
Article

USP33 deubiquitinates and stabilizes HIF-2alpha to
promote hypoxia response in glioma stem cells
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Abstract

Hypoxia regulates tumor angiogenesis, metabolism, and thera-
peutic response in malignant cancers including glioblastoma, the
most lethal primary brain tumor. The regulation of HIF tran-
scriptional factors by the ubiquitin–proteasome system is critical
in the hypoxia response, but hypoxia-inducible deubiquitinases
that counteract the ubiquitination remain poorly defined. While
the activation of ERK1/2 also plays an important role in hypoxia
response, the relationship between ERK1/2 activation and HIF
regulation remains elusive. Here, we identified USP33 as essen-
tial deubiquitinase that stabilizes HIF-2alpha protein in an ERK1/
2-dependent manner to promote hypoxia response in cancer
cells. USP33 is preferentially induced in glioma stem cells by
hypoxia and interacts with HIF-2alpha, leading to its stabiliza-
tion through deubiquitination. The activation of ERK1/2 upon
hypoxia promoted HIF-2alpha phosphorylation, enhancing its
interaction with USP33. Silencing of USP33 disrupted glioma
stem cells maintenance, reduced tumor vascularization, and
inhibited glioblastoma growth. Our findings highlight USP33 as
an essential regulator of hypoxia response in cancer stem cells,
indicating a novel potential therapeutic target for brain tumor
treatment.
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Introduction

Hypoxia promotes malignant progression of solid tumors by

activating neovascularization, altering metabolism, enhancing

therapeutic resistance, increasing pro-tumor inflammation, and

supporting the maintenance of cancer stem cells (Li et al, 2009,

2014; Rankin & Giaccia, 2016; Semenza, 2016; Stegen et al,

2019). Cellular response to hypoxia is dominantly regulated by

the hypoxia-inducible factors (HIFs; Palazon et al, 2012, 2017;

Fan et al, 2014; Shukla et al, 2017). The ubiquitin–proteasome

system plays a central role in hypoxia response and HIF protein

stabilization (LaGory & Giaccia, 2016). Deubiquitinases (DUBs)

are the main enzymes responsible for protein deubiquitination

and stabilization, but the functional regulation of DUBs in

response to hypoxia remains elusive. In the hypoxic niches in

glioblastoma (GBM), glioma stem cells (GSCs) are enriched to

promote therapeutic resistance and malignant progression (Li

et al, 2009; Seidel et al, 2010; Man et al, 2018). Whereas HIF1a
is universally induced in glioma cells under hypoxic conditions,

HIF2a is preferentially elevated in GSCs (Li et al, 2009; Seidel

et al, 2010; Man et al, 2018), suggesting that GSCs may have

developed unique adaptive mechanisms including the induction of

DUBs in response to hypoxia.

There are around 100 DUBs in human cells, and the largest

subgroup, the ubiquitin-specific protease (USP), consists of approxi-

mately 60 members (Clague et al, 2019; Mennerich et al, 2019). The

relatively small number of DUBs counterbalance approximately 600

E3 ubiquitin ligases in regulating the ubiquitin–proteasome system,

highlighting the importance of DUBs in both normal and cancer cells

(Clague et al, 2019; Mennerich et al, 2019). Several studies have

suggested that DUBs play crucial roles in the maintenance of normal

and cancer stem cells. In neural progenitor cells (NPCs), USP7 stabi-

lizes the repressor element 1 silencing transcription factor (REST)

through deubiquitination and is required for maintaining neural

progenitor cells (NPCs; Huang et al, 2011). Likewise, USP13

reverses the polyubiquitination of c-Myc in GSCs to promote GSC

self-renewal and GBM growth (Fang et al, 2017). However, little is

known about the DUBs involved in the hypoxia response in caner

stem cells such as GSCs.

In response to hypoxic stress, the HIF family of transcriptional

factors predominantly direct cellular adaption to hypoxia. HIFs

function as heterodimers containing an oxygen-sensitive a unit

and a constitutively expressed b unit (Semenza, 2012). HIF1a is
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ubiquitously expressed in all extant metazoan species, whereas

HIF2a expression is restricted to certain tissues and cell types

(Tian et al, 1997; Li et al, 2009; Loenarz et al, 2011). Although

HIF1a and HIF2a bind to similar hypoxia-responsive elements

(HREs), they occupy distinct genomic sites and are not function-

ally interchangeable (Forsythe et al, 1996; Hu et al, 2003; Branco-

Price et al, 2012). Normoxia promotes hydroxylation of the HIFa
unit to facilitate the binding of the von Hippel-Lindau (VHL) E3

ubiquitin ligase, resulting in proteasomal degradation of HIFa
proteins (Kaelin & Ratcliffe, 2008). Hypoxia abrogates the hydrox-

ylation of HIFa proteins and the consequent VHL binding to

increase the stability of HIFs (Kaelin & Ratcliffe, 2008). As the

reverse process of ubiquitination, deubiquitination of HIFa has

not been defined. A handful of DUBs, such as USP20, have been

discovered to catalyze deubiquitination of HIF1a (Li et al, 2005;

Troilo et al, 2014; Wu et al, 2016; Sun et al, 2018). However,

most of these DUBs seem to promote deubiquitination of HIF1a
in a hypoxia-independent manner (Altun et al, 2012; Flugel et al,

2012; Bremm et al, 2014; Troilo et al, 2014; Wu et al, 2016).

Moreover, our previous study suggested that HIF1a is only stabi-

lized under acute hypoxic conditions, but HIF2a is induced even

under modest hypoxia (Li et al, 2009), indicating that HIF2a and

HIF1a may be regulated through different mechanisms.

Beside the upregulation of HIF proteins, the activation of

ERK1/2 kinases in response to hypoxia has been noticed for a

while (Minet et al, 2000; Li et al, 2008; Lee et al, 2015). In fact,

the concomitant elevation of HIF and ERK1/2 activities converge

to promote malignant phenotypes in cancers (Franovic et al,

2009; Zhuo et al, 2019). The activation of ERK1/2 is closely

associated with the upregulation of HIFs under hypoxic condi-

tions. ERK1/2 activation seems to be an earlier event in hypoxia

response and often a prerequisite for HIF1a accumulation (Li

et al, 2008; Choi et al, 2010). In line with a possible direct

effect of ERK1/2 on HIF proteins, HIF1a is phosphorylated under

hypoxia in an ERK1/2-dependent manner (Minet et al, 2000).

However, the potential role of ERK1/2 in regulating HIF2a in

cancer stem cells in response to hypoxia remains elusive.

Due to the critical impact of hypoxia on malignant tumors

and the central role of the ubiquitination–deubiquitination system

in regulating hypoxia response, the DUBs participating in

hypoxia response in cancer stem cells could be promising drug-

gable targets. In this study, we aim to identify the key hypoxia-

inducible DUB for HIF2a stabilization in GSCs. We found that

USP33 was markedly upregulated in GSCs in response to hypox-

ia, and validated the preferential expression of USP33 in GSCs in

the hypoxic niches in GBM tumors. We further demonstrated

that USP33 interacted with HIF2a to deubiquitinate and stabilize

HIF2a upon hypoxia. Interestingly, the activation of ERK1/2

upon hypoxia executes phosphorylation of S484 on HIF2a to

promote the interaction between USP33 and HIF2a, resulting in

deubiquitination of HIF2a. Importantly, silencing USP33 in GSCs

abolished hypoxia response, disrupted GSC maintenance, and

inhibited GBM tumor growth, leading to a markedly increased

survival of tumor-bearing animals. The discovery of USP33 as an

upstream DUB directly regulating HIF2a in an ERK1/2-dependent

manner not only offers new insights into the initiation of

hypoxia response but may also have translational impact on

cancer treatment.

Results

USP33 is a hypoxia-inducible deubiquitinase preferentially
expressed in GSCs

To identify potential hypoxia-inducible deubiquitinases in GSCs, we

cultured GSCs under hypoxic and normoxic conditions and exam-

ined the change in protein levels of a cohort of deubiquitinases. Our

previous studies showed that HIF2a is upregulated specifically in

GSCs, whereas HIF1a is elevated in both GSCs and the matched

non-stem tumor cells (NSTCs) in response to hypoxia, suggesting

that the induction of HIF2a rather than HIF1a may reflect the unique

hypoxic responses in GSCs (Li et al, 2009). We initially determined

HIF2a protein levels in GSCs cultured at different oxygen concentra-

tions and found that the maximal upregulation of HIF2a was

achieved under 5% oxygen, whereas the HIF1a induction occurred

under oxygen concentrations lower than 3% (Fig EV1A). Therefore,

we examined the potential induction of deubiquitinases in GSCs at

5% oxygen. Immunoblot and qPCR analyses showed that only

USP33 but no other tested deubiquitinases was induced by the

hypoxic condition (5% oxygen) in GSCs (Figs 1A and EV1B,

Appendix Fig S1A–D). Interestingly, USP33 protein levels achieved

maximal upregulation within 12 h under 5% oxygen in most tested

GSC lines, whereas HIF2a protein levels were slightly induced in

12 h but markedly upregulated in 24 h under the same hypoxic

condition (Fig 1A), suggesting that hypoxia induction of USP33 was

prior to that of HIF2a in GSCs. Similar to HIF2a, USP33 was induced

by a wide range of hypoxic conditions (1–5% oxygen) (Figs 1A and

B, and EV1A). To examine the hypoxia-induced upregulation of

USP33 in GSCs in human GBMs, we performed immunofluorescent

staining of USP33, the hypoxia marker CA9, and the GSC marker

SOX2 on primary human GBM sections (Fig 1C). While only a frac-

tion of CA9- or SOX2-positive cells showed USP33 staining, the

majority of CA9/SOX2 double-positive cells had strong USP33 stain-

ing (Fig 1C and D), indicating that USP33 was upregulated in those

GSCs under hypoxia in human GBMs. To further confirm the upreg-

ulation of USP33 in the hypoxic niches in GBM, we treated mice

bearing intracranial GSC-derived GBM tumors with pimonidazole

HCl to label the hypoxic cells and then examined USP33 protein

levels. Two hours after tail vein injection of pimonidazole HCl, mice

were sacrificed and GBM tumors were subjected to analysis. As

expected, immunofluorescent staining showed that pimonidazole-

positive areas were enriched with HIF1a and HIF2a signals

(Fig EV1C–F), demonstrating the correct labeling of hypoxic niches

by pimonidazole in vivo. Consistently, USP33 staining was highly

enriched in pimonidazole-positive areas (Fig 1E and F), indicating

that USP33 upregulation mainly occurred in hypoxic niches in GBM

tumors. Moreover, treatment with CoCl2 that mimics hypoxic condi-

tions also upregulated USP33 protein levels in multiple GSC lines

(Fig EV1G). These data indicate that hypoxia upregulates USP33

protein levels in GSCs in GBMs.

Previous reports showed that GSCs had higher HIF2a expression

than matched NSTCs even under regular culture conditions and that

HIF2a was required for the GSC maintenance (Li et al, 2009).

Consistently, immunoblot analyses of paired GSCs and NSTCs

cultured under normoxic conditions demonstrated relatively higher

protein levels of both USP33 and HIF2a in GSCs (Fig EV1H),

suggesting that higher expression of this hypoxia-inducible DUB
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Figure 1. USP33 is a hypoxia-inducible deubiquitinase that is preferentially expressed in GSCs.

A Immunoblot analysis of USP33 and HIF2a protein levels in GSCs cultured under 5% oxygen for different times. GSCs (T387, T3359, and T4121) were cultured under 5%
oxygen for 0, 12, or 24 h before harvest. Dramatic induction of USP33 was observed at 12 h under 5% oxygen. HIF2a protein levels were slightly upregulated at 12 h
and further elevated at 24 h under 5% oxygen.

B Immunoblot analysis of USP33 and HIF2a protein levels in GSCs cultured in different concentrations of oxygen. GSCs were cultured under 20%, 5%, 3%, or 1% oxygen
for 24 h before harvest. Induction of USP33 was observed under 5%, 3%, and 1% oxygen.

C Immunofluorescent analyses of USP33 (red), the hypoxia marker CA9 (green), and the stem cell marker SOX2 (gray) in human primary GBMs. Arrows indicate the
USP33+/CA9+/SOX2+ cells. Scale bar, 80 lm.

D Statistical quantification of (C) showing the ratio of USP33+ cells in SOX2+, CA9+, or SOX2+/CA9+ cells in human primary GBMs. USP33 expression was detected in a
fraction of GSCs (SOX2+) or CA9+ hypoxic cells, but the majority of the hypoxic GSCs (SOX2+/CA9+ cells) were USP33+, indicating that USP33 was induced in GSCs in
response to hypoxia. (n = 5 sections; ***P < 0.001; mean � s.e.m.; two-tailed unpaired t-test).

E Immunofluorescent analyses of USP33 (red) and the hypoxic cell population labeled by pimonidazole (green) in intracranial xenografts derived from T3359 GSCs. Mice
bearing intracranial xenografts were injected intravenously (tail vein) with 60 mg/kg of pimonidazole and were sacrificed 2 h post-injection. Hypoxic cells were
labeled with the FITC-conjugated mouse monoclonal anti-pimonidazole antibody. Scale bar, 80 lm.

F Statistical quantification of (E) showing the percentage of USP33+ cells in the pimonidazole+ hypoxic and the pimonidazole- normoxic cells. The majority of hypoxic
cell population in GSC-derived xenografts were positively stained for USP33. (n = 5 tumors; ***P < 0.001; mean � s.e.m.; two tailed unpaired t-test).

G Immunoblot analysis of USP33, HIF2a, and HIF1a protein levels in GSCs, NSTCs, and NPCs in normoxic and hypoxic conditions. Hypoxia (5% O2) relative to normoxia
(20% O2) clearly induced USP33 and HIF2a expression in GSCs but not NSTCs or NPCs. The mild hypoxia of 5% O2 showed negligible induction of HIF1a in all cells.

Source data are available online for this figure.
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may also be required for GSC maintenance. As HIF2a is preferen-

tially induced in GSCs but not in NSTCs, hypoxia-responsive signal-

ing may be cell type specific (Li et al, 2009). Similarly, hypoxia-

induced upregulation of USP33 was clearly detected in GSCs but not

in NSTCs or NPCs (Figs 1G and EV1G,I,J). Taken together, USP33 is

preferentially expressed by GSCs under normoxic condition and

further upregulated under hypoxia in GSCs in vitro and in vivo.

USP33 stabilizes HIF2a proteins in GSCs in response to hypoxia

Because USP33 is induced under hypoxia preferentially in GSCs, we

speculated that USP33 functioning as a deubiquitinase may stabilize

its downstream targets specifically in GSCs. USP33 shares an

approximately 59% identity with the HIF1a deubiquitinase USP20,

indicating the possible regulation of HIFs by USP33 (Li et al, 2005).

Our previous studies showed that HIF1a was induced in both GSCs

and NSTCs, but HIF2a expression was elevated preferentially in

GSCs in response to hypoxia (Li et al, 2009). The preferential induc-

tion of USP33 in GSCs rather than NSTCs or NPCs is consistent with

the HIF2a induction pattern in response to hypoxia (Figs 1G and

EV1G,I and J). In addition, 5% oxygen mildly upregulated HIF2a
mRNA levels but dramatically increased HIF2a protein levels

(Fig 1A, Appendix Fig S2A), suggesting a potential post-

translational stabilization of HIF2a in GSCs in response to hypoxia

at 5% oxygen. Moreover, the USP33 protein levels increased ahead

of HIF2a induction in response to hypoxia at 5% oxygen (Fig 1A)

but declined behind HIF2a degradation when returning to normoxia

(Appendix Fig S2B), suggesting a longer turnover of USP33 relative

A

B F G

C

D

E

Figure 2.
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to HIF2a proteins during the hypoxia response. Thus, we sought to

explore the possible association between USP33 and HIF2a. We

initially determined the correlation between HIF2a and USP33

expression in human primary GBMs. Immunofluorescent analyses

showed that the majority of HIF2a-positive cells had USP33 staining

(Fig 2A and B), suggesting a positive correlation between HIF2a and

USP33. We then disrupted the endogenous USP33 in GSCs and

examined the induction of HIF2a under hypoxic conditions. Immu-

noblot analyses showed that disruption of USP33 almost abolished

HIF2a induction in response to either 5% oxygen or CoCl2 treatment

(Fig 2C and D, Appendix Fig S2C–F), indicating that USP33 is

required for HIF2a induction under hypoxic conditions in GSCs.

Consistently, ectopic overexpression of USP33 in GSCs elevated

endogenous HIF2a protein levels under normoxic conditions

(Fig 2E), suggesting that USP33 is able to upregulate HIF2a levels in

GSCs. We further explored the USP33-mediated stabilization of

HIF2a proteins by ectopic expression of USP33 and HIF2a under the

control of CMV promoter in 293T cells, which excluded the involve-

ment of transcriptional regulation. Immunoblot analyses showed

that USP33 expression increased HIF2a protein levels in a dose-

dependent manner (Fig 2F), indicating that USP33 upregulates

HIF2a at the protein level but not at the mRNA level. To further

clarify whether USP33 affects HIF2a protein synthesis or degrada-

tion, 293T cells expressing ectopic HIF2a with or without USP33

were treated with the translation inhibitor cycloheximide. Immuno-

blot analyses demonstrated that overexpression of USP33 delayed

the decline in HIF2a protein levels, while HIF2a protein levels

declined rapidly after cycloheximide treatment in the control cells

without USP33 expression (Appendix Fig S2G), suggesting that

USP33 controls HIF2a protein stability. We next determined whether

the deubiquitinase activity of USP33 is required for HIF2a stabiliza-

tion. Whereas ectopic expression of the wild-type USP33 upregu-

lated the protein levels of HIF2a, ectopic expression of the

catalytically dead USP33 (C194S/H673Q) mutant (Berthouze et al,

2009; Niu et al, 2020) largely lost the capacity to elevate HIF2a
levels (Fig 2G), indicating that the USP33 deubiquitinase activity is

essential for the USP33-mediated stabilization of HIF2a protein in

GSCs. Of note, ectopic overexpression of USP33 in NSTCs upregu-

lated the levels of HIF2a protein to a much less extent than that in

GSCs (Fig 2E, Appendix Fig S2H), indicating that USP33 may have a

stronger potency to stabilize HIF2a proteins in GSCs. Finally, treat-

ment with the proteasome inhibitor MG132 markedly restored the

HIF2a protein levels in GSCs transduced with shUSP33 shRNAs

under hypoxia (Appendix FigS2I and J). Taken together, our data

demonstrate that USP33 stabilizes HIF2a protein in GSCs in

response to hypoxia.

USP33 interacts with HIF2a and deubiquitinates HIF2a in GSCs in
response to hypoxia

As USP33 is a deubiquitinase that stabilizes HIF2a protein in GSCs,

we sought to determine whether HIF2a is a substrate of USP33. We

initially investigated the interaction between HIF2a and USP33 in

GSCs. Immunoprecipitation analyses showed that whereas HIF2a
had a weak interaction with USP33 under normoxic conditions,

hypoxia treatment with 5% oxygen or CoCl2 dramatically increased

the interaction between HIF2a and USP33 (Figs 3A–D and EV2A–C),

indicating that HIF2a is complexed with USP33 under hypoxic

conditions. Furthermore, ubiquitination assays showed a strong

polyubiquitination of the endogenous HIF2a in GSCs under the

normoxic condition (20% oxygen), but ectopic overexpression of

USP33 remarkably reduced the polyubiquitination of HIF2a
(Fig 3E). Moreover, whereas the endogenous HIF2a showed weak

polyubiquitination in GSCs under 5% oxygen, disruption of USP33

markedly elevated the polyubiquitination of HIF2a (Figs 3F and

EV2D), indicating that USP33 mediates the deubiquitination of

HIF2a under hypoxic conditions in GSCs. Collectively, these data

demonstrate that USP33 interacts with and deubiquitinates HIF2a to

stabilize HIF2a protein in GSCs in response to hypoxia.

To further confirm the functional interaction between USP33 and

HIF2a, we next examined whether key mutations on human USP33

and HIF2a proteins affect their interaction. We applied the

◀ Figure 2. USP33 stabilizes HIF2a protein in GSCs.

A, B Representative images (A) and statistical quantification (B) of immunofluorescent analyses of USP33 (red) and HIF2a (green) in human primary GBMs. Frozen
sections of human GBMs were immunostained with antibodies against USP33 and HIF2a, and counterstained with DAPI to show nuclei (blue). The percentage of
USP33+ cells in the HIF2a+ population was quantified. The majority of HIF2a+ cells were positively stained for USP33 in human GBMs. Scale bar, 40 lm. (n = 5
sections; mean � s.e.m).

C Immunoblot analysis of HIF2a induction in T4121 GSCs expressing shUSP33 or shNT in response to low oxygen. Twenty-four hours post-lentiviral transduction of
shUSP33 or shNT, GSCs were incubated under 20% or 5% oxygen for 24 h and then harvested for the immunoblot analysis. Disruption of USP33 abrogated HIF2a
induction in GSCs in response to 5% oxygen.

D Immunoblot analysis of HIF2a induction in T4121 GSCs expressing shNT or shUSP33 in response to CoCl2-mimicking hypoxia. Twenty-four hours post-lentiviral
transduction of shUSP33 or shNT, GSCs were treated with CoCl2 (300 lM) for 12 h and then harvested for the immunoblot analysis. Disruption of USP33 abrogated
CoCl2-induced HIF2a expression in GSCs.

E Immunoblot analysis of HIF2a protein levels in GSCs expressing ectopic Flag-tagged USP33 in normoxia. Cells were transduced with lentiviruses carrying Flag-
tagged USP33 or the control vector, followed by two rounds of puromycin selection. Ectopic expression of USP33 elevated HIF2a protein levels in GSCs cultured
under 20% oxygen.

F Immunoblot analysis of ectopic HIF2a protein levels in 293T cells with gradually increased amount of ectopic USP33. 0.5 lg of HA-tagged HIF2a plasmids together
with the increased amounts of GFP-tagged USP33 plasmids (0, 0.1, 0.2, or 0.3 lg) were introduced into 293T cells. Forty-eight hours post-transfection, levels of
ectopic HIF2a-HA and GFP-USP33 were analyzed by immunoblot analysis. Concomitantly increased levels of ectopic HIF2a and USP33 expression indicated the
positive regulation of HIF2a protein by USP33.

G Immunoblot analysis of ectopic HIF2a protein levels in 293T cells expressing ectopic wild-type (WT) USP33 or the catalytically dead (CD) USP33. HA-tagged HIF2a
plasmids (0.5 lg) were introduced into 293T cells alone or together with GFP-tagged WT or CD USP33 plasmids (0.2 lg). Levels of ectopic HIF2a-HA and GFP-USP33
were analyzed 48 h post-transfection. Expression of the wild-type USP33 but not the catalytically dead USP33 increased the ectopic HIF2a protein levels.

Source data are available online for this figure.
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catalytically dead USP33 (C194S/H673Q) mutant (USP33-CD)

(Berthouze et al, 2009; Niu et al, 2020), as well as the HIF2a-2dPA
(P405A/P531A) mutant that lost the binding capacity to the ubiqui-

tin E3 ligase VHL (Yan et al, 2007). Interestingly, the catalytically

dead USP33-CD mutant showed a much stronger interaction with

HIF2a relative to the wild-type USP33 (Figs 3G and EV2E). In addi-

tion, compared with the wild-type HIF2a, the HIF2a-2dPA mutant

showed a much weaker interaction with USP33 (Figs 3H and EV2F).

Whereas the ectopic HIF2a was heavily polyubiquitinated in 293T

cells, co-expression of the wild-type USP33 but not the USP33-CD

mutant dramatically reduced polyubiquitination of HIF2a

(Fig EV2G). Likewise, due to the lack of VHL binding, the HIF2a-
2dPA mutant had a much weaker polyubiquitination relative to the

wild-type HIF2a (Fig EV2H). Thus, we speculated that the polyubiq-

uitin chains on HIF2a proteins might enhance the interaction

between HIF2a and USP33. To test this possibility, we examined the

ubiquitination of the HIF2a proteins co-immunoprecipitated with

USP33 in GSCs and found a strong ubiquitin signal at the molecular

weight of HIF2a (Fig EV2I), indicating that those HIF2a proteins

complexed with USP33 are ubiquitinated. In summary, these data

suggest that USP33 binds to the ubiquitinated HIF2a protein to

deubiquitinate HIF2a.

A B C

D

G H

E F

Figure 3.
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The activation of ERK1/2 upon hypoxia promotes
phosphorylation of S484 on HIF2a to facilitate its interaction
with USP33

As USP33 interacts with HIF2a and deubiquitinates HIF2a in GSCs

under hypoxic conditions, we next investigated the hypoxia-

responsive molecular events mediating the interaction between

HIF2a and USP33. Protein interaction is frequently facilitated by

post-translational modifications such as phosphorylation. Since

previous reports have described the serine/threonine phosphoryla-

tion (pS/T) of HIF2a (Conrad et al, 1999; Pangou et al, 2016;

Gkotinakou et al, 2019), we examined the pS/T status of endoge-

nous HIF2a in GSCs under normoxic and hypoxic conditions.

Immunoblot analyses showed that 5% oxygen treatment remark-

ably elevated the pS/T of HIF2a (Fig 4A). As previous studies

showed that hypoxia induced activation of the serine/threonine

kinases ERK1/2 (Stalmans et al, 2015; Masson et al, 2019) that

executed the phosphorylation of HIF2a (Gkotinakou et al, 2019),

we analyzed the activation of ERK1/2 and found that ERK1/2 were

strongly phosphorylated in GSCs under 5% oxygen (Fig 4A). We

then sought to determine whether activated ERK1/2 are involved

in the pS/T of HIF2a to impact the interaction between HIF2a and

USP33. Surprisingly, we found that inhibition of ERK1/2 activity

with the MEK kinase inhibitor U0126 dramatically reduced the pS/

T of endogenous HIF2a in GSCs under hypoxic conditions (Figs 4B

and EV3A). Moreover, immunoprecipitation analyses demonstrated

a striking decrease in the interaction between HIF2a and USP33 in

GSCs after U0126 treatment (Figs 4C and D and EV3A). Similarly,

a specific ERK1/2 inhibitor LY3214996 disrupted the interaction

between HIF2a and USP33 in GSCs under hypoxia (Fig EV3B).

These data indicated that the ERK1/2-dependent pS/T of HIF2a
facilitates the interaction between HIF2a and USP33 in GSCs in

response to hypoxia. In line with the reduced HIF2a binding to

USP33 after U0126 treatment, suppression of ERK1/2 activity

greatly restored polyubiquitination of HIF2a in GSCs treated with

5% oxygen or CoCl2 (Figs 4E and EV3C and D). These results

demonstrate that the ERK1/2-mediated pS/T of HIF2a is required

for the interaction of HIF2a with USP33 and the deubiquitination

of HIF2a in GSCs in response to hypoxia.

We next sought to determine the potential pS/T sites on human

HIF2a protein that are critical for facilitating the interaction

between HIF2a and USP33. As the ectopic HIF2a protein in 293T

cells also exhibited the ERK1/2-dependent pS/T (Fig EV3E), and

suppression of the pS/T of the ectopic HIF2a by U0126 treatment

interrupted its interaction with the ectopic USP33 (Fig EV3F and

G), the pS/T of ectopic HIF2a in 293T cells could functionally

mimic the pS/T of endogenous HIF2a in GSCs. We therefore used

the ectopic expression system to explore the pS/T sites on HIF2a
protein as the target of ERK1/2. It has been shown that ERK1/2

substrates often contain a minimal consensus motif Ser/Thr-Pro

with a preference for proline at �2 positions (Gonzalez et al,

1991). In line with this motif, we identified serine 484 and serine

581 on human HIF2a protein as two potential phosphorylation

sites, and thus generated the S484A- and S581A-HIF2a mutants by

converting serine to alanine. Immunoprecipitation analyses

showed that the S484A-HIF2a mutant showed the weakest binding

to USP33 relative to the wild-type HIF2a and the S581A HIF2a
mutant (Fig 4F and G), while the S484A/S581A double mutations

on HIF2a could not further attenuate HIF2a binding to USP33

(Fig 4F and G). These results indicated that S484 on human HIF2a
is the key phosphorylation site responsible for mediating the inter-

action between HIF2a and USP33. Taken together, our data

demonstrate that hypoxia activates ERK1/2 kinases, which in turn

phosphorylate the S484 site on HIF2a to facilitate its interaction

with USP33, resulting in deubiquitination and stabilization of

HIF2a protein in GSCs in response to hypoxia.

◀ Figure 3. USP33 interacts with and deubiquitinates HIF2a in GSCs.

A, B Co-immunoprecipitation (Co-IP) to detect the interaction between endogenous HIF2a and USP33 in GSCs in response to low oxygen. GSCs were cultured under
20% or 5% oxygen for 24 h before harvest for the Co-IP. Cell lysate was subjected to immunoprecipitation with anti-HIF2a (A) or anti-USP33 (B) antibodies. Co-
immunoprecipitated products were immunoblotted with the indicated antibodies. An increased interaction between HIF2a and USP33 was detected in GSCs
cultured under 5% oxygen relative to 20% oxygen.

C, D Co-immunoprecipitation (Co-IP) to detect the interaction between endogenous HIF2a and USP33 in GSCs in response to CoCl2 treatment. GSCs were treated with
CoCl2 (300 µM) for 12 h before harvest for the Co-IP. Cell lysate was subjected to immunoprecipitation with anti-HIF2a (C) or anti-USP33 (D) antibodies. Co-
immunoprecipitated products were immunoblotted with the indicated antibodies. An increased interaction between HIF2a and USP33 was detected in GSCs
treated with CoCl2-mimicking hypoxia.

E Immunoblot analysis of the polyubiquitination of endogenous HIF2a proteins in GSCs with or without ectopic USP33 expression. Flag-tagged USP33 was
introduced into GSCs through lentiviral infection. Forty-eight hours post-infection, GSCs were treated with MG132 (20lM) for 6 h and then harvested for
ubiquitination assays. Cell lysate was subjected to immunoprecipitation with anti-HIF2a antibodies followed by immunoblot with anti-Ub antibodies. Ectopic
expression of USP33 resulted in a remarkable decrease in polyubiquitination of HIF2a in GSCs cultured under 20% oxygen.

F Immunoblot analysis of the polyubiquitination of endogenous HIF2a proteins in GSCs expressing shUSP33 or shNT in response to low oxygen. Twenty-four hours
post-lentiviral infection, GSCs were incubated in 5% oxygen for 24 h before harvest. MG132 (20lM) was added to cell culture 6 h before harvest for the
ubiquitination assay. Cell lysate was subjected to immunoprecipitation with anti-HIF2a antibodies followed by immunoblot with anti-Ub antibodies. Disruption of
USP33 elevated polyubiquitination of HIF2a in GSCs cultured under 5% oxygen.

G Co-immunoprecipitation to detect the interaction between HIF2a and the wild-type (WT) or the catalytically dead (CD) USP33. Ectopic HA-tagged HIF2a were
expressed in 293T cells with GFP-tagged wild-type or catalytically dead USP33. Cell lysates were subjected to immunoprecipitation with anti-HA antibodies. Co-
immunoprecipitated products immunoblotted with the indicated antibodies. The catalytically dead USP33 relative to the wild-type USP33 showed a stronger
affinity to HIF2a.

H Co-immunoprecipitation to determine the interaction between USP33 and the wild-type (WT) HIF2a or the P405A-P531A (2dPA) HIF2a mutant that lacks
hydroxylation. Ectopic GFP-tagged USP33 and HA-tagged WT or 2dPA HIF2a were expressed in 293T cells. Cell lysates were subjected to immunoprecipitation with
anti-HA antibodies. Co-immunoprecipitated products were immunoblotted with the indicated antibodies. The 2dPA HIF2a mutant relative to the wild-type HIF2a
showed a weaker affinity to USP33.

Source data are available online for this figure.
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USP33 is required for the maintenance of GSCs

Because USP33 is a hypoxia-inducible DUB preferentially expressed

in GSCs and further induced under hypoxia, we further interrogated

the role of USP33 in the GSC maintenance under normoxic and

hypoxic conditions. Tumorsphere formation assays showed that

USP33 disruption (shUSP33) inhibited GSC tumorsphere formation

even under normoxic conditions (Fig 5A and B, Appendix Fig S3A

and B). Moreover, hypoxia markedly enhanced the inhibitory effect

of USP33 disruption on GSC tumorsphere formation, leading to a

further decrease in both size and number of tumorspheres cultured

under 5% oxygen relative to those under 20% oxygen (Fig 5A–D,

Appendix Fig S3A–D). In addition, cell titer assays showed that

USP33 disruption reduced cell proliferation of GSCs under both

normoxic and hypoxic conditions (Fig 5E, Appendix Fig S3E).

Consistently, immunofluorescent staining of the apoptotic marker

cleaved caspase-3 demonstrated that disruption of USP33 in GSCs

induced cell apoptosis under normoxic conditions and more severe

apoptosis under hypoxic conditions (Fig 5F and G, Appendix Fig

S3F and G). Annexin V staining further confirmed the elevated

A

D F

E G

B C

Figure 4.
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apoptosis of GSCs after disruption of USP33 under normoxic and

hypoxic conditions (Appendix Fig S4). Furthermore, limiting dilu-

tion assays demonstrated that disruption of USP33 reduced the

clonogenic abilities of GSCs (Fig EV4A and B). In contrast, disrup-

tion of USP33 showed negligible effects on the proliferation of

NSTCs (Appendix Fig S5A). Moreover, when GSCs were forced to

overexpress ectopic HIF2a, the inhibitory effects of USP33 disrup-

tion on GSC proliferation and tumorsphere formation were mark-

edly attenuated under normoxic and hypoxic conditions (Fig EV4C–

F, Appendix Fig S5B), indicating that the functions of USP33 were

mediated by HIF2a. Consistently, disruption of USP33 inhibited the

transcription of the HIF2a target genes EPO and VEGFA in GSCs

under hypoxia (Appendix Fig S5C), suggesting the suppression of

HIF2a downstream signaling in the absence of USP33. Collectively,

these data indicate that USP33 is required for the GSC maintenance

under both normoxic and hypoxic conditions, particularly under

hypoxic conditions.

Disrupting USP33 impairs hypoxia response and inhibits GBM
tumor growth

Inadequate oxygen supply during the rapid tumor growth triggers

the formation of hypoxic niches in the tumor microenvironment. In

order to adapt to the hypoxic stress, tumor cells in the hypoxic

niches have to sense the hypoxic condition and initiate hypoxia

responses. As USP33 expression is induced by hypoxia, we next

investigated the role of USP33 in initiating hypoxia response in GBM

tumors. In order to monitor the activation of hypoxia response

within hypoxic niches, we constructed a reporter system containing

a destabilized GFP (d2GFP) fluorescent reporter under the control of

four repetitive cis-acting hypoxia-responsive elements (HREs)

followed by a minimum CMV promoter (4HRE-d2GFP) (Vordermark

et al, 2001) (Fig 6A). GSCs transduced with the 4HRE-d2GFP

reporter displayed strong green fluorescent signals under 5%

oxygen but not under 20% oxygen (Fig 6B), representing a success-

fully monitoring of the activated hypoxia response in GSCs. Thus, in

GBM tumors derived from the GSCs transduced with 4HRE-d2GFP,

tumor cells within the hypoxic niches with activated hypoxia

response would express green fluorescent signals. Whereas a consid-

erable fraction of tumor cells in the control GBM tumors displayed

GFP expression, representing activation of hypoxia response, disrup-

tion of USP33 in GSCs resulted in a dramatic reduction in tumor cells

with GFP signals (Fig 6C and D), indicating that USP33 disruption

impairs hypoxia response in GBM tumors derived from shUSP33-

expressing GSCs. Interestingly, immunofluorescent analyses showed

much more GFP signals in SOX2-positive relative to SOX2-negative

populations in the tumor mass, suggesting that stronger hypoxia

response occurred in GSCs relative to NSTCs (Fig 6E and F,

Appendix Fig S6A–D). Moreover, immunofluorescent staining of the

apoptotic marker cleaved caspase-3 showed much less apoptosis in

the GFP-positive tumor area (hypoxia) relative to GFP-negative tumor

area (normoxia) (Fig 6G and H). TUNEL assays confirmed that cell

apoptosis intended to occur in the hypoxic areas (Appendix Fig S6E

and F). These results suggested that activated hypoxia response in

tumor cells may protect glioma cells from apoptosis. Collectively,

these data indicate that USP33 mediates the hypoxia response in

tumor cells within the hypoxic niches in GBM tumors.

Because USP33 is involved in hypoxia response in the hypoxic

niches that play a critical role in GBM malignant progression (Li

et al, 2009; Seidel et al, 2010; Man et al, 2018), we next investigated

the function of USP33 in GSC-derived GBM tumor growth by silenc-

ing USP33. GSCs expressing luciferase and shUSP33 or shNT (non-

targeting shRNA) control were implanted into mouse brains, and

intracranial tumor growth was monitored with bioluminescent

imaging. In vivo bioluminescent imaging showed that disruption of

USP33 in GSCs inhibited tumor growth of GSC-derived GBM xeno-

grafts (Figs 7A and EV5A). Consistently, the mice bearing xeno-

grafts derived from shUSP33-expressing GSCs had significantly

longer survival than the control group (Figs 7B and EV5B).

Immunofluorescent staining of cleaved caspase-3 and Ki67 demon-

strated that disruption of USP33 dramatically elevated apoptosis

(Figs 7C and D, and EV5C and D) but inhibited cell proliferation

◀ Figure 4. The activation of ERK1/2 upon hypoxia promotes the serine phosphorylation on HIF2a to facilitate its interaction with USP33.

A Immunoblot analysis of the serine/threonine phosphorylation (pS/T) status of HIF2a in GSCs in response to 5% oxygen. GSCs were cultured under 20% or 5%
oxygen for 24 h, and then harvested for immunoprecipitation with anti-HIF2a antibodies or IgG control. Immunoprecipitated endogenous HIF2a were
immunoblotted with anti-pan-pS/T antibodies. An increased pS/T of HIF2a was detected in GSCs cultured under 5% oxygen relative to 20% oxygen.

B Immunoblot analysis of the serine/threonine phosphorylation (pS/T) status of HIF2a in GSCs after inhibition of ERK1/2 activity. GSCs were cultured under 20% or
5% oxygen for 24 h, then treated with the MEK inhibitor U0126 (10 lM) for 30 min to inhibit ERK1/2 activity, and harvested for immunoprecipitation with anti-
HIF2a antibodies. Immunoprecipitated endogenous HIF2a were immunoblotted with anti-pan-pS/T antibodies. In comparison with 20% oxygen treatment, the
treatment with 5% oxygen elevated pS/T of HIF2a in GSCs, but the increased pS/T of HIF2a was abolished by U0126 treatment.

C, D Co-immunoprecipitation to detect the interaction between endogenous HIF2a and USP33 in GSCs after inhibition of ERK1/2 activity. GSCs were cultured under
20% or 5% oxygen for 24 h, then treated with the MEK inhibitor U0126 (10 lM) for 30 min to inhibit ERK1/2 activity, and harvested for immunoprecipitation with
anti-HIF2a (C) or anti-USP33 (D) antibodies. Co-immunoprecipitated products were immunoblotted with the indicated antibodies. Relative to 20% oxygen
treatment, 5% oxygen treatment promoted the interaction between HIF2a and USP33 in GSCs. However, inhibition of ERK1/2 activity by U0126 treatment
suppressed the interaction between HIF2a and USP33.

E Immunoblot analysis of the polyubiquitination of endogenous HIF2a proteins in GSCs after inhibition of ERK1/2 activity. GSCs were cultured under 20% or 5%
oxygen for 24 h before harvest. MG132 (20 lM) was added to cell culture 6 h before harvest, and U0126 (10 lM) was added to cell culture 30 min before harvest.
Cell lysates were subjected to immunoprecipitation with anti-HIF2a antibodies and immunoblot with anti-Ub antibodies. Whereas 5% oxygen suppressed the
polyubiquitination of HIF2a, inhibition of ERK1/2 activity by U0126 restored the polyubiquitination of HIF2a in GSCs.

F, G Co-immunoprecipitation to determine the serine phosphorylation sites in human HIF2a responsible for its binding to USP33. Ectopic GFP-tagged USP33 along with
HA-tagged wild-type HIF2a or HIF2a mutants with indicated serine-to-alanine point mutations were expressed in 293T cells. Cell lysates were subjected to
immunoprecipitation with anti-USP33 antibodies (F) or anti-HA agaroses (G). Co-immunoprecipitated products were immunoblotted with the indicated antibodies.
The S484A mutation largely attenuated the interaction of HIF2a with USP33, indicating that the serine 484 site in HIF2a was the most important phosphorylation
site for the interaction between HIF2a and USP33.

Source data are available online for this figure.
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(Figs 7E and F, and EV5E and F) in GBM tumors. TUNEL assays

further proved the elevated cell apoptosis in the xenografts derived

from shUSP33-expressing GSCs relative to the control xenografts

(Appendix Fig S7A–C). Meanwhile, immunofluorescent analyses

demonstrated the reduced HIF2a and USP33 expression in the xeno-

grafts derived from shUSP33-expressing GSCs relative to the control

xenografts (Appendix Fig S7D–H). As hypoxia promotes tumor

angiogenesis (Mukhopadhyay et al, 1995; West et al, 2010), we also

determined the vascularization in the GSC-derived xenografts.

Immunofluorescent analyses with the endothelial cell marker Glut1

showed that disruption of USP33 significantly inhibited tumor

vascularization in GBM tumors derived from shUSP33-expressing

GSCs (Fig 7G and H). Taken together, these data demonstrate that

disrupting USP33 inhibits GBM growth.

Discussion

Hypoxia is closely associated with therapeutic resistance across

multiple solid tumors (Fluegen et al, 2017; Shukla et al, 2017; Ma

A

C
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Figure 5.
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et al, 2019). Various types of cells including tumor cells, endothelial

cells, and immune cells have been found to respond to hypoxia,

resulting in profound changes in pro-tumor vascularization, metabo-

lism, and immunosuppression (Palazon et al, 2012, 2017; Fan et al,

2014; Shukla et al, 2017). However, the diverse phenotypes are

commonly under the control of the HIFs (Palazon et al, 2012, 2017;

Fan et al, 2014; Shukla et al, 2017). Although the downstream effec-

tors of HIFs vary in different types of cells, HIF proteins are widely

recognized as the initiating point of hypoxia response (Palazon

et al, 2012; Palazon et al, 2017; Stegen et al, 2019; van den Beucken

et al, 2014). On the other hand, few upstream regulators of HIFs

have been reported, and they often function in a hypoxia-

independent fashion (Fan et al, 2014; Lee et al, 2016). The investiga-

tion of a hypoxia-induced upstream regulator of HIFs not only

provides new therapeutic targets but also expands our understand-

ing of the initiation of hypoxia response at the molecular level.

Protein ubiquitination and deubiquitination play central roles in

hypoxia response. In general, hypoxia reduces the O2-dependent

hydroxylation, abrogates the binding of the E3 ligase VHL, and thus

prevents the polyubiquitination and proteasomal degradation of

hypoxia-responsive proteins (Kaelin & Ratcliffe, 2008). In this

scenario, the loss of the polyubiquitination signals on hypoxia-

responsive proteins is mainly a passive and gradual process. Alter-

natively, DUB-mediated deubiquitination represents an active and

timely process for the removal of the polyubiquitin chains to stabi-

lize hypoxia-responsive proteins, which may function to finely tune

the strength and duration of hypoxia signaling (Clague et al, 2019).

Importantly, hypoxia is also associated with the maintenance of

both normal stem cells and cancer stem cells. DUBs have been

shown to regulate cell pluripotency and differentiation. In neural

stem cells, the pivotal transcriptional factor REST is under the

control of USP7, USP14, and USP15 (Huang et al, 2011; Doeppner

et al, 2013; Faronato et al, 2013). Moreover, USP22 and USP13 regu-

late the stability of the stem cell transcriptional factor c-Myc (Fang

et al, 2017; Kim et al, 2017). As tumor cells incline to transit into a

stem cell-like status under hypoxic stress (Fluegen et al, 2017; van

den Beucken et al, 2014), the induction of DUBs may bestow the

pluripotency of cancer cells in the hypoxic niches. Whereas tumor

cells generally respond to hypoxia, DUBs may be selectively regu-

lated by hypoxia in specific cancer cell subpopulations such as

cancer stem cells in the hypoxic niche.

Elevated expression of HIFs was found to be associated with poor

clinical outcomes in cancer patients with cervical, breast, ovarian,

renal, lung, and brain cancers (Birner et al, 2000; Giatromanolaki

et al, 2001; Holmquist-Mengelbier et al, 2006; Klatte et al, 2007;

Osada et al, 2007; Helczynska et al, 2008). Upregulation of HIFs

may have resulted from the loss or inhibition of the VHL activity,

the inhibition of the upstream hydrolyses, the increase in mRNA

levels, and the enhanced translation of HIF mRNAs (Li et al, 2009;

Bett et al, 2013; Zhang et al, 2016; Kokate et al, 2018). However,

HIFa proteins have an expeditious turnover with a half-life about

5 min (Doe et al, 2012; Zhuang et al, 2016), highlighting the impor-

tance of the DUB-mediated deubiquitination as an active mechanism

in regulating HIFa protein levels. HIF1a and HIF2a have non-

interchangeable functions and they are expressed in different tumor

cell subpopulations with disparate regulations (Keith et al, 2011). In

GBM, HIF1a is expressed in most glioma cells but HIF2a is preferen-

tially expressed in GSCs (Li et al, 2009). In addition, whereas HIF1a
is accumulated under acute hypoxic conditions, HIF2a is the domi-

nant hypoxia-inducible factor present in GSCs in response to a wide

range of low oxygen levels (Li et al, 2009). A short list of DUBs such

as USP20, USP28, and USP9X have been reported to regulate HIF1a
in response to hypoxia because they counteract polyubiquitination

of HIF1a mediated by VHL (Li et al, 2005; Troilo et al, 2014; Goto

et al, 2015; Zhang et al, 2016; Sun et al, 2018). However, no

convincing DUBs to execute the deubiquitination of HIF2a proteins

have been reported. Although USP8 is reported to interact with and

stabilize HIF2a proteins, the deubiquitination of HIF2a by USP8 has

not been demonstrated (Troilo et al, 2014). OTUD7B is found to

upregulate the transcription of HIF2a, which is irrelevant to the

deubiquitination of HIF2a proteins (Bremm et al, 2014; Moniz et al,

2015). Our study identified USP33 as a key DUB of HIF2a under

◀ Figure 5. USP33 is required for maintaining GSC self-renewal potential under hypoxic and normoxic conditions.

A Immunoblot analysis of USP33 and HIF2a protein levels in T387 GSCs expressing USP33-targeting shRNAs (shUSP33) or non-targeting shRNA (shNT). Targeting
USP33 by two distinct shRNA clones through lentiviral infection reduced USP33 and HIF2a expression in GSCs.

B Representative images of tumorsphere formation of T387 GSCs expressing USP33-targeting shRNA (shUSP33) or non-targeting shRNA (shNT). Twenty-four hours
after lentiviral infection, T387 GSCs expressing shUSP33 or shNT were planted in 96-well plates at the density of 2,000 cells per well and cultured for 48 h under
normoxia (20% O2) or hypoxia (5% O2). Disruption of USP33 inhibited GSC tumorsphere formation in normoxia and dramatically suppressed GSC tumorsphere
formation in hypoxia. Scale bar, 200 lm.

C, D Statistical quantifications of tumorsphere numbers (C) and sizes (D) showing the inhibition of tumorsphere formation after disruption of USP33 in T387 GSCs.
Disruption of USP33 inhibited tumorsphere formation of GSCs in normoxia, whereas hypoxia further augmented the inhibitory effects of USP33 disruption on GSC
tumorsphere formation. Data represent three independent experiments. The presented bars for tumorsphere numbers and sizes were based on 5 and 10 technical
replicates, respectively. *P < 0.05; **P < 0.01; ***P < 0.001 (mean � s.e.m.; two tailed unpaired t-test).

E Cell titer assays showing cell growth of T387 GSCs expressing shUSP33 or shNT in normoxia or hypoxia. GSCs were transduced with shNT or shUSP33 through
lentiviral infection for 24 h, and then split into 96-well plates at the concentration of 2,000 cells per well. Cell titer was determined by the Glo luminescent cell
viability assay kit (Promega) at the indicated time points. Disruption of USP33 inhibited GSC growth in normoxia and hypoxia. The experiment has been repeated
three times. The presented curves were based on three technical replicates. *P < 0.05; **P < 0.01; ***P < 0.001 (mean � s.e.m.; two-tailed unpaired t-test).

F Representative immunofluorescent staining of the apoptotic marker cleaved caspase-3 in T387 GSCs expressing shUSP33 or shNT in normoxia or hypoxia. GSCs
were attached to hESC-Qualified Matrix (Corning) in six-well plates at the concentration of 50,000 cells per well. Forty-eight hours post-infection with shUSP33 or
shNT lentiviruses, cells were stained for cleaved caspase-3 (green) and nuclei (blue). Scale bar, 80 lm.

G Statistical quantification of (F) showing relative apoptosis of T387 GSCs expressing shUSP33 or shNT in normoxia or hypoxia. Disruption of USP33 increased the
apoptosis of GSCs in normoxia, which was further elevated in hypoxia. Data represent three independent experiments. *P < 0.05 (mean � s.e.m.; two-tailed
unpaired t-test).

Source data are available online for this figure.
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Figure 6. Disrupting USP33 impairs hypoxia response in GSCs in the tumor microenvironment.

A A schematic diagram of the 4HRE-d2GFP fluorescent hypoxia reporter system containing a destabilized GFP (d2GFP) fluorescent reporter under the control of four
repetitive cis-acting hypoxia-responsive elements (HRE) followed by a minimum CMV promoter. The hypoxia reporter system was constructed on the backbone of
pCDH-CMV-MCS-EF1a-Neo lentiviral vector (System Biosciences).

B Representative images of autonomous fluorescent signals from T387 and T3359 GSCs transduced with 4HRE-d2GFP in response to 5% oxygen. Strong GFP signals
were detected under 5% oxygen, whereas no GFP signal was detected under 20% oxygen. Scale bar, 200 lm.

C, D Representative images (C) and statistical quantifications (D) of autonomous fluorescent signals of 4HRE-d2GFP in xenografts derived from or shUSP33- or shNT-
expressing T387 GSCs transduced with 4HRE-d2GFP. The reduced fraction of GFP+ tumor cells in the xenografts derived from shUPS33-expressing GSCs relative to
the control xenografts indicated that USP33 disruption impaired hypoxia response in tumor cells. Scale bar, 200 lm. ***P < 0.001 (n = 5 tumors; mean � s.e.m.;
two-tailed unpaired t-test).

E, F Representative images (E) and statistical quantifications (F) of autonomous fluorescent signals of 4HRE-d2GFP (green) and immunofluorescent staining of the stem cell
marker SOX2 (red) in xenografts derived from T387 GSCs transduced with 4HRE-d2GFP. More GFP signals were detected in the SOX2+ cells compared with the SOX2-

cells, suggesting a stronger hypoxia response in GSCs relative to NSTCs. Scale bar, 200 lm. ***P < 0.001 (n = 5 tumors; mean � s.e.m.; two-tailed unpaired t-test).
G, H Representative images (G) and statistical quantifications (H) of immunofluorescent staining of the apoptotic marker cleaved caspase-3 (red) and autonomous

fluorescent signals of 4HRE-d2GFP (green) in xenografts derived from T387 GSCs transduced with 4HRE-d2GFP. The GFP+ population had much less apoptosis
relative to the GFP� population, suggesting that hypoxia response inhibited cell apoptosis. Scale bar, 200 lm. (n = 5 tumors for each group; ***P < 0.001;
mean � s.e.m.; two-tailed unpaired t-test).
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Figure 7. Disrupting USP33 inhibited growth of GSC-derived GBM xenografts.

A In vivo bioluminescent imaging analysis of intracranial tumor growth in mice bearing GBM xenografts derived from the T387 GSCs expressing shUSP33 or shNT.
Two-thousand GSCs transduced with luciferase and shUSP33 or shNT were implanted into mouse brains through intracranial injection. Representative
bioluminescent images on day 7, day 15, and day 30 post-transplantation of GSCs were shown. Disruption of USP33 delayed tumor growth of intracranial GBM
xenografts.

B Kaplan–Meier survival curves of mice bearing GBMs derived from T387 GSCs expressing shUSP33 or shNT from (A). Disruption of USP33 extended the survival of
mice bearing GSC-derived GBM tumors. (n = 5 mice for each group; shUSP33#42 vs. shNT, P = 0.0185; shUSP33#45 vs. shNT, P = 0.0027; two-tailed log-rank test).

C, D Immunofluorescent analysis (C) and statistical quantifications (D) of the apoptotic marker cleaved caspase-3 in xenografts derived from T387 GSCs expressing
shUSP33 or shNT. Disruption of USP33 in GSCs dramatically elevated apoptosis in GBM tumors. Scale bar, 80 lm. (n = 5 tumors for each group; ***P < 0.001;
mean � s.e.m.; two-tailed unpaired t-test).

E, F Immunofluorescent analysis (E) and statistical quantifications (F) of the cell proliferation marker Ki67 in xenografts derived from T387 GSCs expressing shUSP33 or
shNT. Disruption of USP33 in GSCs reduced cell proliferation in GBM xenografts. Scale bar, 80 lm. (n = 5 tumors for each group; ***P < 0.001; mean � s.e.m.; two-
tailed unpaired t-test).

G, H Immunofluorescent analysis (G) and statistical quantifications (H) of the vascular endothelial cell marker Glut1 in xenografts derived from T387 GSCs expressing
shUSP33 or shNT. Disruption of USP33 in GSCs reduced vessel intensity in GBM xenografts. Scale bar, 80 lm. (n = 5 tumors for each group; ***P < 0.001;
mean � s.e.m.; two-tailed unpaired t-test).
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hypoxic conditions. Despite the similarities between HIF1a and

HIF2a, USP33 did not interact with HIF1a (Appendix Fig S8A). Over-

expression or disruption of USP33 in GSCs showed negligible effects

on HIF1a protein levels (Appendix Fig S8B–D). Therefore, the

discovery of USP33 as a hypoxia-inducible DUB specifically for

HIF2a in GSCs highlights the sophisticated molecular mechanisms

controlling the oxygen-dependent regulation of different HIFs.

USP33 is also named as the VHL-interacting deubiquitinating

enzyme 1 (VDU1), which shares an approximately 59% identity

with USP20/VDU2 (Li et al, 2002). Both USP33 and USP20 interact

with VHL, but hypoxia induces the interaction between USP20 and

HIF1a to deubiquitinate and stabilize HIF1a, whereas USP33 shows

no affinity to HIF1a (Li et al, 2005). Little is known about the

substrates and functions of USP33. It has been reported that USP33

deubiquitinates the Robo-1 receptor and promotes Slit/Robo signal-

ing in regulating neuronal axon guidance and tumor cell migration

(Yuasa-Kawada et al, 2009). In addition, USP33 deubiquitinates the

centriolar protein CP110 that is essential for centrosome amplifi-

cation (Li et al, 2013). In this study, we discovered that USP33 is

induced by hypoxia preferentially in GSCs to deubiquitinate and

stabilize HIF2a, promoting the maintenance of GSCs. The molecular

mechanisms driving the upregulation of USP33 in GSCs in response

to hypoxia remain to be further investigated. We found no change

in the transcription of USP33 in response to hypoxia (Appendix Fig

S9A). Disruption of neither HIF1a nor HIF2a affected USP33 protein

levels under hypoxic conditions (Appendix Fig S9B and C), suggest-

ing that the hypoxia induction of USP33 is not under the control of

HIFs. Because USP33 is a VHL-interacting protein, the protein stabil-

ity of USP33 may be affected by the VHL-mediated ubiquitin–protea-

somal degradation. Nevertheless, USP33 lacks the oxygen-

dependent degradation domains or the conserved hydroxylation

motif LXXLAP that mediates the oxygen-sensitive binding of VHL

(Huang et al, 1998; Masson et al, 2001). Moreover, biochemical

studies showed that the 91-113aa region in the VHL protein medi-

ates its interaction with HIFs, but the 54-83aa region is responsible

for the USP33 binding (Tanimoto et al, 2000; Li et al, 2002). There-

fore, the hypoxia-responsive regulation of USP33 may not simply

resemble the stabilization of HIFs by hypoxia-induced dissociation

of VHL. Recent studies showed that USP33 may be degraded by

another E3 enzyme HERC2 (Chan et al, 2014). USP33 and HERC2

were in a complex containing p97 and NPL4/UFD1, which recapitu-

lates the formation of the complex consisting of HIF1a, VHL, p97,
and NPL4/UFD1 under normoxia that mediates HIF1a degradation

(Alexandru et al, 2008; Chan et al, 2014). In addition, depletion of

p97 resulted in accumulation of HIF1a and USP33 (Alexandru et al,

2008; Chan et al, 2014). It would be interesting to study whether

USP33 is in the oxygen-sensitive protein complex containing HERC2

or VHL that may regulate the induction of USP33 under hypoxia.

Hypoxia-inducible factors proteins are functionally regulated

through multiple post-translational modifications including hydrox-

ylation, phosphorylation, acetylation, sumoylation, and methylation

(Keith et al, 2011). Although phosphorylation of HIF2a has been

noticed for a while, little is known about the catalytic enzymes and

the functions. In this study, we found that activated ERK1/2 phos-

phorylate S484 on human HIF2a to promote the interaction between

HIF2a and USP33, resulting in HIF2a stabilization and accumulation

in GSCs in response to hypoxia. Numerous reports have demon-

strated the activation of ERK1/2 in response to hypoxia. Hypoxia-

induced ERK1/2 may be under the control of VHL. VHL binds to

and degrades the hydroxylated NDRG3 protein under normoxia,

whereas hypoxia stabilizes NDRG3 that binds to c-Raf and activates

the c-Raf-ERK1/2 pathway (Stalmans et al, 2015). Although our

study showed that ERK1/2 were the upstream regulators of HIF2a,
other studies reported that ERK1/2 may also be regulated by HIF2a
(Ramakrishnan et al, 2016). However, disruption of neither HIF1a
nor HIF2a altered ERK1/2 activation in GSCs in response to hypoxia

(Appendix Fig S9B and C). In fact, phosphorylation of ERK1/2

occurred ahead of HIF2a upregulation in response to hypoxia in

GSCs (Appendix Fig S9D). Thus, hypoxia-induced activation of

ERK1/2 may be independent of HIFs at least in GSCs. HIF2a holds

multiple potential phosphorylation sites for ERK1/2, including S484,

S581, and S672. Our data showed that the S484 phosphorylation

was critical for the interaction between HIF2a and USP33 (Fig 6F

and G). Previous reports showed that S672 mediated the interaction

between HIF2a and CRM1 (chromosomal maintenance 1) to affect

the localization but not stability of HIF2a protein (Gkotinakou et al,

2019). Interestingly, both S484 and S581 are localized within the N-

terminal TAD (transactivation domain) that determines the target

gene specificity of HIF2a. Replacement of the N-TAD of HIF2a with

the analogous region of HIF1a will convert HIF2a into a protein with

HIF1a functional specificity (Hu et al, 2007). It is possible that the

phosphorylation sites within the N-TAD may determine the selective

binding of HIF2a to USP33. In addition, S484 is in the ODD domain

of HIF2a and is flanked by the two critical hydroxylation sites P405

and P531 (Keith et al, 2011). Thus, the ODD of HIF2a may function

as an oxygen-sensitive molecular switch through binding to the

ubiquitin E3 ligase VHL under normoxia and promoting interaction

with the deubiquitinase USP33 under hypoxia.

In summary, our findings highlight USP33 as a critical hypoxia-

inducible DUB that deubiquitinates and stabilizes HIF2a in response

to hypoxia to promote GSC maintenance and GBM tumor growth.

Activation of ERK1/2 upon hypoxia is able to phosphorylate HIF2a
at S484 to promote the interaction between USP33 and HIF2a,
which reduces HIF2a ubiquitination to stabilize this critical protein.

Our findings not only uncover the key DUB responsible for HIF2a
stabilization and GSC adaption to hypoxia but also provide new

insight into the function of ERK1/2 activity in hypoxia response.

These discoveries may be utilized to develop new therapeutic strate-

gies to target GSCs in the hypoxic tumor microenvironment to

improve GBM treatment.

Materials and Methods

Human GBM specimens, glioma stem cells (GSCs), and non-stem
tumor cells (NSTCs)

Deidentified GBM surgical specimens were collected from The Brain

Tumor and Neuro-Oncology Center at Cleveland Clinic in accor-

dance with an Institutional Review Board-approved protocol.

Informed consent was obtained from all subjects. GSCs and matched

non-stem tumor cells (NSTCs) were isolated from primary GBMs or

xenografts and cultured as previously described (Bao et al, 2006;

Zhou et al, 2017). In brief, glioma cells were isolated from GBM

tumors with Papain Dissociation System (Worthington Biochemical,

LK003153). After recovery in the stem cell medium (Neurobasal-A
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medium (Thermo Fisher, A2477501) with B27 supplement (Thermo

Fisher, 12587010), 10 ng/ml EGF (Gold biotechnology, 1150-04-

1000), 10 ng/ml bFGF (R&D Systems, 4114-TC-01 M), 2 mM L-

glutamine (Thermo Fisher, 35050061), and 1 mM sodium pyruvate

(Thermo Fisher, 11360070)) for at least 6 h for the reexpression of

surface markers, the isolated cells were then labeled with a phyco-

erythrin (PE)-conjugated anti-CD133 antibody (Miltenyi Biotec, 130-

098-826) and a FITC-conjugated anti-CD15 antibody (Millipore,

CBL144F) followed by fluorescence-activated cell sorting (FACS) to

sort the GSC population (CD15+/CD133+) and the NSTC population

(CD15�/CD133�). A series of functional assays were then applied to

validate the cancer stem cell phenotypes of the isolated GSCs,

including self-renewal (serial neurosphere formation), multipotent

differentiation (induction of multi-lineage differentiation in vitro),

and tumor initiation (in vivo limiting dilution assay) as previously

described (Bao et al, 2006; Zhou et al, 2017). The validated GSCs

were then used for further experiments. GSCs were cultured in the

stem cell medium, and NSTCs were cultured in DMEM with 10%

FBS to maintain differentiation status. For western blots, the DMEM

medium for NSTC was changed to the stem cell medium 12 h before

harvest to avoid potential bias from different cell culture systems.

Intracranial tumor formation

Intracranial transplantation of GSCs to establish orthotopic GBM

xenografts was performed as described (Bao et al, 2006; Zhou et al,

2017). GSCs were infected with indicated shRNAs and/or with luci-

ferase through lentiviral infection. Cells were selected with puro-

mycin (1 lg/ml, Fisher Scientific) for 48 h after infection. A total of

2,000 cells were then engrafted intracranially into immunocompro-

mised NSG mice (Jackson Laboratories, 005557, or the Cleveland

Clinic’s Biological Resources Unit) into the right cerebral cortex at a

depth of 2.5–3.5 mm. Animals were monitored by bioluminescent

imaging or maintained until manifestation of neurological signs. For

in vivo bioluminescent imaging, firefly luciferase was transduced

into GSCs through lentiviral infection followed by two rounds of

puromycin selection. Mice bearing GSC-derived xenografts were

injected with D-luciferin (Goldbio, LUCK-1G) at 150 mg/kg intra-

toneally and the bioluminescent signals reflecting tumor growth

were captured by Spectrum IVIS imaging system (PerkinElmer). All

animal protocols were approved by the Animal Research Committee

of the Cleveland Clinic, and all animals were housed in the Associa-

tion for the Assessment and Accreditation of Laboratory Animal

Care-accredited animal facility at Cleveland Clinic Lerner Research

Institute. No specific method was used to predetermine sample size.

The experiments were not randomized. Only animals with acciden-

tal death (e.g., due to infection or intracranial injection) were

excluded from the data analysis. The investigators were not blinded

to allocation during experiments and outcome assessment.

Immunofluorescent staining and in vivo labeling of hypoxic cells

Immunofluorescent staining was performed as described before

(Zhou et al, 2017; Zhang et al, 2020). Surgical human GBM speci-

mens or intracranial xenografts were fixed overnight in 4% PFA at

4°C, stored in 30% sucrose solution overnight at 4°C, embedded in

OCT at �20°C overnight, and cryosectioned at a thickness of 8 lm.

Sections were blocked with a PBS solution containing 1% BSA

(Sigma) plus 0.03% TWEEN-20 for 1 h at room temperature and

incubated with primary antibodies (1:200 dilution) overnight at 4°C.

After then, the sections were washed with a cold PBS solution

containing 1% BSA (Sigma) plus 0.03% TWEEN-20 and incubated

with secondary antibodies (1:200 dilution) for 2 h followed by DAPI

for 5 min at room temperature and then subjected to microscopy.

Specific antibodies against the hypoxia marker CA9 (Novus, NBP1-

51691 or NB100-417), the GSC markers GSC marker SOX2 (Millipore

AB5603; Santa Cruz sc-17320) or Olig2 (R&D systems AF2418),

HIF1a (Novus, NB100-449), HIF2a (Novus, NB100-122), USP33

(Novus, H00023032-M01 or Bethyl, A300-925A), the cell apoptotic

marker cleaved caspase-3 (Cell Signaling Tech. 9661), the cell prolif-

eration marker Ki67 (Abcam, ab15580), the astrocyte marker GFAP

(Biolegend, 840001), the neuronal marker TUJ1 (Biolegend,

801202), and the endothelial cell markers Glut1 (Thermo Fisher,

RB-9052-P) and CD34 (Biolegend, 343502) were used for the stain-

ing on GBM tumor sections as indicated. Glut1-positive areas were

regarded as vessels and determined by ImageJ.

In vivo labeling of the hypoxic cells was carried with the Hypox-

yprobe Plus kit (Hypoxyprobe Inc., HP2-100Kit) according to the

manufacturer’s instructions. Briefly, mice bearing intracranial xeno-

grafts were injected intravenously (tail vein) with 60 mg/kg of

pimonidazole and were sacrificed 2 h post-injection. Intracranial

GBM xenografts were fixed in 4% PFA at 4°C overnight, stored in

30% sucrose solution overnight at 4°C, embedded in OCT at �20°C

overnight, and cryosectioned at a thickness of 8 lm. Pimonidazole

is reductively activated in hypoxic cells and forms stable adducts

with thiol (sulphydryl) groups in proteins, peptides, and amino

acids. Therefore, the hypoxic cells were stained with the FITC-

conjugated IgG1 monoclonal anti-pimonidazole antibody (MAb

clone 4.3.11.3).

TUNEL assay

TUNEL assays detecting apoptosis in tumor sections were performed

with a Click-iTTM Plus TUNEL Assay kit (Invitrogen, C10618) accord-

ing to manufacturer’s instructions. In brief, sections were incubated

with Proteinase K working solution in a humidified chamber at

room temperature for 15 min and then washed with PBS. The

sections were then incubated in 4% PFA in PBS at 37°C for 15 min,

washed with PBS, and rinsed with ddH2O. After incubation in TdT

Reaction Buffer at 37°C for 10 min, the sections were incubated in

the TdT reaction mixture in a humidified chamber at 37°C for

60 min. The sections were then rinsed with ddH2O, incubated in

3% BSA and 0.1% TritonTM X-100 in PBS for 5 min, and rinsed with

PBS. The samples were then completely immersed in the Click-iTTM

Plus TUNEL Reaction cocktail and incubated for 30 min at 37°C in

dark. After then, the sections were washed with 3% BSA in PBS for

5 min, rinsed with PBS, stained with Hoechst for 15 min, washed

with PBS, and then subjected to microscopy.

Cell viability and in vitro limiting dilution assay

For cell viability assay, 2,000 cells (for GSCs) or 5,000 cells (NSTCs)

per well were plated in a 96-well plate. Viable cells at different time

points were measured using the Cell Titer-Glo Luminescent Cell

Viability Assay kit (Promega, G7571) according to the manufac-

turer’s instructions. For in vitro limiting dilution assay, cells were
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infected with lentiviruses and recovered for 15 days. GSC tumor-

spheres were dissociated for subculture twice a week. At the starting

point of experiment, different numbers of GSCs (0, 4, 8, 12, and

16 cells/well) were seeded into 96-well plates, each cell density

with 24 replicates. The numbers of wells with the presence of neuro-

spheres were recorded at Day 5 post-seeding, and the clonogenic

ability of cells was analyzed using the software at: http://bioinf.

wehi.edu.au/software/elda/.

Plasmid constructs and lentivirus production

The 4HRE-d2GFP reporter was constructed by replacing the CMV

promoter of the pCDH-CMV-MCS-EF1-Puro vector (System Bios-

ciences CD510B-1) with an insert of four repetitive cis-acting

hypoxia-responsive elements (HRE) from the VEGF promoter

followed by a minimum CMV promoter, which was subcloned from

the 5HRE-GFP plasmid purchased from Addgene (Plasmid 46926)

(Vordermark et al, 2001). The wild-type and catalytically dead USP33

in pEGFP-C1 vector were kind gifts from Dr. Michael J. Clague

(University of Liverpool, UK) (Thorne et al, 2011), which were later

subcloned into the pCDH-CMV-MCS-EF1-Puro vector for lentivirus

package. The wild-type and hydroxylation mutated 2dPA HIF2a in

pcDNA3 vector were purchased from Addgene (Plasmid 18950 and

18956; Kondo et al, 2002; Yan et al, 2007) and subcloned into

pRLenti-CMV-PGK-Puro vector for lentivirus package. The S484A,

S581A, and S672A HIF2a mutants were generated with the

QuikChange� II XL Site-Directed Mutagenesis kit (Agilent, 200522)

according to the manufacturer’s instruction. shRNAs targeting USP33

(SHCLNG-NM_015017, TRCN0000004442, and TRCN0000004445),

HIF1a (SHCLNG- NM_001530, TRCN0000003809, and

TRCN0000003810), HIF2a (SHCLNG-NM_001430, TRCN0000003803,

and TRCN0000003804), or the shNT control shRNA (SHC002) were

purchased from Sigma. For lentivirus production, 293FT cells were

transfected with the desired plasmid together with the helper plas-

mids pCI-VSVG and ps-PAX2. After 48–72 h transfection, lentiviral

supernatant was collected and tittered as described previously (Zhou

et al, 2017; Zhang et al, 2020). GSCs were then infected with lenti-

virus at a MOI around 3.

Immunoblot analysis and immunoprecipitation

Immunoblotting was performed as previously described (Zhang et al,

2020). Briefly, cells were lysed in TritonX-100 lysis buffer (1%

TritonX-100, 10% glycerol, 50 mM HEPES pH7.5, 150 mM NaCl,

100 mM NaF, 1 mM PMSF, 1 mM Na3VO4, and protease inhibitor

cocktail) and subjected to SDS-PAGE. After SDS-PAGE, proteins were

transferred to PVDF membrane (Biorad), blocked by 5% milk for

30 min, and incubated with primary antibody overnight at 4°C.

Membranes were washed with TBST for three times and incubated

with secondary antibody for 2 h at room temperature. Membranes

were then washed with TBST for three times and subjected to chemi-

luminescent substrate (Thermo Scientific). Signals were detected with

ChemiDoc XRS+ Imager (Biorad).

For immunoprecipitation, cells were lysed in TritonX-100 lysis

buffer and centrifuged at 15,000 g for 10 min. Supernatant cell

lysates of approximately 200–400 lg total proteins were incubated

with 20 ll of Protein A/G agarose gel (Santa Cruz, sc-2003) along

with primary antibodies against HIF2a (Novus, NB100-122) or

USP33 (Novus, H00023032-M01), normal mouse IgG (Santa Cruz,

sc-2025) or normal rabbit IgG (Cell Signaling, 2729). Anti-HA-

agarose (Sigma, A2095) was used for immunoprecipitation of HA-

tagged proteins. The immunoprecipitation system was adjusted to

a volume of 1 ml by addition of cold PBS supplemented with

0.3% Triton X-100, and then the mixture was subjected to

constant rotation at 80 rpm overnight at 4°C. Immunocomplexes

were washed three times with ice-cold 0.3% Triton X-100 in PBS

buffer and eluted in loading buffer by boiling for 10 min, and

then analyzed by immunoblotting. For co-immunoprecipitation,

half of the immunoprecipitation product was used for immunoblot

of the prey, while the other half was used for the bait protein.

Proteins were resolved on NuPAGE Novex 4–12% Bis-Tris gels

(Invitrogen, NP0322BOX), blotted onto PVDF membranes and

probed by indicated antibodies.

Specific antibodies against HIF1a (Novus, NB100-449), HIF2a
(Novus, NB100-122), USP33 (Novus, H00023032-M01), USP1

(Abcam, ab108104), USP7 (Abcam, ab119364), USP10 (Cell Signaling

Technology, 8501), USP8 (Bethyl, A302-929A), USP13 (Abcam,

ab109264), USP14 (Thermo, PA5-12015), USP19 (Abcam, ab68527),

USP20 (Abcam, ab119918), USP28 (Abcam, ab126604), USP31

(Abcam, ab57451), USP34 (Bethyl, A300-824A), USP36 (Santa Cruz,

sc-82102), USP47(Santa Cruz, sc-100633), HA (Sigma, 11867423001),

GFP (Santa Cruz, sc-8334), tubulin (Sigma, T6199), Flag (Sigma,

F1804), ERK1/2 (Biolegend, 686902), pERK1/2 (Cell Signaling Tech-

nology, 4370), ubiquitin (Biolegend, 646302), and pS/T (BD Bios-

ciences, 612548) were used for immunoblot.

Ubiquitination assay

The ubiquitination assay was performed as previously described

(Huang et al, 2011). Cells were treated with 20 lM MG132 for 6 h

before harvest. Cell lysate was subjected to immunoprecipitation

and the product was eluted in loading buffer by boiling for 10 min.

Proteins were resolved on NuPAGE Novex 4–12% Bis-Tris gels

(Invitrogen, NP0322BOX), blotted onto PVDF membranes and

probed by the anti-ubiquitin antibody.

Quantitative PCR

Total RNA was isolated with the PureLink RNA mini extraction kit

(Thermo Fisher, 12183018A), reverse transcribed with the Prime-

Script RT Reagent kit (Takara, RR037A), and analyzed by quantita-

tive PCR using SYBR Green (Alkali Scientific, QS2050) and the ABI

7500 system (Applied Biosystems). Cycle threshold (Ct) values were

determined automatically by the ABI 7500 system. At least three

biological repeats were performed for each analysis, whereas a

representative result containing three technical replicates were used

to generate graphs. The primers for qPCR analysis are included in

the Appendix Table S1.

Quantification and statistical analysis

The level of significance was determined by the unpaired two-tailed

Student’s t-test (bar graphs) or two-tailed log-rank test with

a = 0.05 (Kaplan–Meier survival curves) with the GraphPad Prism 5

software. All quantitative data presented are the mean � s.e.m.

from at least three samples or experiments per data point. Precise
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experimental details (number of animals or cells and experimental

replication) are provided in the figure legends.

Data availability

This study includes no data deposited in external repositories.

Expanded View for this article is available online.
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