstrated that HAUSP functions as a

critical deubiquitinase that stabilizes SOX2 protein through deubiquitination to maintain
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GSC phenotype and tumorigenic potential. Disruption or functional inhibition of HAUSP

by shRNA or its inhibitor P22077 promoted SOX2 degradation, induced GSC

differentiation, impaired tumorigenic potential of GSCs, and suppressed GBM malignant

growth. Importantly, pharmacological inhibition of HAUSP synergized with radiation to

potently inhibit GBM tumor growth and extended animal survival, indicating that

disrupting GSCs by targeting HAUSP may overcome GBM radioresistance. Our findings

not only reveal an unappreciated crucial role of HAUSP in maintaining GSC self-renewal

and tumorigenic potential but offer an attractive functional target for developing effective

therapeutics targeting GSC populations to overcome therapeutic resistance, which may

effectively improve the survival of GBM patients.

Results

HAUSP deubiquitinates and stabilizes SOX2 in glioma stem cells (GSCs)

To identify the potential deubiquitinase(s) responsible for SOX2 deubiquitination and

stabilization in GSCs, we analyzed SOX2-interacting proteins through mass

spectrometric analyses to determine deubiquitinase(s) associated with SOX2 in GSCs.

We found that one important deubiquitinase called HAUSP (USP7) was present only in

the immunoprecipitation (IP) complex pulled down by anti-Flag-SOX2 in GSCs (Figure

S1A). Further IP and immunoblot analyses confirmed the interaction between HAUSP

and the endogenous SOX2 or ectopic Flag-SOX2 in GSCs (Figures 1A and 1B). The

ubiquitination assay demonstrated that HAUSP disruption by shRNA (shHAUSP) or
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functional inhibition by its inhibitor P22077 °8 % markedly increased SOX2 ubiquitination
in GSCs (Figures 1C and S1B), indicating that HAUSP is the key deubiquitinase of
SOX2 in GSCs. Immunoblot and immunofluorescent staining validated that disrupting
HAUSP by shRNA in GSCs dramatically reduced SOX2 protein levels (Figures 1D and
1E), but a short-term disruption of HASUP did not significantly affect mRNA levels of
SOX2 in GSCs (Figure S1C), indicating that HAUSP stabilizes SOX2 protein in GSCs.
Moreover, ectopic expression of the wild-type HAUSP (HAUSP-Wt) but not the
catalytically dead HAUSP mutant (HAUSP-CS) reduced ubiquitination of SOX2 and
increased SOX2 protein levels (Figure 1F). Furthermore, in vitro ubiquitination assay
validated that wild-type HASUP (Flag-HAUSP-W1) but not the catalytically dead HAUSP
(Flag-HAUSP-CS) was able to deubiquitinate and stabilize SOX2 proteins (HA-SOX2)
(Figure S1D). Collectively, these data demonstrate that HAUSP is the key deubiquitinase
that stabilizes SOX2 through deubiquitination in GSCs, indicating that HAUSP plays an

essential role in maintaining SOX2 protein levels in GSCs.

HAUSP is preferentially expressed by GSC populations

As SOX2 is preferentially expressed by GSCs relative to matched non-stem tumor cells
(NSTCs), and SOX2 functions as an essential stem cell transcription factor for the GSC
maintenance, we next examined whether its deubiquitinase HAUSP is also differentially
expressed by GSCs relative to NSTCs. GSCs and matched NSTCs were isolated from
primary GBM tumors or patient-derived xenografts (PDXs) and validated by functional

assays including limiting dilution tumorsphere formation, in vitro differentiation, and in
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vivo tumor formation 16 23 26, 27. 6062 |mmunoblot analysis demonstrated that much
higher levels of HAUSP were expressed by GSC populations expressing SOX2 and
OLIG2 relative to matched NSTCs isolated from several GBM surgical specimens or
PDX tumors (Figures 2A and S2A). Quantitative RT-PCR analyses showed that GSCs
expressed much higher levels of HAUSP mRNA levels than the matched NSTCs
(Figures 2B and S2B), indicating that up-regulation of HAUSP in GSCs occurs at the
transcriptional level. Immunofluorescent staining further confirmed that HAUSP and the
GSC marker SOX2 or OLIG2 are preferentially expressed by GSCs and co-localized in
nuclei of GSCs relative to matched NSTCs (Figures 1E, 2C and S2C). Consistently,
HAUSP is preferentially expressed by GSCs co-expressing SOX2 in total glioma cells
freshly isolated from primary GBMs (Figure 2D). Moreover, GSC-derived tumorspheres
maintain high levels of HAUSP expression in cells co-expressing SOX2 or OLIG2 as
demonstrated by immunofluorescent staining (Figures 2E and S2D). Collectively, these
data demonstrate that HAUSP is preferentially expressed by GSC populations isolated

from primary GBMs and PDXs.

HAUSP is highly expressed by GSCs in perivascular niches in human GBMs

To validate the preferential expression of HAUSP by GSCs in human GBM tumors in
vivo, we examined the expression patterns of HAUSP and the GSC marker SOX2 or
OLIG2 in several GBM surgical specimens. Double immunofluorescent staining showed
that HAUSP is specifically expressed by a subpopulation of glioma cells expressing

SOX2 or OLIG2, two well-established GSC markers, in human primary GBM tumors
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(Figure 3A), supporting that HAUSP is differentially expressed by GSCs relative to
NSTCs in human GBMs. Interestingly, those GSCs expressing HAUSP are often
localized in the area near blood vessels marked by CD31 (Figures 3B and S3A), which
is consistent with our previous finding that GSCs are preferentially distributed in
perivascular niches in GBMs 17:23.26.62_|n addition, immunohistochemical (IHC) staining
further confirmed that HAUSP is mainly localized in nuclei in a fraction of glioma cells
near blood vessels in primary GBM tumors (Figures 3C and S3B). In contrast, HAUSP is
not detectable in the normal brain tissues (Figures 3C and S3C). These data
demonstrate that HAUSP is preferentially expressed by GSCs in perivascular niches in
human GBM tumors, indicating that HAUSP is a potential marker to identify GSC

populations in human GBM tumors.

Disruption or inhibition of HAUSP promotes GSC differentiation

As disrupting HAUSP by shRNA reduced SOX2 protein, one of key stem cell
transcription factors critically required for the GSC maintenance, we next examined
whether disruption or inhibition of HAUSP could impair GSC maintenance to promote
GSC differentiation. Immunoblot analysis showed that HAUSP knockdown in GSCs
promoted expression of differentiated cell markers such as TUJ1 (a marker for neuronal
lineage) and GFAP (a marker for astrocytes) in the in vitro differentiation assay (Figure
4A). RT-PCR analyses confirmed that HAUSP knockdown induced expression of the
differentiated cell markers including TUJ1 and GFAP (Figure 4B). Immunofluorescent

staining validated that disrupting HAUSP by shRNA markedly increased TUJ1" or GFAP*

11
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cells populations (Figures 4C-4F). These data demonstrate that disrupting HAUSP

effectively promoted GSC differentiation. Consistently, during GSC differentiation

induced by addition of serum or depletion of EGF/bFGF in the culture medium, protein

levels of HAUSP and the GSC marker including SOX2 gradually decreased as

demonstrated by immunoblotting and immunofluorescent staining (Figures S4A and

S4B). Ubiquitination assay demonstrated that SOX2 ubiquitination gradually increased

during GSC differentiation (Figure S4C). Furthermore, inhibiting HAUSP by its inhibitor

P22077 also promoted expression of the differentiated cell markers including MAP2 (a

neuronal marker) and GFAP (an astrocyte marker) but reduced SOX2 levels in a dose-

and time-dependent manner (Figures S4D and S4E). Immunofluorescent staining

confirmed that P22077 treatment reduced SOX2 protein (Figure S4F) but induced

expression of differentiation markers including TUJ1 and GFAP (Figure S4G).

Collectively, these data demonstrate that HAUSP plays a critical role in preventing GSC

differentiation, indicating that HAUSP is required for the maintenance of GSC stemness.

Thus, disrupting or inhibiting HAUSP is an attractive strategy to induce GSC

differentiation, which may impair GSC-driven tumor growth and overcome GSC-

mediated therapeutic resistance.

Disrupting HAUSP impairs GSC proliferation and inhibits GBM tumor growth

Because disruption or inhibition of HAUSP promoted GSC differentiation, we next

examined whether HAUSP is required for maintaining the proliferation potential of GSCs.

Disrupting  HAUSP expression by two independent shRNAs (shHAUSP-1 and
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shHAUSP-2) in GSCs markedly reduced HAUSP protein levels (Figure S5A), resulting in
a dramatic inhibition of GSC tumorsphere formation as both sphere number and size
were significantly reduced by HAUSP disruption (Figures S5B-S5D). As HAUSP is
preferentially expressed in GSCs relative to matched NSTCs, we then examined
whether disrupting HAUSP impacts cell growth of GSCs and NSTCs. Cell viability assay
showed that silencing HAUSP by two specific ShRNAs potently inhibited cell growth of
GSCs but showed little effect on growth of matched NSTCs (Figures S5E and S5F).
Collectively, these data indicate that HAUSP is critical for maintaining the proliferation
potential of GSCs. Thus, targeting HAUSP may represent a potential therapeutic

approach to suppress GSC-driven tumor growth.

As GSCs are critical cancer cells to maintain GBM tumor growth, and disrupting HAUSP
not only promoted GSC differentiation but also impaired GSC proliferation potential, we
next examined the effect of disrupting HAUSP on GSC-driven tumor growth. GSCs
expressing luciferase and HAUSP shRNA (shHAUSP) or non-targeting shRNA (shNT)
were transplanted into immunocompromised mice through intracranial injection.
Bioluminescent imaging of intracranial tumor growth demonstrated that disrupting
HAUSP by shRNA potently suppressed GBM tumor growth in GSC-derived xenografts
(Figures 5A and 5B). Necropsy of animals sacrificed simultaneously after GSC
transplantation confirmed that disrupting HAUSP markedly reduced tumor growth in
mouse brains (Figure 5C). As a consequence, the group of mice bearing GBM tumors

derived from the shHAUSP-expressing GSCs displayed a significant longer survival than
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the control group of mice bearing the tumors derived from GSCs expressing shNT
(Figures 5D and 5E). Further immunofluorescent analyses indicated that GSC
populations (SOX2+ or OLIG2+) were significantly reduced but the differentiated cells
(GFAP+) were markedly elevated in those tumors expressing shHAUSP relative to the
control tumors expressing shNT (Figures 6A-6D). Moreover, those tumors expressing
shHAUSP had a remarkable reduction in cell proliferation as indicated by Ki67 staining
(Figures 6E and 6F) and a significant increase in cell apoptosis as demonstrated by
immunofluorescent staining of cleaved caspase 3 (Figures 6G and 6H). Taken together,
these data demonstrate that disrupting HAUSP potently induces GSCs differentiation
and suppresses GBM tumor growth in vivo and thus significantly increases the survival

of mice bearing the GBM xenografts.

Pharmacological inhibition of HAUSP suppresses GBM tumor growth and
prolongs animal survival

Since GSCs are critical cancer cells to maintain GBM malignant growth and promote
therapeutic resistance, disrupting GSCs may effectively improve GBM treatment. As
HAUSP stabilizes SOX2 and plays a critical role in maintaining the tumorigenic potential
of GSCs, and disrupting HAUSP by shRNA potently inhibits GSC-driven tumor growth,
pharmacological targeting of HAUSP could be a promising therapeutic approach to
combat GBMs. To test this possibility, we examined whether pharmacological inhibition
of HAUSP by its inhibitor P22077 could effectively disrupt GSCs to suppress GBM tumor

growth in GSC-derived xenografts. In vitro study showed that P22077 treatment impaired
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GSC tumorsphere formation in a dose-dependent manner (Figures 7A, S6A and S6B).

Detection of the cleaved PARP, an apoptosis marker, by immunoblot analyses confirmed

that P22077 treatment potently induced GSC apoptosis in a dose-dependent manner

(Figure 7B). Importantly, in vivo bioluminescent imaging (IVIS) of intracranial GBM

xenografts derived from luciferase-expressing GSCs demonstrated that P22077

treatment (20mg/kg/daily) potently suppressed tumor growth (Figures 7C, 7D, S6C and

S6D). As a consequence, P22077 treatment significantly extended the survival of

animals bearing the GSC-derived tumors (Figures 7E and S6E). Immunofluorescent

analyses of the treated tumors indicated that P22077 treatment markedly reduced

SOX2+ cell (GSC) population (Figures 7F, 7G, S6F and S6G), increased cell apoptosis

as measured by staining of the activated Caspase 3 (Figures 7H, 71, S6H and S6l), and

inhibited cell proliferation as indicated by Ki67 staining (Figures 7J, 7K, S6J and S6K) in

GBM xenografts. We have confirmed the therapeutic impact of targeting HAUSP with

P2207 on inhibiting tumor growth in orthotopic xenografts derived from four GSC lines.

The potent effects of P22077 on reducing GSCs and inhibiting tumor growth in the

intracranial GBM xenografts indicated that P22077 was able to penetrate the blood-brain

barrier (BBB) or blood-brain tumor barrier (BTB). Collectively, these data demonstrate

that pharmacological inhibition of HAUSP potently suppresses GBM tumor growth,

indicating that therapeutic targeting of HAUSP to disrupt GSCs may effectively improve

GBM treatment.

Targeting HAUSP with P22077 synergizes with radiation to improve therapeutic

15
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efficacy for GBM

GBMs are highly resistant to conventional treatments including radiotherapy. Our
previous study demonstrated that GSCs are much more resistant to radiation than
NSTCs and largely contribute to GBM radioresistance . Thus, disrupting GSCs may
overcome the therapeutic resistance and sensitize GBMs to radiotherapy. As inhibiting
HAUSP with its inhibitor P22077 impaired GSC maintenance, promoted GSC
differentiation, and potently inhibited GBM tumor growth, we next examined whether
targeting HAUSP with P22077 could overcome GSC-mediated radioresistance and
sensitize GBM to radiotherapy. In vivo bioluminescent imaging analyses demonstrated
that the combined treatment with P22077 and irradiation (2 x 2 Gy) indeed showed more
effective inhibition on GBM tumor growth relative to the single treatment with P22077 or
irradiation (IR) alone in GSC-derived xenografts (Figures 8A-8C and S7A-S7C). As a
consequence, the group of mice treated with P22077 in combination with IR survived
significantly longer than that treated with P22077 or IR alone (Figures 8D and S7D).
Immunofluorescent analyses of cleaved caspase 3 detecting apoptosis on tumor
sections showed a significant increase of cell apoptosis in tumors treated with P22077 in
combination with IR relative to the tumors with the single treatment (Figures 8E, 8F, S7E
and S7F). In addition, the combined IR and P22077 treatment markedly reduced GSC
population (SOX2+) relative to IR treatment alone (Figures 8G, 8H, S7G and S7H).
Furthermore, Ki67 staining detecting cell proliferation indicated that the P22077
treatment synergized with IR to potently inhibit cell proliferation in GSC-derived

xenografts (Figures 8l, 8J, S7I and S7J). Collectively, these data demonstrate that
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pharmacological inhibition of HAUSP synergizes with radiation and potently suppresses
GBM tumor growth to extend animal survival. Our preclinical data indicate that disrupting
GSCs through pharmacological inhibition of HAUSP may effectively improve the

therapeutic efficacy of radiotherapy for GBM patients.

Discussion

Stem cell transcription factors including SOX2 play critical roles in the maintenance of
embryonic stem cells (ESc), iPSCs, adult stem cells and cancer stem cells (CSCs). As
one of core stem cell transcription factors, SOX2 is preferentially expressed by GSCs in
GBMs and play a vital role in the maintenance of GSCs. However, it is very difficult to
directly target SOX2. In this study, we demonstrate that HAUSP-mediated
deubiquitination and stabilization of SOX2 is required for maintaining the self-renewal
and tumorigenic potential of GSCs. Disruption of HAUSP impaired GSC maintenance,
induced GSC differentiation, inhibited GSC growth, and suppressed malignant growth,
indicating that HAUSP plays an essential role in maintaining GSC properties. Our
findings uncover an unappreciated role of HAUSP in the maintenance of GSCs through
mediating SOX2 deubiquitination and stabilization to maintain self-renewal and
tumorigenic potential of GSCs. Moreover, our preclinical study demonstrated that
pharmacological inhibition of HAUSP potently suppressed GBM tumor growth and
synergized with radiation to overcome GBM radioresistance, suggesting that targeting
HAUSP may effectively improve the therapeutic efficacy to prolong the survival of GBM

patients. Thus, our studies identified a promising functional target for developing
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effective therapeutics targeting GSCs to improve GBM treatment.

Deregulation of the ubiquitination and deubiquitination system has been implicated in the
pathogenesis of many diseases, including cancer. USP proteins constituting the largest
subfamily of deubiquitinating enzymes (DUBs) usually remove ubiquitin from specific
protein substrates and protect these substrates from proteasomal degradation, resulting
in stabilization of the proteins or alteration of their localization. HAUSP is one of the most
critical DUBs associated with tumorigenesis due to its important role in the negative
regulation of p53 and p16™K% tumor suppressors, as HAUSP deubiquitinates and
stabilizes MDM2 (HDM2), the ubiquitin E3 ligase that mediates p53 ubiquitination and
degradation 442, In this study, we discovered a p53-independent role of HAUSP in the
maintenance of GSCs through SOX2 deubiquitination, providing new insights into the
molecular mechanisms underlying the HAUSP-mediated tumorigenesis through
promoting the self-renewal potential of cancer stem cells. We demonstrate that HAUSP
maintains GSC self-renewal and tumorigenic potential through stabilization of SOX2.
Targeting HAUSP resulted in SOX2 ubiquitination and proteasomal degradation, thus
promoting GSC differentiation and inhibiting cell proliferation. These data indicate that
inhibiting HAUSP suppresses GBM tumor growth at least partially through the disruption
of GSC maintenance. Notably, targeting HAUSP also differentially upregulates p53 and
p21 in GSCs, suggesting that targeting HAUSP may cause double hits to GSCs to inhibit
malignant growth. Functional inhibition of HAUSP not only destabilizes SOX2 to induce

GSC differentiation and disrupt GSC maintenance but also upregulates p53 and p21 to
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inhibit cell proliferation. Thus, targeting HAUSP may achieve dual effects to block tumor
growth and malignant progression through p53-independent and p53-dependent
manners. As HAUSP is a cysteine isopeptidase of the ubiquitin-specific proteases, it is
an attractive druggable therapeutic target. In addition, as HAUSP specifically marks
GSC population in human primary GBMs, HAUSP may serve as a specific molecular

marker of GSCs as well as a useful diagnostic indicator to predict GBM radioresistance.

GBMs are extremely resistant to current treatments including radiation, chemotherapy
and immunotherapy 3°. Rapid tumor recurrence after the treatment is a major challenge
in the control of GBM malignant progression. Our previous study demonstrated that
GSCs promote radioresistance of GBMs by preferential activation of DNA damage
checkpoint and repair pathways 6. Other studies showed that GSCs are more resistant
to chemotherapeutic agents including temozolomide (TMZ) relative to non-stem cancer
cells 24 GSCs not only directly contribute to the resistance to conventional therapies
but also modulate the tumor microenvironment by recruiting and maintaining tumor-
supportive macrophages to create an immune suppressive niches 2> 25 83 which
promotes malignant progression, therapeutic resistance and thus negatively impacts
therapeutic efficacy. In addition, we demonstrated that GSCs not only secrete high levels
of VEGF but also generate vascular pericytes to support tumor angiogenesis 17 26,
Importantly, GSC-derived tumor pericytes promote the formation of the blood-brain tumor
barrier (BTB) that negatively affects chemotherapy by blocking drug delivery 2’. Thus,

disrupting GSCs and CSC-derived pericytes through targeting HAUSP not only
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overcomes the therapeutic resistance but may also synergizes with other therapies.
Although it has been shown that expression levels of HAUSP progressively increase
from grade | to IV glioma tumors %, the critical role of HAUSP in maintaining GSC self-
renewal and tumorigenic potential through stabilization of SOX2 in GBM has not been
reported. Our findings support that HAUSP plays an oncogenic role in GBM malignant

growth and progression.

We have demonstrated that pharmacological inhibition of HAUSP by P22077 synergized
with radiation to suppress GBM malignant growth and significantly extended the survival
of animal bearing GBM tumors. Other study showed that inhibition of USP7/HAUSP with
a small molecule inhibitor (P5091) was able to overcome bortezomib resistance and
induce apoptosis of multiple myeloma cells , suggesting that targeting HAUSP may
effective solve the resistance problem. Interestingly, a study in neuroblastoma (NB)
demonstrated that HAUSP also deubiquitinated and stabilized N-Myc and inhibiting
HAUSP effectively inhibited NB tumor growth “¢. A functional association between
HAUSP and DNMT1 has been shown to accelerate oncogenesis and metastasis in
colorectal cancer . In addition, HAUSP deubiquitinates and stabilizes the histone
demethylase PHF8, which upregulates a group of genes including cyclin A2 to promote
cell growth and proliferation in breast cancer #. As the function of HAUSP has been
shown to be associated with malignant progression in several types of cancer including
prostate cancer *4, breast carcinoma #/, leukemia “°, epithelial ovarian cancer %% °, non-

small cell lung cancer “8, colorectal cancer %!, and hepatocellular carcinoma %, targeting
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HAUSP may inhibit malignant growth of brain metastases from other cancers such as
lung cancer. As we demonstrated that targeting HAUSP by P22077 potently suppressed
tumor growth of orthotopic GBM in mouse brains, P22077 should be able penetrate the
BBB or BTB to inhibit malignant growth of other brain tumors including brain metastases.
However, because the solubility of P22077 is not so great, optimizing P22077 or
developing more potent HAUSP inhibitors with the capacity to cross the BBB or BTB is
urgently needed, which may have great therapeutic potential to improve treatment of
highly lethal brain cancers including GBM. Both P22077 and P5091 are covalent
catalytic site inhibitors that selectively and covalently modify the catalytic C223 residue
to inhibit HAUSP deubiquitinase activity % %% 66 Although several allosteric inhibitors
including XL188 and its analog XL188 ©7 %8 FT827 and FT671 % °, as well as GNE-
6640 and GNE-6676 "> "> have been developed to target HAUSP, it is not clear whether
these inhibitors are able to penetrate the BBB or BTB. It will be highly interesting to
examine whether these allosteric inhibitors of HAUSP can also destabilize SOX2 to

impair GSC self-renewal and tumorigenic potential.
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Materials and Methods

Human Glioblastoma (GBM) Specimens and Glioma Stem Cells (GSCs)

De-identified human GBM surgical specimens were collected and provided by the Rose
Ella Burkhardt Brain Tumor and Neuro-Oncology Center at Cleveland Clinic in
accordance with an Institutional Review Board (IRB)-approved protocol. Informed
consents were obtained from all patients under the surgery. Glioma stem cells (GSCs)
and matched non-stem tumor cells (NSTCs) were isolated from primary GBMs or
patient-derived GBM xenografts (PDXs) and cultured as previously described 16 26 27. 61,
62, Briefly, total glioma cells were isolated from GBM tumors with the Papain Dissociation
System (Worthington Biochemical) according to the protocol provided by the
manufacturer. After recovery of the isolated glioma cells in the stem cell medium
(Neurobasal-A medium with B27 supplement, 20 ng/ml EGF and 20 ng/ml bFGF) for 6-8
hours to allow the re-expression of GSC surface markers, then the cells were labeled
with a FITC-conjugated anti-CD15 antibody (Millipore, CBL144F) and a phycoerythrin
(PE)-conjugated anti-CD133 antibody (Miltenyi Biotec, 130-098-826) followed by the
fluorescence-activated cell sorting (FACS) to sort the GSC population (CD15+/CD133+)
and the matched NSTC population (CD15-/CD133-). The sorted GSCs were validated by
three functional assays, including self-renewal (in vitro serial neurosphere formation),
multipotent differentiation (induction of multi-lineage differentiation in vitro), and tumor
initiation and formation (in vivo limiting dilution assay) to confirm the cancer stem cell

property as previously described 16 262762 The validated GSCs were then used for the
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in vitro and in vivo experiments.

Establishment of Intracranial GBM Xenografts, in vivo Treatments and
Bioluminescent Imaging

All animal procedures were performed in accordance with a protocol approved by the
Cleveland Clinic Institutional Animal Care and Use Committee (IACUC). Establishment
of orthotopic GBM xenografts through intracranial transplantation of GSCs was
performed as previously described 16 27 6162 GSCs were transduced with luciferase
and/or HAUSP shRNA (shHAUSP) or non-targeting shRNA control (shNT) through
lentiviral infection, and then selected with puromycin (1 pg/mL, Fisher Scientific) for 48
hours after the infection. GSCs were transplanted into immunocompromised NSG mice
(Jackson Laboratories or the Cleveland Clinic's Biological Resources Unit) through
intracranial injection. Intracranial tumor growth in animals was monitored by in vivo
bioluminescent imaging (IVIS) before and after treatment, and maintained until
manifestation of neurological signs. For IVIS, mice were treated with D-luciferin (1.5
mg/10g, LUCK-GOLDBIO) through intraperitoneal injection and anesthetized with
isoflurane before imaging. Luciferase images of intracranial tumors were captured under
an VIS imaging system (Spectrum CT, PerkinElmer). To examine the effect of HAUSP
inhibition with P22077 (BOC Sciences, B0084-462597) on tumor growth, mice were
treated with P22077 (20mg/Kg/daily) or vehicle control through tail vein injection. For the
irradiation (IR), mice bearing GSC-derived intracranial GBM tumors were irradiated (2

Gy) for 2-5 times in the Pantak X-ray irradiator at the Cleveland Clinic Lerner Research
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Institute. Mouse brains bearing GBM tumors were collected for further analyses

including immunofluorescent and immunohistochemical staining.

Immunoblot Analysis and Immunoprecipitation

Immunoblot analyses were performed as previously described ©°%2, Briefly, GSCs or
NSTCs were lysed in the cell lysis buffer (1% TritonX-100, 10% glycerol, 50mM HEPES
pH7.5, 150mM NaCl, 100mM NaF, 1mM PMSF, 1mM Na3VO4, protease inhibitor
cocktail). Cellular proteins were separated by SDS-PAGE and transferred to PVDF
membrane (Biorad), then blocked by 5% milk for 30 minutes, and incubated with a
primary antibody overnight at 4°C. Membranes were washed with TBST for 3 times,
incubated with a secondary antibody for 2 hours at room temperature, washed with
TBST for 3 times, and then subjected to chemiluminescent substrate (Thermo Scientific).

Signals were detected with ChemiDoc XRS+ Imager (Biorad).

For immunoprecipitation (IP), cells lysates were incubated with 20 uL of Protein A/G
agarose gel (Santa Cruz, sc-2003) and a primary antibody with constant rotation
overnight at 4 °C. The IP complexes were washed with ice-cold 0.3% Triton X-100 in
PBS buffer for three times and eluted in loading buffer by boiling for 10 min, and then
analyzed by immunoblot analyses. Proteins were resolved on NUPAGE Novex 4-12%
Bis-Tris gels (Invitrogen, NPO0322BOX), transferred to PVDF membranes, and

immunoblotted with indicated antibodies.

Specific antibodies against HAUSP (Bethyl, A300-033A), SOX2 (Bethyl, A201-741A; or
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Santa Cruz, SC-365964), OLIG2 (R&D System, AF2418), GFAP (Biolegend, 644702),
TUJ1 (Biolegend, 801201), MAP2 (Biolegend, 801801), GAPDH (R&D System,
MAB5718), HA (Sigma, 11867423001), a-Tubulin (Sigma, T6199), Flag (Sigma, F1804),
Ubiquitin (Biolegend, 646302), Cleaved Caspase 3 (Cell Signaling, 9661), Cleaved
PARP (Cell Signaling, 5625), and anti-Flag-agarose (Sigma, A2220) were used for

immunoblot and/or immunoprecipitation.

Mass Spectrometry

To identify potential deubiquitinase(s) for SOX2 in GSCs, SOX2-interacting proteins
were pulled down from GSCs by immunoprecipitation and then analyzed by Mass
Spectrometry. GSCs were transduced with Flag-tagged-SOX2 or a vector control, and
the cell lysates were co-immunoprecipitated by anti-Flag agarose (Sigma, A2220),
separated by SDS-PAGE and visualized by staining. The SDS-PAGE gel was
dehydrated in acetonitrile, and the precipitated proteins were digested with trypsin. The
peptides were then analyzed and identified through Liquid Chromatography Mass
Spectrometry (LC-MS) by the Proteomics Core at Cleveland Clinic Lerner Research

Institute.

Ubiquitination assay
The ubiquitination assay in vitro or in vivo was performed as previously described 53 €,
Cells were treated with MG132 (20 uM) for 6-8 hours before harvest, then lysed in the IP

buffer (50 mM Hepes, 150 mM NaCl, 1% NP-40, and 5 mM EDTA) in the presence of
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phosphatase and protease inhibitors (4906837001 and 4693159001, Roche). Cell lysate
was subjected to immunoprecipitation with the related antibody and agarose beads, and
the product was eluted in loading buffer by boiling for 10 min. The precipitated proteins
were resolved on NUPAGE Novex 4-12% Bis-Tris gels (Invitrogen, NP0322BOX), blotted

onto PVDF membranes, and probed by the anti-ubiquitin antibody.

Immunofluorescent and Immunohistochemical Staining

Immunofluorescent staining were performed as previously described 26 2762 73 Human
GBM surgical specimens, intracranial GBM xenografts or GSC tumorspheres were fixed
with 4% PFA overnight at 4°C, stored in 30% sucrose solution overnight at 4°C,
embedded in OCT overnight at -20°C, and cryosectioned at a thickness of 8 microns.
Tumor sections were blocked with 1% BSA (Sigma) in a PBS solution containing 0.03%
TWEEN-20 for 1 hour at RT and incubated with a primary antibody (1:200 dilution)
overnight at 4°C. Specific antibodies against HAUSP (Bethyl, A300-033A), SOX2 (Bethyl,
A201-741A; or Santa Cruz, sc-17320), Olig2 (R&D systems AF2418), the EC marker
CD31 (DAKO, M082301), GFAP (Biolegend, 840001), TUJ1 (Biolegend, 801201), the
cell apoptotic marker cleaved caspase-3 (Cell Signaling, 9661), and the cell proliferation
marker Ki67 (Cell Signaling, 9129) were used for the immunofluorescent staining on
GBM tumor sections, tumorsphere sections, or fixed cells cultured on coverslips. TUNEL
Assay detecting apoptotic cell death were performed with the ApopTag Fluorescein in
situ apoptosis detection kit (S7110, Millipore) according to the manufacturer’s

instructions. Immunohistochemical (IHC) staining on sections of primary tumors and
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normal tissues were performed with an ABC kit and the 3, 3’-diaminobezine detection kit
(Vector Laboratories) as previously described 2> ®2. A specific anti-HAUSP antibody

(Bethyl, IHC-00018) was used for the IHC staining on GBM tumor sections.

Differentiation Assay

To assess the differentiation potential of sorted GSCs or examine the effect of HAUSP
disruption on GSC differentiation, isolated GSCs or GSCs expressing shHAUSP were
cultured on plates or coverslips pretreated with the Matrigel (354230; BD Biosciences)
and induced for differentiation in serum-containing medium (1% FBS in DME) or in
Neurobasal medium without EGF and FGF growth factors but with B27 (12587-010,
Invitrogen). Differentiated cells or control GSCs were collected for immunoblot analyses
or fixed with PFA for immunofluorescent staining at the indicated days as described

above.

Plasmid Constructs and Lentivirus Production

Lentivirus constructs expressing shHAUSP (TRCN0000004057 or TRCN0000004059) or
shNT (SHCO002) were obtained from Sigma-Aldrich. The lentiviral plasmid expressing
wild type HAUSP (WT) or catalytically dead HAUSP (HAUSP-CS) was constructed by
inserting human HAUSP-WT or HAUSP-CS ORF cDNA into the pCDH-CMV-MCS-EFla-
Puro vector (System Biosciences, CD510B-1). The lentiviral plasmid expressing SOX2
was constructed by cloning human SOX2 ORF cDNA into the pCDH-CMV-MCS-EFla-
Puro vector (System Biosciences, CD510B-1) or PCW57.1 vector (Addgene, 50661).
For lentivirus production, 293FT cells were transduced with the desired plasmid together
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with the helper plasmids pCI-VSVG and ps-PAX2. 2-3 days after the transfection,
lentiviral supernatant was collected and titered as described previously 2”62 73, GSCs

were then infected with lentiviruses at a MOI around 3.

Quantitative RT-PCR

Total mMRNA was isolated from GSCs with the RNeasy kit (QIAGEN) and reversely
transcribed into cDNA with the PrimeScript RT Master Mix (Takara Bio., Inc.).
Quantitative RT-PCR was performed with the SYBR green master mix (Applied
Biosystems, 4309155) in the real time PCR system (Applied Biosystems). Data were
from at least three independent experiments. The following primers were used to
guantify mRNA of genes: HAUSP forward primer: 5-ACT TTG AGC CAC AGC CCG GTA
ATA-3’, HAUSP reverse primer: 5-GCC TTG AAC ACA CCA GCT TGG AAA-3’; OLIG2
forward primer: 5-CAA GAA GCA AAT GAC AGA GCC GGA-3’, OLIG2 reverse primer: 5'-
TGG TGAGCATGA GGATGT AGT TGC-3'; GAPDH forward primer: 5’-TGT TGC CAT CAA

TGA CCC CTT CA-3’, GAPDH reverse primer: 5-CTC CAC GAC GTACTC AGC GCC-3..

Quantification and Statistical Analysis

All data were analyzed by using the GraphPad Prism 8 (GraphPad Inc.). The two-tailed
unpaired Student’s t test was used to assess the difference between two groups, and the
one-way analysis of variance (ANOVA) was used to compare differences among more
than two groups, with p<0.05 being considered statistically significant. Analyses of

animal survival were performed using the Kaplan-Meier curve method, with the log-rank
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test for comparison. All quantitative data are means + SD or means + SEM as indicated

in the figure legend.
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Huang et al. Fig. 1
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Figure 1. HAUSP interacts with SOX2 and mediates deubiquitination of SOX2 to

stabilize SOX2 in glioma stem cells (GSCs).
(A) Co-immunoprecipitation (Co-IP) to validate the interaction between endogenous

SOX2 and HAUSP in GSCs. Cell lysates of GSCs (T4121) were co-immunoprecipitated
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with anti-SOX2 or anti-HAUSP specific antibodies. The Co-IP products and total cell

lysates were immunoblotted with anti-SOX2 or anti-HAUSP antibody.

(B) Co-immunoprecipitation (Co-IP) to confirm the interaction between ectopically

expressed Flag-SOX2 and endogenous HAUSP in GSCs. GSCs (CCF3264) were

transduced with Flag-SOX2 through lentiviral infection, and the cell lysates were co-

immunoprecipitated with anti-Flag antibody. The Co-IP products and 5% cell lysates

were immunoblotted with anti-Flag and anti-HAUSP antibodies.

(C) Ubiquitination assay to examine the effect of HAUSP knockdown on poly-

ubiquitination of SOX2 in GSCs. T4121 GSCs were transduced with HAUSP shRNAs

(shHAUSP) or non-targeting shRNA (shNT) through lentiviral infection for 48 hours, then

treated with MG132 for 8 hours, and harvested for immunoprecipitation (IP) with anti-

SOX2 antibody or IgG control. The IP products were immunoblotted with anti-ubiquitin

(Ub) antibody to assess the SOX2 ubiquitination in GSCs with or without HAUSP

disruption. 5% cell lysates were immunoblotted with antibodies against SOX2, HAUSP

and GAPDH (control).

(D) Immunoblot analyses of SOX2 and HAUSP in GSCs transduced with shHAUSP or

ShNT. GSCs (T4121) were transduced with two independent HAUSP shRNAs (shHAUSP,

shl or sh2) or non-targeting shRNA (shNT, C1) through lentiviral infection for 48 hours,

and then harvested for immunoblot analyses with specific antibodies against SOX2,

HAUSP and GAPDH (control).

(E) Immunofluorescent staining of SOX2 and HAUSP to validate the effect of HAUSP

knockdown on SOX2 protein levels in GSCs. T4121 GSCs were transduced with two
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independent HAUSP shRNAs (shHAUSP-1 or shHAUSP-2) or non-targeting shRNA
(shNT) through lentiviral infection for 48 hours, then immunostained with specific
antibodies against SOX2 (in green) and HAUSP (in red), and counterstained with DAPI
to indicate nuclei (in blue). Scale bar, 20 um.

(F) Ubiquitination assay to examine the effect of overexpressed wild-type HAUSP (Wt) or
catalytically dead mutant HAUSP (CS) on poly-ubiquitination of SOX2 in GSCs. T4121
GSCs were transduced with wild-type Flag-HAUSP (Wt), catalytically dead Flag-HAUSP
(CS), or vector control through lentiviral infection for 48 hours, then treated with MG132
for 8 hours, and harvested for immunoprecipitation (IP) with anti-SOX2 antibody or IgG
control. The IP products were immunoblotted with anti-ubiquitin (Ub) antibody to assess
the SOX2 ubiquitination in GSCs overexpressing wild-type HAUSP or the mutant HAUSP.
5% cell lysates were immunoblotted with antibodies against SOX2, Flag-HAUSP and

GAPDH (control).
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Huang et al. Fig. 2
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Figure 2. HAUSP is preferentially expressed by glioma stem cells (GSCs) isolated
from human primary GBMs.
(A) Immunoblot analyses of HAUSP and SOX2 in GSCs and matched non-stem tumor

cells (NSTCs) isolated from four GBM tumors. HAUSP is preferentially expressed in
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GSCs expressing high levels of SOX2 relative to NSTCs expressing low levels of SOX2.

(B) Quantitative RT-PCR analyses of HAUSP mRNA expression in GSCs and matched

NSTCs. HAUSP mRNA is differentially expressed in GSCs relative to NSTCs. Student t

test was used to assess the significance. ***, p<0.001.

(C) Immunofluorescent staining of HAUSP and OLIG2 in GSCs and matched NSTCs

isolated from primary GBMs. GSCs and matched NSTCs were immunostained with

specific antibodies against HAUSP (in green) and SOX2 (in red), and then

counterstained with DAPI to indicate nuclei (in blue). Scale bar, 20 um.

(D) Immunofluorescent staining of HAUSP and SOX2 in total glioma cells isolated from a

primary GBM. Total glioma cells from a GBM (CCF2045) were immunostained with

specific antibodies against HAUSP (in green) and SOX2 (in red), and then

counterstained with DAPI to indicate nuclei (in blue). HAUSP is preferentially expressed

in the cells expressing the GSC marker SOX2 (indicated by white arrows). Scale bar, 20

gm.

(E) Immunofluorescent staining of HAUSP and SOX2 in GSC tumorsphere. Sections of

GSC tumorspheres (T4121) were immunostained with specific antibodies against

HAUSP (in green) and SOX2 (in red), and then counterstained with DAPI to indicate

nuclei (in blue). A small portion of the GSC sphere indicated by the white square was

enlarged and shown in the bottom panels. Scale bar, 15 pm.
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Figure 3. HAUSP and SOX2 are co-expressed in GSCs in perivascular niches in
human primary GBMs.

(A) Immunofluorescent staining of HAUSP and SOX2 or OLIG2 in human primary GBM.
Frozen sections of GBM (CCF1992) were immunostained with specific antibodies

against HAUSP (in green) and SOX2 or OLIG2 (in red), and then counterstained with
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DAPI to indicate nuclei (in blue). White stars indicate potential vessel lumens in the GBM

tumor. Scale bar, 25 um.

(B) Immunofluorescent staining of HAUSP and the endothelial cell marker CD31 in
human primary GBMs. Frozen sections of GBM were immunostained with specific
antibodies against HAUSP (in green) and CD31 (in red), and then counterstained with
DAPI to indicate nuclei (in blue). White stars indicate the vessel lumen in the GBM tumor.

Scale bar, 25 pm.

(C) Immunohistochemical (IHC) staining of HAUSP in human primary GBMs. Paraffin
sections of a primary GBM and normal brain tissues were immunostained with a specific
anti-HAUSP antibody, and counterstained with hematoxylin to indicate nuclei. HAUSP
(in brown) is expressed by some glioma cells around the vessel (indicated by a red star),

while HAUSP is not detectable in the normal brain tissue. Scale bar, 10 um.
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Figure 4. Disrupting HAUSP promoted GSC differentiation in vitro.
(A) Immunoblot analyses of differentiated cell markers TUJ1 (a neuronal marker) and
GFAP (an astrocyte marker) in GSCs expressing shHAUSP or shNT (control). GSCs

(T4121) were transduced with shHAUSP or shNT through lentiviral infection for 48 hours,

38


https://doi.org/10.1101/2021.06.09.447550

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.09.447550; this version posted June 10, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

then cultured in the medium with reduced growth factors for indicated days, and

harvested for immunoblot analyses with specific antibodies against TUJ1, GFAP, HAUSP,

and GAPDH (loading control).

(B) Quantitative PCR (RT-PCR) analyses of TUJ1 and GFAP mRNA levels in GSCs

expressing shHAUSP or shNT (control). GSCs (T4121) were transduced with shHAUSP

or shNT through lentiviral infection for 48 hours, then cultured in the medium with

reduced growth factors for the indicated days, and harvested for RT-PCR analyses.

Student t test was used to assess the significance. ***, p<0.001.

(C and D) Immunofluorescent staining of TUJ1 (a neuronal marker) in GSCs expressing

shHAUSP or shNT (control). GSCs (T4121) were transduced with shHAUSP or shNT

through lentiviral infection for 48 hours, then cultured in the medium with reduced growth

factors for indicated days, and immunostained with a specific antibody against TUJ1 (in

green) and counterstained with DAPI to indicate nuclei (in blue). Scale bar, 30 pm.

Quantifications of TUJ1-positive cells were shown (D). Student t test was used to assess

the significance. ns, no significant difference; ***, p<0.001.

(E and F) Immunofluorescent staining of GFAP (an astrocyte marker) in GSCs

expressing shHAUSP or shNT (control). GSCs (T4121) were transduced with shHAUSP

or shNT through lentiviral infection for 48 hours, then cultured in the medium with

reduced growth factors for indicated days, and immunostained with a specific antibody

against GFAP (in green) and counterstained with DAPI to indicate nuclei (in blue). Scale

bar, 30 um. Quantifications of GFAP-positive cells were shown (F). Student t test was

used to assess the significance. ns, no significant difference; ***, p<0.001.
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Figure 5. Disrupting HAUSP inhibited GBM tumor growth in GSC-derived
xenografts.

(A and B) In vivo bioluminescent imaging (IVIS) of orthotopic GBM xenografts derived
from GSCs expressing shHAUSP or shNT (control). GSCs (T4121 or CCF1992) were

transduced with luciferase and shHAUSP or shNT through lentiviral infection and then
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transplanted into brains of immunocompromised nude mice. Intracranial tumor growth
was monitored by IVIS. Representative IVIS images at indicated days were shown (A).
Quantifications of luciferase intensity on day 5 and day 15 after GSC transplantation
were shown (B). Student t test was used to assess the significance. ***, p<0.001.

(C) Representative images of H&E (hematoxylin and eosin) staining of cross sections of
mouse brains bearing GBM xenografts derived from GSCs (T4121 or CCF1992)
expressing shRNA targeting HAUSP (shHAUSP) or non-targeting shRNA (shNT). Mouse
brains bearing the GBM tumors were harvested on day 21 after the GSC transplantation.
(D and E) Kaplan-Meier survival curves of mice intracranially transplanted with GSCs
(T4121 or CCF1992) expressing shRNA targeting HAUSP (shHAUSP) or non-targeting

shRNA (shNT). n=5 mice. Log-rank analysis was used. **, p<0.01.
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Figure 6. Disrupting HAUSP by shRNA reduced GSC population and cell
proliferation, and promoted cell differentiation and apoptosis in vivo.
(A and B) Immunofluorescent staining of the GSC markers SOX2 and OLIG2 in GBM

xenografts derived from GSCs (T387) expressing shHAUSP or shNT (control). Tumor

42


https://doi.org/10.1101/2021.06.09.447550

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.09.447550; this version posted June 10, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

sections were immunostained with a specific antibody against SOX2 (in red) or OLIG2
(in red) and counterstained with DAPI (blue) to mark nuclei (A). Quantifications indicated
that disrupting HAUSP by shRNA significantly reduced GSC population (SOX2* or
OLIG2+ cells) in GBM xenografts (B). Scale bar, 15 pm. Student’s t test was used to
assess the significance. Data are means + SD. n=3 tumors (200 cells per arm). **,
p<0.01.

(C and D) Immunofluorescent staining of the differentiated cell marker GFAP (an
astrocyte marker) in GBM xenografts derived from GSCs expressing shHAUSP or shNT
(control). Tumor sections were immunostained with a specific antibody against GFAP (in
green) and counterstained with DAPI (blue) to mark nuclei (C). Quantifications indicated
that disrupting HAUSP by shRNA significantly induced cell differentiation in GBM
xenografts (D). Scale bar, 45 um. Student’s t test was used to assess the significance.
Data are means = SD. n=3 tumors (200 cells per arm). **, p<0.001.

(E and F) Immunofluorescent staining of the cell proliferation marker Ki67 in GBM
xenografts derived from GSCs expressing shHAUSP or shNT (control). Tumor sections
were immunostained with a specific antibody against Ki67 (in red) and counterstained
with DAPI (blue) to mark nuclei (E). Quantifications indicated that disrupting HAUSP by
shRNA significantly reduced cell proliferation in GBM xenografts (F). Scale bar, 20 pum.
Student’s t test was used to assess the significance. Data are means + SD. n=3 tumors
(200 cells per arm). *** p<0.001.

(G and H) TUNEL assay detecting apoptosis in GBM xenografts derived from GSCs

expressing shHAUSP or shNT (control). TUNEL assay on tumor sections was performed
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with an ApopTag Fluorescein in situ apoptosis detection kit (in green), and tumor
sections were counterstained with DAPI (blue) to mark nuclei (G). Quantifications
indicated that disrupting HAUSP by shRNA significantly induced cell apoptosis in GBM
xenografts (H). Scale bar, 45 um. Student’s t test was used to assess significance. Data

are means * SD. n=3 tumors (200 cells per arm). ***, p<0.001.
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Figure 7. Pharmacological inhibition of HAUSP suppressed GBM tumor growth in
GSC-derived xenografts.
(A) Representative images of tumorspheres derived from GSCs treated with the HAUSP

inhibitor P22077 or vehicle control (DMSO). T387 GSCs were treated with P22077 (10
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UM or 20 uM) or DMSO for 7 days. Pharmacological inhibition of HAUSP by P22077
reduced GSC tumorsphere formation in a dose-dependent manner. Scale bar, 180 pum.

(B) Immunoblot analyses of cleaved PARP, total PARP, HAUSP, SOX2 and GAPDH
(loading control) in GSCs treated with the increased doses of the HAUSP inhibitor
P22077. T387 GSCs were treated with indicated doses (0, 5, 10, 15, 20 uM) of P22077

for 48 hours and then harvested for the immunoblot analyses.

(C and D) In vivo bioluminescent imaging (IVIS) of GSC-derived orthotopic xenografts in
immunocompromised mice treated with the HAUSP inhibitor P22077 or vehicle control. 7
days after GSC transplantation, the mice were treated with P22077 (20 mg/kg/daily) or
vehicle control (DMSO) through tail vein injection. Representative 1VIS images (C) on
day 7 (before treatment) and day 20 (after treatment) are shown. Quantifications of
luciferase intensities (D) shows that treatment with P22077 significantly inhibited GBM
tumor growth in mouse brains. Data are means + SD. Student’s t test was used to

assess the significance. n=5 mice/group. Ns, no significant difference; ***, P < 0.001.

(E) Kaplan-Meier survival curves of mice intracranially transplanted with GSCs (T387)
and treated with P22077 or vehicle control (DMSO). n=5 mice/group. Log-rank analysis

was used. **, p<0.01.

(F and G) Immunofluorescent staining of the GSC marker SOX2 in GSC-derived
xenografts treated with the HAUSP inhibitor P22077 or vehicle control. Tumor sections
were immunostained with a specific antibody against SOX2 (in red) and counterstained
with DAPI (blue) to mark nuclei (F). Quantification of SOX2+ cells (G) indicated that
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inhibiting HAUSP by P22077 significantly reduced GSC population. Scale bar, 20 um.
Student’s t test was used to assess the significance. Data are means + SD. n=3 tumors

(200 cells per arm). *** p<0.001.

(H and 1) Immunofluorescent staining of the cell apoptotic marker cleaved caspase 3 in
GSC-derived xenografts treated with the HAUSP inhibitor P22077 or vehicle control.
Tumor sections were immunostained with a specific antibody against cleaved caspase 3
(in green) and counterstained with DAPI (blue) to mark nuclei (H). Quantification of
cleaved caspase 3 intensity (l) indicated that inhibition of HAUSP with P22077
significantly promoted cell apoptosis in GBM tumors. Scale bar, 20 ym. Student’s t test
was used to assess significance. Data are means = SD. n=3 tumors (200 cells per arm).

*+x n<0.001.

(J and K) Immunofluorescent staining of the cell proliferation marker Ki67 in GSC-
derived xenografts treated with P22077 or vehicle control (DMSO). Tumor sections were
immunostained with a specific antibody against Ki67 (in red) and counterstained with
DAPI (blue) to mark nuclei (J). Quantifications of Ki67 signal (K) indicated that targeting
HAUSP by P22077 significantly reduced cell proliferation in GBM xenografts. Scale bar,
20 ym. Student’s t test was used to assess significance. Data are means + SD. n=3

tumors (200 cells per arm). **, p<0.001.
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Figure 8. Targeting HAUSP in combination with radiation improved therapeutic
efficacy in GSC-derived xenografts.
(A) A schematic illustration showing the treatment schedule. GSCs (T4121) expressing

luciferase were transplanted into brains of immunocompromised NSG mice. 7 days after
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GSC transplantation, mice were treated with the HAUSP inhibitor P22077 (20

mg/kg/daily) or DMSO (control) through tail vein injection in combination with or without

irradiation (IR). IR (2 x 2 Gy) was performed on mouse heads on Day 9 after GSC

transplantation in two groups of mice.

(B) Representative In vivo bioluminescent imaging (IVIS) images of intracranial GBM

xenografts in the four groups of mice (Control, IR, P22077, IR plus P222077) on Day 7

(before treatment) and Day 20 (after treatment) after GSC transplantation are shown.

(C) Quantifications of luciferase intensities of intracranial GBM xenografts in the four

groups of mice (control, IR, P22077, IR plus P222077) on Day 7 (before treatment) and

Day 20 (after treatment) after GSC transplantation. Data are means + SD. n=5. Student’s

t test was used to assess the significance. **, P < 0.01; ***, p<0.001.

(D) Kaplan-Meier survival curves of mice intracranially transplanted with GSCs (T4121)

and treated with the HAUSP inhibitor P22077, irradiation (IR), P22077 plus IR, or DMSO

(control). The combined treatment with P2077 and IR significantly extended the survival

of mice bearing the GSC-derived tumors relative the single treatment with P22077 or IR

alone. n=5 mice per group. P22077 vs control, p<0.003; IR vs control, p<0.01; P22077

plus IR vs control, p<0.001; P22077 vs P22077 plus IR, p<0.01; IR vs P22077 plus IR,

p<0.01. Log-rank analysis was used.

(E and F) Immunofluorescent staining of the cell apoptotic marker cleaved caspase 3 in

GSC-derived xenografts treated with the HAUSP inhibitor P22077, irradiation (IR),

P22077 plus IR, or DMSO (control). Tumor sections were immunostained with a specific

antibody against cleaved caspase 3 (in green) and counterstained with DAPI (blue) to
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mark nuclei (E). Quantifications of cleaved caspase 3 intensities () in GSC-derived
xenografts treated with P22077, IR, P22077 plus IR, or DMSO. Scale bar, 15 pm.
Student’s t test was used to assess the significance. Data are means + SD. n=3 tumors

(200 cells per arm). **, p<0.01; *** p<0.001.

(G and H) Immunofluorescent staining of SOX2 in GSC-derived xenografts treated with
the HAUSP inhibitor P22077, irradiation (IR), P22077 plus IR, or DMSO (control). Tumor
sections were immunostained with a specific antibody against SOX2 (in red) and
counterstained with DAPI (in blue) to mark nuclei (G). Quantifications of SOX2+ cells (H)
in GSC-derived xenografts treated with P22077, IR, P22077 plus IR, or DMSO. Scale
bar, 15 um. Student’s t test was used to assess the significance. Data are means + SD.

n=3 tumors (200 cells per arm). **, p<0.01; *** p<0.001.

(I and J) Immunofluorescent staining of the cell proliferation marker Ki67 in GSC-derived
xenografts treated with the HAUSP inhibitor P22077, irradiation (IR), P22077 plus IR, or
DMSO (control). Tumor sections were immunostained with a specific antibody against
Ki67 (in green) and counterstained with DAPI (in blue) to mark nuclei (l). Quantifications
of Ki67+ cells (J) in GSC-derived xenografts treated with P22077, IR, P22077 plus IR, or
DMSO. Scale bar, 15 ym. Student’s t test was used to assess the significance. Data are

means = SD. n=3 tumors (200 cells per arm). **, p<0.01; ***, p<0.001.
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