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USP51 facilitates colorectal cancer stemness and
chemoresistance by forming a positive feed-forward
loop with HIF1A
Mingchao Mu1, Qin Zhang2, Jing Li 3, Chenye Zhao1, Xiaopeng Li1, Zilu Chen1, Xuejun Sun 1✉ and Junhui Yu 1✉

© The Author(s), under exclusive licence to ADMC Associazione Differenziamento e Morte Cellulare 2023

In the current study, we have shown that USP51 promotes colorectal cancer stemness and chemoresistance, and high expression of
USP51 predicts survival disadvantage in colorectal cancer patients. Mechanically, USP51 directly binds to Elongin C (ELOC) and
forms a larger functional complex with VHL E3 ligase (USP51/VHL/CUL2/ELOB/ELOC/RBX1) to regulate the ubiquitin-dependent
proteasomal degradation of HIF1A. USP51 efficiently deubiquitinates HIF1A and activates hypoxia-induced gene transcription.
Conversely, the activation of HIF1A under hypoxia transcriptionally upregulates the expression of USP51. Thus, USP51 and HIF1A
form a positive feedback loop. Further, we found that the SUMOylation of ELOC at K32 inhibits its binding to USP51. SUMO-specific
protease 1 (SENP1) mediates the deSUMOylation of ELOC, promoting the binding of USP51 to ELOC and facilitating the
deubiquitination and stabilization of HIF1A by USP51. Importantly, USP51 plays a crucial role in promoting the HIF1A and SENP1-
dependent proliferation, migration, stemness, and chemoresistance under hypoxia in colorectal cancer. Together, our data revealed
that USP51 is an oncogene stabilizing the pro-survival protein HIF1A, offering a potential therapeutic target for colorectal cancer.
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INTRODUCTION
Despite recent advances and new treatments, colorectal cancer
(CRC) remains a major cause of morbidity and mortality in humans
[1]. A common cause of treatment failure is drug resistance.
Therefore, there is still an urgent need to study the mechanisms of
drug resistance and identify new therapeutic targets in CRC.
Ubiquitin-specific protease 51 (USP51) is known to bind to H2A-

H2B to deubiquitinate H2AK13,15ub and regulate DNA damage
response [2]. Another recognized substrate of USP51 is ZEB1 [3], a
transcription factor that induces epithelial-mesenchymal transi-
tion, tumor metastasis, DNA damage response, and therapy
resistance [4–6]. Upregulation of USP51 correlates with poor
survival in breast cancer patients [3]. However, the role USP51
played in CRC needs to be better characterized.
In this study, we have presented evidence indicating that USP51

binds to Elongin C (ELOC), a subunit of the VHL E3 ubiquitin ligase
complex. This binding facilitates the deubiquitination and
stabilization of HIF1A by USP51. And interestingly, USP51 was
identified as a direct target gene of HIF1A, establishing a positive
feedback loop between HIF1A and USP51.
SUMOylation is a reversible post-translational modification and

has a crucial role in regulating essential cellular processes,
including protein stability, subcellular localization, and protein-
protein interactions [7, 8]. In mammalian cells, SUMOylation is
mediated by only one E2 enzyme, UBC9, which can conjugate
SUMO to the target protein. DeSUMOylation can be mediated by a

family of SUMO-specific proteases (SENPs). SENP1 is a deSUMOy-
lating protease that deconjugates a large number of SUMOylated
proteins [9] and is deregulated in many types of cancers [10]. In
addition to identifying the HIF1A-USP51 positive feedback loop,
we also demonstrated that ELOC was post-translational modified
by SUMO1. The deSUMOylation of ELOC mediated by SENP1
facilitated the interaction between ELOC and USP51, consequently
enhancing the process of USP51-mediated deubiquitination and
stabilization of HIF1A.

RESULTS
USP51 can effectively deubiquitinate and stabilize HIF1A
To investigate the role USP51 played in colorectal cancer, we first
tested the protein level of USP51 in CRC cell lines and found that
USP51 was detectable in SW480, DLD-1, and LoVo but not in
HCT116 (Supplementary Fig. 1A). We then established SW480 and
HCT116 cell lines with overexpression of Flag-USP51. RNA-
sequencing showed that, with the overexpression USP51, 68
genes were significantly upregulated in both SW480 and HCT116
(Fig. 1A, Supplementary data 1). KEGG analysis revealed that the
HIF-1 signaling pathway was the critical pathway activated by the
overexpression of USP51 (Fig. 1B). Downstream target genes of
HIF1 such as HK2, LDHA, PDK1, PGK1, MCT4, ALDOA, NOTCH3,
MDR1, SOX2, NANOG, and VEGFA were significantly upregulated
(Fig. 1C, D). Under normoxia (20% O2), we confirmed the
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upregulation of HIF1A and two of its downstream genes (HK2 and
LDHA) at the protein level in HCT116 cells forced expression of
USP51 (Fig. 1E). Forced expression of USP51 in HCT116 cells
increased the mRNA of HK2, LDHA, and VEGFA but did not
influence the mRNA level of HIF1A (Fig. 1F). Similar results were
observed in SW480 cells with USP51 overexpression

(Supplementary Fig. 1B, C). Conversely, the knockdown of USP51
in SW480 cells resulted in a notable reduction in the protein level
of HK2 and LDHA (Fig. 1H), as well as the mRNA levels of HK2,
LDHA and VEGFA (Fig. 1I), while the mRNA level of HIF1A
remained unaffected. Because hypoxia is commonly found in
malignant tumors, thus, we conducted cell experiments under
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hypoxic conditions to simulate the in vivo environment. Under
hypoxia, overexpressing USP51 in HCT116 cells significantly
increased the protein levels of HIF1A, HK2, LDHA, and VEGFA
(Fig. 1E), as well as the mRNA levels of HK2, LDHA, and VEGFA
(Fig. 1G), while the mRNA level of HIF1A remained unaffected.
Similar results were observed in SW480 cells with USP51
overexpression under hypoxia (Supplementary Fig. 1B, D). The
knockdown of USP51 in SW480 cells decreased the protein levels
of HIF1A, HK2, LDHA, and VEGFA (Fig. 1H), as well as the mRNA
levels of HK2, LDHA, and VEGFA (Fig. 1J), while the mRNA level of
HIF1A remained unaffected.
VEGFA has been demonstrated to stimulate angiogenesis in

CRC [11–13], we then investigated whether USP51 played a role in
regulating tumor angiogenesis in vivo. Tumor xenografts were
obtained upon the subcutaneous injection of SW480 cells, the
assessment of angiogenesis was conducted through
CD31 staining. As expected, the introduction of shUSP51 led to
a notable reduction in microvessel density within the tumors
(Supplementary Fig. 1E), paralleling the effect observed with
shHIF1A. This result aligns with the in vitro findings, where
shUSP51 was observed to cause a reduction in hypoxia-
induced VEGFA.
We then investigate the effects of USP51 on preventing HIF1A

degradation by cycloheximide (CHX) chase experiment. Myc-
HIF1A was stably expressed in HEK293T cells (HEK293T-HIF1A).
HEK293T-HIF1A cells were transfected Flag-USP51 or its control
vector and then treated with CHX for the indicated times to inhibit
novel protein synthesis. Immunoblot analysis revealed that
overexpression of USP51 rescued the HIF1A protein level and
resulted in a steady level of HIF1A protein (Fig. 1K). We further
confirmed the protective effect of USP51 on endogenous HIF1A in
HCT116 cells (Fig. 1L). Conversely, the knockdown of USP51 in
SW480 cells accelerated HIF1A degradation (Fig. 1M).
To investigate whether the catalytic activity of USP51 is

necessary to stabilize HIF1A, HEK293T cells were co-transfected
Myc-HIF1A with either Flag-USP51 or catalytically inactive Flag-
USP51/CI (C372S, H665R) [2]. We found that overexpression of
USP51, but not USP51/CI, prevents the degradation of the HIF1A
protein (Fig. 1N). The failure of USP51/CI in preventing HIF1A was
further confirmed in HCT116 cells (Supplementary Fig. 1F).
Next, we confirmed that USP51 deubiquitinated HIF1A.

HEK293T cells were co-transfected Myc-HIF1A with either Flag-
USP51 or Flag-USP51/CI, and anti-Myc immunoprecipitates were
probed for the level of ubiquitination using the antibody
specifically against ubiquitin. Co-expression of HIF1A and USP51,
but not USP51/CI, led to a significant reduction in HIF1A
ubiquitination (Fig. 1O). We further confirm the observations in
HEK293T cells co-transfected HA-ub, Myc-HIF1A with either Flag-
USP51 or Flag-USP51/CI, followed by anti-HA immunoprecipitates
and immunoblot analysis with anti-Myc antibody (Fig. 1P). To
examine the effect of USP51 on the ubiquitination level of
endogenous HIF1A under hypoxia, we transfected either Flag-
USP51 or Flag-USP51/CI in HCT116 cells and anti-HIF1A

immunoprecipitates were prepared and subjected to immunoblot
analysis using a specific antibody against ubiquitin. Overexpres-
sion of USP51, not USP51/CI, reduced the HIF1A ubiquitination
markedly (Fig. 1Q). And the effect of USP51 on the endogenous
HIF1A ubiquitination level was further confirmed in SW480 cells
(Supplementary Fig. 1G). Conversely, the knockdown of USP51 in
DLD-1 cells led to a marked increase in endogenous HIF1A
ubiquitination (Supplementary Fig. 1H).

USP51 interacts with HIF1A via directly binding to ELOC
To investigate the relationship between USP51 and HIF1A, we first
examined the interaction between USP51 and HIF1A by co-
immunoprecipitation. HEK293T cells were co-transfected with
Myc-HIF1A and Flag-USP51, and anti-Flag immunoprecipitates
were probed using the anti-Myc antibody. Exogenous Myc-HIF1A
was detected in the anti-Flag immunoprecipitates (Fig. 2A).
Exogenous USP51 could also co-immunoprecipitate endogenous
HIF1A in HEK293T cells under hypoxia (Fig. 2B). Next, we
confirmed in DLD-1 and SW480 cells that endogenous USP51
could be co-immunoprecipitated with endogenous HIF1A under
hypoxia (Fig. 2C). Immunofluorescence analysis also showed the
colocalization of endogenous HIF1A and endogenous USP51 in
SW480 cells under hypoxia (Fig. 2D). However, a glutathione
S-transferase (GST) pull-down assay revealed that USP51 could not
bind to HIF1A directly (Fig. 2E).
To clarify how USP51 interacts with HIF1A, we performed

affinity enrichment mass spectrometry in SW480 cells stably
overexpressing Flag-USP51. We found that Flag-USP51 effectively
co-immunoprecipitated ELOC (Fig. 2F, Supplementary Fig. 2A, B), a
member of the ECV complex, an E3 ligase responsible for
ubiquitinating HIF1A protein. To confirm the interaction between
USP51 and ELOC, we co-transfected Myc-ELOC and Flag-USP51 in
HEK293T cells, and immunoprecipitation analysis showed exo-
genous ELOC could be co-immunoprecipitated by exogenous
USP51 (Fig. 2G). Endogenous ELOC could also be co-
immunoprecipitated by exogenous USP51 in HCT116 cells
(Fig. 2H). Importantly, a GST pull-down assay revealed that ELOC
could directly interact with USP51 (Fig. 2I). Immunofluorescence
analysis also showed the colocalization of endogenous ELOC and
exogenous USP51 in SW480 cells (Fig. 2J).
Therefore, we hypothesized that USP51 interacts with HIF1A

through its direct interaction with ELOC, and USP51 thus binds to
the E3 ligase complex (VHL/CUL2/ELOB/ELOC/RBX1, ECV complex).
This E3 ligase complex is responsible for tagging HIF1A. To verify this
hypothesis, we knocked down ELOC in HCT116 cells transfected
with Flag-USP51. Knockdown of ELOC abolished co-
immunoprecipitation of HIF1A with Flag-USP51(Fig. 2K). In SW480
cells, the ECV complex could efficiently co-immunoprecipitated by
exogenous USP51 (Fig. 2L, lane 6). However, the knockdown of ELOC
led to neither HIF1A nor anyone of the subunits of the ECV complex
being co-immunoprecipitated by exogenous USP51 efficiently
(Fig. 2L, lane 7). Knockdown of VHL, the HIF1A recognition
component, also abolished the co-immunoprecipitation of HIF1A

Fig. 1 USP51 can effectively prevent HIF1A protein degradation by deubiquitination. A USP51 was overexpressed in SW480 and HCT116
cells, and 68 genes were upregulated in both SW480-USP51 and HCT116-USP51 cells. B KEGG analysis of the 68 genes upregulated. The
heatmaps of USP51 and downstream target genes of HIF1 upregulated by USP51 overexpression in SW480 (C) and HCT116 (D).
E Immunoblotting assay analyzed the protein level of USP51, HIF1A, HK2, LDHA, and VEGFA upon USP51 overexpression in HCT116 cells under
normoxia or hypoxia. The relative mRNA level of USP51, HIF1A, HK2, LDHA, and VEGFA upon USP51 overexpression in HCT116 cells under
normoxia (F) or hypoxia (G). H The protein level of USP51, HIF1A, HK2, LDHA, and VEGFA upon USP51 knockdown in SW480 cells under
normoxia or hypoxia. The relative mRNA level of USP51, HIF1A, HK2, LDHA, and VEGFA upon USP51 knockdown in SW480 cells under normoxia
(I) or hypoxia (J). K Exogenous USP51 efficiently stables exogenous HIF1A protein in HEK293T cells. L Exogenous USP51 efficiently stables
endogenous HIF1A protein in HCT116 cells. M USP51 knockdown accelerated endogenous HIF1A protein degradation in SW480 cells.
N Plasmids encoding Flag-USP51 or Flag-USP51/CI were transiently transfected into HEK293T cells stably expressing Myc-HIF1A for 48 h. USP51,
but not USP51/CI, prevents the degradation of the HIF1A protein. O Co-expression of HIF1A and USP51, but not USP51/CI, led to a significant
reduction in HIF1A ubiquitination. P HEK293T cells co-transfected HA-ub, Myc-HIF1A with Flag-USP51 or Flag-USP51/CI, followed by anti-HA
immunoprecipitates and immunoblot analysis with anti-Myc antibody. Q Exogenous USP51, not USP51/CI, reduced endogenous HIF1A
ubiquitination. WCL whole cell lysate, Nuc nuclear fraction. Data are expressed as mean ± SD, n= 3 biological replicates. ns not significant.
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with Flag-USP51 but maintained the co-immunoprecipitation of
ELOC with Flag-USP51 (Fig. 2L, lane 8).
To determine the specific domains of USP51 that mediate its

interaction with ELOC, we generated six Flag-tagged truncated
forms of USP51 (Fig. 2M). HEK293T cells were co-transfected with

Myc-ELOC and one of the six Flag-tagged truncations of USP51.
Anti-Myc immunoprecipitates were probed using the anti-Flag
antibody. The results revealed that the N-terminal region(1-296aa)
including the zinc finger domain(234-296aa) mediated the
interaction between USP51 and ELOC (Fig. 2N, O).
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SENP1-mediated ELOC deSUMOylation promotes USP51
binding to ELOC
To explore the potential SUMOmodification of ELOC, we generated
whole cell lysates from SW480, DLD-1, and HCT116 cells under two
conditions: with or without the inclusion of 20 mM
N-ethylmaleimide (NEM), an inhibitor of SUMO-specific proteases
(SENPs) [14]. Notably, upon adding NEM, immunoblot analysis
revealed the emergence of a distinct, persistent band ranging from
15kD to 25kD (Supplementary Fig. 3A), suggestive of a SUMO-ELOC
conjugate. This intriguing finding prompted us to investigate
whether ELOC indeed serves as a target for protein SUMOylation.
We first investigate whether ELOC interacts with UBC9, the sole E2
SUMO-conjugating enzyme in mammalian cells. HEK293T cells were
co-transfected with GFP-UBC9 and Myc-ELOC, and the immuno-
precipitation and immunoblot analysis confirmed the interaction
between ELOC and UBC9 (Fig. 3A). Knockdown of UBC9 in SW480
cells weakened the SUMO-ELOC band (Fig. 3B). Next, we
investigated which SUMO protein could be covalently conjugated
to ELOC. We individually co-expressed either HA-SUMO1, HA-
SUMO2, or HA-SUMO3 with Myc-ELOC in HEK293T cells. The Myc-
ELOC band was detected in the immunoprecipitates of anti-HA-
SUMO1 (Fig. 3C), not in the immunoprecipitates of anti-HA-SUMO2
or SUMO3, showing that ELOC is conjugated by SUMO1. This was
confirmed in HEK293T cells transfected with Myc-ELOC and HA-
SUMO1 by probing the anti-Myc immunoprecipitates using the anti-
HA antibody (Fig. 3D). Additionally, the endogenous SUMO-ELOC
protein could be immunoprecipitated by an anti-SUMO1 antibody,
not anti-SUMO2/3/4 (Fig. 3E, F). Colocalization of endogenous
SUMO1 and ELOC in DLD-1 cells also supported that ELOC was
SUMOylated by SUMO1 (Fig. 3G).
To further identify the SUMO modification sites of ELOC, we used

online SUMOylation prediction tools JASSA [15] and found only one
lysine residue, K32, with a high predicted score (Fig. 3H, Supple-
mentary Fig. 3B). To confirm the prediction, HEK293T cells were co-
transfected with HA-SUMO1 and either of the six mutant forms of
Myc-ELOC (K6R, K20R, K32R, K43R, K72R, and K80R). Immunoblot
analysis of anti-HA immunoprecipitates using anti-Myc antibody
revealed that K32R mutation abolished the SUMO1 modification of
ELOC (Fig. 3I). In HEK293T cells, we co-transfected HA-SUMO1 with
either Myc-ELOC WT or Myc-ELOC K32R. We probed anti-Myc
immunoprecipitates using an anti-HA antibody and found the
SUMO-ELOC band in Myc-ELOC WT, but not in Myc-ELOC K32R
(Fig. 3J). Immunofluorescence analysis also showed that the
colocalization of endogenous SUMO1 and exogenous Myc-ELOC
in SW480 cells was disturbed by K32R mutation (Fig. 3K).
Next, we investigated which SENPs mediated the deSUMOlytion of

ELOC. In SW480 cells, we observed that the SUMO-ELOC band
decreased following the knockdown of UBC9 but increased following
the knockdown of SENP1, not SENP2 or SENP3 (Fig. 3L). This
observation was further confirmed in HCT116 cells (Supplementary
Fig. 3C). In HEK293T cells transfected with HA-SUMO1, GFP-UBC9, and

Myc-ELOC, overexpression of SENP1, not SENP2 or SENP3, decreased
the SUMO-ELOC band (Supplementary Fig. 3D–F). These results
indicate that SENP1 mediated the deSUMOlytion of ELOC.
Next, we investigated the functional regulation linked to the

SUMOylation status of ELOC. We initially examined whether the
SUMOylation status of ELOC influences its capacity to form a
VHL complex alongside other ECV complex subunits. Stable
expression of Myc-ELOC WT or Myc-ELOC K32R, a mutant that
prevents SUMO1 modification of ELOC, was accomplished in
SW480 cells. Notably, both the WT and mutant forms of
exogenous ELOC effectively co-immunoprecipitated with the
ECV complex (Supplementary Fig. 3G). The outcome suggests
that the SUMOylation state of ELOC does not play a role in
determining its ability to form a VHL complex. Following that,
we hypothesized that the SUMOylation state of ELOC disrupts its
interaction with USP51. In SW480 cells, when UBC9 was knocked
down, there was an augmentation in the interaction between
USP51 and ELOC (Fig. 3M). Conversely, the interaction dimin-
ished upon the knockdown of SENP1 (Fig. 3M). We further
confirmed the result in HCT116 cells transfected with Flag-
USP51 (Fig. 3N). In HEK293T cells transfected with GFP-UBC9 and
HA-SUMO1, we expressed Myc-ELOC WT or Myc-ELOC K32R. The
K32R mutation in ELOC led to an elevation in the co-
immunoprecipitation of Flag-USP51 protein with Myc-ELOC
(Fig. 3O). In SW480 cells, UBC9 knockdown attenuated the
shUSP51-induced degradation of HIF1A, while SENP1 knock-
down enhanced the shUSP51-induced degradation of HIF1A
under hypoxia (Fig. 3P), all the while leaving the mRNA level of
HIF1A unaffected (Supplementary Fig. 3H). In HCT116 cells, UBC9
knockdown intensified the USP51-induced HIF1A protein
accumulation, while SENP1 knockdown mitigated the USP51-
induced HIF1A protein accumulation (Fig. 3Q). This effect
remained consistent under both normoxia and hypoxia, with
the mRNA level of HIF1A unaffected (Supplementary Fig. 3I).
These findings imply that the SUMOylation status of ELOC

modulates its interaction with USP51, consequently regulating the
deubiquitylation and stabilization of HIF1A. SENP1-mediated ELOC
deSUMOylation promotes the binding of USP51 to ELOC and the
stabilization of HIF1A. DeSUMOylation of ELOC through SENP1
appears to enhance the affinity between ELOC and USP51,
potentially leading to the stabilization of HIF1A.

USP51 is a direct target gene of both HIF1A and HIF2A
To investigate whether USP51 is a HIF1A target gene, we exposed
SW480(TP53 mutant) and HCT116(TP53 WT) cells to hypoxia or
normoxia. We observed a marked increase in USP51 expression
under hypoxia in HCT116 cells, both in protein and mRNA level
(Fig. 4A–D). Hypoxia-induced USP51 upregulation in HCT116 cells
was attenuated upon HIF1A knockdown (Fig. 4A, B) while
enhanced upon HIF1A overexpression (Fig. 4C, D). In SW480 cells,
USP51 was significantly upregulated under hypoxia both in

Fig. 2 USP51 interacts with HIF1A via direct binding to ELOC. A Exogenous Myc-HIF1A was co-immunoprecipitated with exogenous Flag-
USP51 in HEK293T cells. B Exogenous USP51 co-immunoprecipitated endogenous HIF1A in HEK293T cells. C Endogenous USP51 could be co-
immunoprecipitated with endogenous HIF1A in SW480 and DLD-1 cells. D Immunofluorescence analysis of the colocalization of endogenous
HIF1A and endogenous USP51 in SW480 cells under hypoxia. E USP51 did not directly bind to HIF1A in vitro. GST and GST-HIF1A protein were
analyzed by Coomassie Brilliant Blue staining. GST or GST-HIF1A was incubated with purified His-USP51. The bound proteins were pulled
down by glutathione-agarose and analyzed by immunoblotting with anti-USP51 antibodies. F Flag-USP51 or Flag-Vector were stably
expressed in SW480 cells. Anti-Flag immunoprecipitants were analyzed by silver staining. G Exogenous Myc-ELOC was co-immunoprecipitated
with exogenous Flag-USP51 in HEK293T cells. H Exogenous USP51 co-immunoprecipitated endogenous ELOC in HCT116 cells. I USP51 directly
binds to ELOC in vitro. GST and GST-ELOC protein were analyzed by Coomassie Brilliant Blue staining. GST or GST-ELOC was incubated with
purified His-USP51. The bound proteins were pulled down by glutathione-agarose and analyzed by immunoblotting with anti-USP51
antibodies. J Immunofluorescence showed the colocalization of endogenous ELOC and exogenous Flag-USP51 in SW480 cells. K Knockdown
of ELOC abolished co-immunoprecipitation between endogenous HIF1A and exogenous USP51. L Exogenous USP51 co-immunoprecipitated
the ECV complex. ELOC knockdown prevented co-immunoprecipitation of HIF1A and ECV subunits. VHL knockdown maintained ELOC co-
immunoprecipitation with Flag-USP51. M The schematic of the six Flag-tagged truncated forms of USP51. N, O USP51 full-length and
truncations plasmids were co-transfected with Myc-ELOC plasmid into HEK293T cells and Co-IP assays were performed using anti-Myc
antibody.
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protein and mRNA levels (Fig. 4E–H). Hypoxia-induced USP51
upregulation in SW480 cells was also attenuated upon HIF1A
knockdown (Fig. 4E, F) while enhanced upon HIF1A overexpres-
sion (Fig. 4G, H). Under normoxia, HIF1A overexpression also could
induced an increase in both protein and mRNA of USP51 (Fig. 4C,
D, G, H).

TP53 knockdown in TP53 WT HCT116 cells did not affect the
hypoxia-induced USP51 upregulation (Fig. 4I), and forced expres-
sion of WT TP53 in TP53 mutant SW480 cells did not prevent the
hypoxia-induced USP51 upregulation (Fig. 4J). These results
indicate that USP51 is regulated under hypoxia in a HIF1A-
dependent and TP53-independent manner.
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Next, we investigated whether USP51 is a direct target of HIF1A,
chromatin immunoprecipitation assay, and luciferase reporter
assay was used. We searched promoter region (−2000 bp to
+909 bp) of human USP51 and found seven hypoxia response
element (HRE) sites, 5′-(A/G) CGTG-3′ [16] (Fig. 4K). We performed
real-time PCR to analyze the DNA fragments immunoprecipitated
by anti-HIF1A antibody. A primer flanking an HRE site in the MAFF
promoter was used as a positive control [17]. Under hypoxia,
strong enrichments were observed in HRE1 and HRE4 sites
(Fig. 4L). Next, we generated luciferase reporter plasmids by
introducing these sequences into the pGL3-luciferase reporter
plasmid. Mutations in the core HRE sequences were used as a
negative control. Under hypoxia, significant luciferase activity
increases were observed in reporter plasmids constructed with
HRE1 or HRE4, not their mutation sequences (Fig. 4M). Introducing
an HIF1A plasmid considerably amplified luciferase activity even
under normoxia. This enhancement was notably intensified when
the cells were exposed to hypoxic conditions. These results
indicate both HRE1 and HRE4 are required for transcriptional
activation of the USP51 gene under hypoxia, and HIF1A played an
important role in regulating USP51 expression.
SENP1 was reported as a direct target gene of HIF1A in

hepatocellular carcinoma cancer [18]. But hypoxia-induced SENP1
upregulation was not observed in DLD-1, SW480, HCT116, and
LoVo, four CRC cell lines (Supplementary Fig. 4A).
Next, we investigated whether USP51 was also the target gene

of HIF2A. We used shRNA to knockdown HIF2A and noted that the
hypoxia-induced increase in both protein and mRNA levels of
USP51 was diminished in both HCT116 and SW480 cells
(Supplementary Fig. 4B–E). Subsequently, we employed chromatin
immunoprecipitation assay and luciferase reporter assay to
validate whether USP51 is a direct target of HIF2A. We performed
real-time PCR to analyze the DNA fragments immunoprecipitated
by anti-HIF2A antibody. A primer flanking an HRE site in DMT1A
promoter was used as a positive control [19]. Under hypoxia,
strong enrichments were observed in HRE3 and HRE4 sites
(Supplementary Fig. 4F). Next, we generated luciferase reporter
plasmids by introducing these sequences into the pGL3-luciferase
reporter plasmid. Mutations in the core HRE sequences were used
as a negative control. Under hypoxia, significant luciferase activity
increases were observed in reporter plasmids constructed with
HRE3 or HRE4, not their mutation sequences (Supplementary
Fig. 4G). Co-transfection with an HIF2A plasmid led to a strong
enhancement in luciferase activity under normoxia. This enhance-
ment of luciferase activity by HIF2A was notably intensified when

the cells were subjected to hypoxic conditions. These results
indicate that USP51 is also a direct target gene of HIF2A. Taken
together, these results strongly underscore the significant
regulatory role of not only HIF1A but also HIF2A in regulating
USP51 expression.
We subsequently questioned whether the regulation of the

HIF2A protein involves USP51. Nonetheless, the overexpression of
USP51 did not result in a substantial alteration of the HIF2A
protein levels, observed both during normoxia and hypoxia in
HCT116 cells (Supplementary Fig. 4H). Conversely, the knockdown
of USP51 yielded no significant change in the HIF2A protein levels,
under both normoxic and hypoxic conditions in SW480 cells
(Supplementary Fig. 4I). Additionally, the overexpression of USP51
did not result in a reduction of endogenous HIF1A ubiquitination
in either HCT116 or SW480 cells (Supplementary Fig. 4J, K). The
findings suggest that HIF2A is not targeted for deubiquitination
by USP51.

Both HIF1A and SENP1 are required for USP51 to promote
CRC proliferation, migration, and stemness under hypoxia
To investigate the role USP51 played in the progression of CRC in
hypoxia, we initially established cell lines with stable knockdown
of either HIF1A or USP51 in SW480 cells, along with stable
overexpression of USP51 in both SW480 and HCT116 cells. In
hypoxia, knockdown of USP51 led to a notable reduction in the
proliferation of SW480 cells, mirroring the effects observed with
HIF1A knockdown (Fig. 5A, B). Notably, when either HIF1A or
SENP1 was simultaneously overexpressed, the anti-proliferative
effect of USP51 knockdown weakened. The overexpression of
USP51, not USP51/CI, considerably promoted the proliferation of
SW480 cells under hypoxia (Fig. 5C). However, this pro-
proliferative effect was mitigated by the knockdown of either
HIF1A or SENP1. The HIF1A/SENP1-dependent pro-proliferation
effect of USP51 overexpression was also observed in HCT116 cells
(Fig. 5D). Additionally, the overexpression of USP51 enhanced the
hypoxia-induced HCT116 and SW480 cell migration, and this
enhancement was reduced by the knockdown of either HIF1A or
SENP1 (Fig. 5E, F, Supplementary Fig. 5A). The knockdown of
USP51 attenuated the hypoxia-induced SW480 cells migration,
similar to the effects observed with HIF1A knockdown (Fig. 5G,
Supplementary Fig. 5B). However, this weakening was counter-
acted by the overexpression of either HIF1A or SENP1. In the
sphere formation assay, we observed that hypoxia induced more
and larger spheres in both SW480 and HCT116 cells (Fig. 5H, I,
Supplementary Fig. 5C). The overexpression of USP51 further

Fig. 3 SENP1-mediated ELOC deSUMOylation promotes USP51 binding to ELOC. A HEK293T cells were co-transfected with GFP-UBC9 and
Myc-ELOC and Co-IP assays were performed using anti-Myc or anti-GFP antibodies. B Knockdown of UBC9 in SW480 cells resulted in the
weakening of the suspected SUMO-ELOC band. C Myc-ELOC and GFP-UBC9 were co-transfected in HEK293T cells with HA-SUMO1, HA-
SUMO2, or HA-SUMO3. SUMO-ELOC band was detected in the immunoprecipitates of anti-SUMO1. D HEK293T cells were co-transfected with
Myc-ELOC, GFP-UBC9 and HA-SUMO1. The Anti-Myc immunoprecipitates were probed using the anti-HA antibody. E The endogenous SUMO-
ELOC protein could be immunoprecipitated by an anti-SUMO1 antibody in SW480 cells. F The endogenous SUMO-ELOC protein could be
immunoprecipitated by an anti-SUMO1 antibody, not anti-SUMO2/3/4 antibodies, in SW480 and HCT116 cells. G Immunofluorescence analysis
of the colocalization of endogenous SUMO1 and endogenous ELOC in DLD-1 cells. H The schematic of K32 lysine residue in ELOC protein.
I HEK293T cells were co-transfected with HA-SUMO1 and one of the six mutant forms of Myc-ELOC (K6R, K20R, K32R, K43R, K72R, and K80R).
Cell lysates were precipitated with an anti-HA antibody and blotted by an anti-Myc antibody. J HEK293T cells were co-transfected with HA-
SUMO1, GFP-UBC9 and Myc-ELOC (WT or K32R). Cell lysates were precipitated with anti-Myc antibody and blotted by an anti-HA antibody.
K SW480 cells were co-transfected with Myc-ELOC WT or Myc-ELOC K32R. Immunofluorescence analysis of the colocalization of endogenous
SUMO1 and exogenous ELOC. L Either UBC9, SENP1, SENP2, or SENP3 were stably knockdown by shRNA in SW480 cells. Cell lysates were
prepared for precipitation with an anti-SUMO1 antibody, and SUMO-ELOC was detected by an anti-ELOC antibody. M Either UBC9 or SENP1
was stably knocked down by shRNA in SW480 cells stably expressed Myc-ELOC. Cell lysates were prepared for precipitation with anti-Myc
antibody, and blotted by an anti-USP51 antibody. N Either UBC9 or SENP1 was stably knocked down by shRNA in HCT116 cells stably
expressed Flag-USP51. Cell lysates were prepared for precipitation with an anti-Flag antibody, and blotted by an anti-ELOC antibody.
O HEK293T cells were co-transfected with GFP-UBC9, HA-SUMO1, Flag-USP51, and Myc-ELOC (WT or K32R). Cell lysates were prepared for
precipitation with anti-Myc antibody, and blotted by an anti-Flag antibody. P USP51, UBC9, and SENP1 were stably knockdown by shRNA in
SW480 cells under normoxia or hypoxia. Cell lysates were blotted by the indicated antibodies. Q UBC9 and SENP1 were stably knockdown by
shRNA in HCT116 cells that stably expressed Flag-USP51 under normoxia or hypoxia. Cell lysates were blotted by the indicated antibodies.
Data are expressed as mean ± SD, n= 5 biological replicates. WCL whole cell lysate, Nuc nuclear fraction.
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augmented this effect induced by hypoxia. However, this
enhancement was mitigated by the knockdown of either HIF1A
or SENP1. Conversely, the knockdown of USP51 markedly reduced
the ability of SW480 cells to form spheres under hypoxic
conditions, resembling the outcomes seen with HIF1A knockdown
(Fig. 5J, Supplementary Fig. 5D). Furthermore, this reduction in

sphere formation was mitigated by the overexpression of either
HIF1A or SENP1. We further evaluated the impact of USP51 on cell
stemness by performing staining for CD44 and CD133, reported
markers of CRC stem cells [20]. The results demonstrated that
hypoxia led to a significant increase in the proportion of CD44+/
CD133+ cells in both SW480 and HCT116 cells populations
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(Fig. 5K, L, Supplementary Fig. 5E, F). The overexpression of USP51
in HCT116 cells further amplified this effect (Fig. 5K, Supplemen-
tary Fig. 5E). However, this enhancement was mitigated by the
knockdown of either HIF1A or SENP1. Conversely, the knockdown
of USP51 in SW480 cells considerably diminished the ratio of
CD44+/CD133+ cells under hypoxic conditions, akin to the effects
of HIF1A knockdown (Fig. 5L, Supplementary Fig. 5F). This decline
was counteracted by either HIF1A or SENP1 overexpression.
Given the in vitro findings, we next validated these findings

in vivo. We performed an in vivo limiting dilution assay to
determine how USP51 regulates the stemness capacity of cancer
cells. NOD/SCID mice were subcutaneously injected with different
dilutions of monolayer cultured indicated cells. The calculation of
stem cell frequency showed that the overexpression of USP51 in
HCT116 cells led to a 3.5-fold decrease in the number of cells per
positive response (Fig. 5M). Conversely, the knockdown of USP51
resulted in a 3.3-fold increase in the number of cells per positive
response compared to its control (Fig. 5N), akin to the
comparative effect observed with the knockdown of HIF1A, which
led to a 5.8-fold increase in the number of cells per positive
response (Supplementary Fig. 5G). These results indicate that
USP51 promotes the stemness of CRC cells, both in vitro and
in vivo.

Both HIF1A and SENP1 are required for USP51 to promote
CRC chemoresistance under hypoxia
We next investigated whether USP51 promote CRC chemoresis-
tance under hypoxia condition. We observed that hypoxia caused
SW480 cells to exhibit increased resistance to fluorouracil (5-FU)
treatment (Fig. 6A, B) as well as to Oxaliplatin treatment (Fig. 6C,
D). Knockdown of USP51 partially mitigated the hypoxia-induced
drug resistance of SW480 cells to 5-FU (Fig. 6A) and Oxaliplatin
(Fig. 6C), resembling the impact of HIF1A knockdown. Further-
more, this mitigation by USP51 knockdown was counteracted by
the overexpression of either HIF1A or SENP1. Conversely, the
overexpression of USP51 amplified the hypoxia-induced drug
resistance of SW480 cells to 5-FU (Fig. 6B) and Oxaliplatin (Fig. 6D).
However, this reinforcement was partly diminished by the
knockdown of either HIF1A or SENP1. These in vitro results
indicate that USP51 promote SW480 resistance to 5-FU and
Oxaliplatin under hypoxia in HIF1A and SENP1-dependent
manner.
We next validated these findings in vivo using an SW480 cells

xenograft model. USP51 knockdown significantly increased tumor
sensitivity to 5-FU treatment with an approximately a 3-fold
reduction in tumor volume after 25 days of administration of 5-FU
(Fig. 6E, F), compared to a 1.6-fold decrease observed in the
control group. This effect of USP51 knockdown mirrored the
outcome of HIF1A knockdown, which also resulted in a 2.6-fold
reduction in tumor volume. The tumor weight showed a similar
change as the volume (Fig. 6G–I). Histological analyses of the
harvested tumors revealed that the knockdown of USP51
enhanced the anti-proliferative effect of 5-FU treatment (Fig. 6J,
K). This effect paralleled the impact of HIF1A knockdown, as both

conditions exhibited notably reduced levels of Ki67 expression in
comparison to the control group.

High expression of USP51 predicts survival disadvantage in
colorectal cancer
The correlation analysis in human CRC specimens from the TCGA
dataset revealed a positive correlation between the mRNA
expression of HIF1A and USP51 (Fig. 7A). Immunohistochemical
analysis of a tissue microarray containing 76 tumor samples of CRC
patients revealed a significant positive correlation between the
protein levels of HIF1A and USP51 (Fig. 7B, C). Furthermore, an
analysis of a tissue microarray containing 52 tumor samples
demonstrated that heightened levels of USP51 protein corre-
sponded with an elevated microvessel density (Fig. 7D, E). Analysis
of tissue containing both tumor and normal adjacent tissue
revealed that USP51 protein was upregulated in the tumors
compared to their normal adjacent tissue (Fig. 7F). Immunoblot
analysis of 12 patients’ samples further confirmed that USP51
protein was upregulated in tumors (Fig. 7G). Based on data from
both TCGA and GEO (GSE40967), a high mRNA expression of
USP51 was indicative of unfavorable overall survival among
colorectal cancer patients (Fig. 7H, I).

DISCUSSION
In this study, we demonstrated that USP51 could directly interact
with ELOC, a subunit of the VHL E3 ligase complex (VHL/CUL2/
ELOC/ELOB/RBX1), facilitating an indirect binding of USP51 to
HIF1A. This interaction leads to the stabilization of HIF1A through
deubiquitination by USP51. Interestingly, USP51 turned out to be a
direct target gene of HIF1A. Thus, USP51 and HIF1A formed a
positive feedback loop. Under hypoxia, HIF1A activates the
transcription of USP51, speeds up the HIF1A-USP51 loop,
contributing to the accumulation of the USP51 and HIF1A protein
(Fig. 7J). Under normoxia, HIF1A degrades and slows down the
HIF1A-USP51 loop, contributing to the depletion of the USP51 and
HIF1A protein (Fig. 7K).
With USP51 recruited to the VHL E3 ligase complex (also called

ECV complex), the VHL E3 ligase complex together with USP51
forms a more complicated complex (USP51-ECV). USP51-ECV is a
bidirectional function complex, which can ubiquitinate and yet
deubiquitinate HIF1A. Under different oxygen concentrations,
USP51-ECV may have a different capacity for deubiquitinating
HIF1A. Under hypoxia (not absolute absence of oxygen), the HIF1A
protein binding USP51-ECV is more likely to be deubiquitinated by
USP51 than ubiquitinated by E2 because of the significant
upregulation of USP51 under hypoxia. Under normoxia, USP51-
ECV exhibits a low deubiquitinating capacity because of the
markedly low expression of USP51. In the present study, the
knockdown of USP51 under hypoxia inhibits the deubiquitinating
ability of USP51-ECV, resulting in the downregulation of the HIF1A
protein. While overexpression of USP51 under normoxia promotes
the deubiquitinating capacity of USP51-ECV, resulting in the
upregulation of the HIF1A protein.

Fig. 4 USP51 is a direct target gene of HIF1A. A, B HIF1A was stably knocked down by shRNA in HCT116 cells under normoxia or hypoxia.
The protein level (A) and mRNA level (B) of USP51 were examined. C, D HIF1A was stably overexpressed in HCT116 cells under normoxia or
hypoxia. The protein level (C) and mRNA level (D) of USP51 were examined. E, F HIF1A was stably knocked down by shRNA in SW480 cells
under normoxia or hypoxia. The protein level (E) and mRNA level (F) of USP51 were examined. G, H HIF1A was stably overexpressed in SW480
cells under normoxia or hypoxia. The protein level (G) and mRNA level (H) of USP51 were examined. I TP53 was stably knocked down by
shRNA in HCT116 (TP53 WT) cells stably expressed Myc-HIF1A or Myc-vector under normoxia or hypoxia. Cell lysates were blotted by the anti-
USP51, HIF1A, and TP53 antibodies. J TP53 WT was stably expressed in SW480 (TP53 MUT) cells stably expressed Myc-HIF1A or Myc-vector
under normoxia or hypoxia. Cell lysates were blotted by the anti-USP51, HIF1A, and TP53 antibodies. K The schematic of the hypoxia response
elements in the USP51 promoter (Left) and the sequence motif (Right) of the HIF binding sites. TSS: transcription start site. L ChIP assay was
performed to identify two HIF1A binding sites on the USP51 promoter (HRE1 and HRE4). MAFF promoter was used as a positive control.
M Luciferase reporter assays showed the transcription activity of luciferase constructs under different condition. Data are expressed as
mean ± SD, n= 3 biological replicates. ns not significant, WCL whole cell lysate, Nuc nuclear fraction.
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We also demonstrated that ELOC is modified by SUMO1.
SUMOylation of ELOC inhibits the interaction between ELOC and
USP51. SENP1 mediates the deSUMOylation of ELOC, promoting
ELOC-USP51 interaction, enhancing the USP51-mediated deubiqui-
tination and stabilization of HIF1A. SENP1 was reported to promote
stemness or chemoresistance in several types of cancer [18, 21–23].

SENP1 could activate the transcriptional activity of HIF1A, and HIF1A
reversely activated the transcription of SENP1. Thus, SENP1 and
HIF1A formed a positive feedback loop [18]. However, we observed
that the SENP1 protein level was not significantly upregulated under
hypoxia in CRC cells. But, we did find another association between
SENP1 and HIF1A: SENP1 can enhance the USP51-mediated
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deubiquitination and stabilization of HIF1A, upregulating the HIF1A
protein level. This is new evidence that hypoxia collaborates with
post-transcriptional modifications, including ubiquitination and
SUMOylation, to promote CRC progression.
The TP53 gene is mutated in approximately 60% of all CRC

cases [24] and is usually associated with poor outcomes [25].
Previous studies reported that an accumulation of TP53 inhibited
HIF activity [26], WT TP53 could block HIF1A-induced USP22
upregulation, inhibiting cancer stemness [27]. But other research-
ers showed that both WT and mutant TP53 proteins increases HIF
transcriptional ability [28]. In fact, the relationship between HIF1A
and TP53 is not well-defined. Thus, taking into account the status
of TP53 is advisable when investigating HIF1A’s transcription of
specific genes. In the present study, we showed that HIF1A-
induced USP51 expression is independent of the status of TP53.
This result indicates that HIF1A-USP51 interaction may widely
present in CRC and deserves attention.
USP51 is not well recognized in cancer previously except for

deubiquitinating H2AK13,15ub and ZEB1. Our data provide evidence
that USP51 plays a critical role in regulating the HIF1A pathway,
thereby acting as a mediator of cellular response to hypoxic
conditions. Given the prevalence of hypoxia in solid tumors and its
association with hypoxia-induced chemoresistance [29], our study
holds meaningful significance as it suggests novel strategies for
addressing drug resistance in patients with colorectal cancer.

MATERIALS AND METHODS
Cell cultures and lentiviral vectors transfection
Colorectal cancer cell lines HCT116, DLD-1, SW480, and LoVo were
purchased from the National Collection of Authenticated Cell Cultures
(Shanghai, China). All the cell lines have been authenticated by STR
profiling. All the cell lines were tested monthly for mycoplasma
contamination using a Mycoplasma Stain Assay Kit (Beyotime, Shanghai,
China). The cells were routinely cultured in Dulbecco’s modified Eagle’s
medium (DMEM) (GIBCO, NY, USA) supplemented with 10% fetal bovine
serum (GIBCO, NY, USA) at 5% CO2 at 37 °C. The lentiviral vectors pUBi-
EGFP-tag were used to overexpress protein. The lentiviral vectors phU6-
EGFP-shRNA were used to knockdown the protein. All the lentiviral vectors
and plasmids were prepared by GeneChem Co., Ltd (Shanghai, China). All
transfections were conducted as per the manufacturer’s protocol. Target
sequences in shRNA are shown in Supplementary Data 2.

Cell viability assay
The cell viability was determined by MTT (3-(4,5-Dimethylthial-2-yl)-2,5-
Diphenyltetrazalium Bromide) (Sigma-Aldrich, MA, USA). Cells were seeded in
a 96-well plate. At the indicated time, 10 μL of 5mg/L MTT solution was added
to each well containing 100μL medium. After incubation for 4 h, the medium
was removed, and each well was added 150 μL of dimethyl sulfoxide. The
absorbance was measured at 490 with background subtraction at 630 nm.

Western blot
Whole cells lysis was prepared using RIPA buffer (Beyotime, Shanghai,
China) containing protease inhibitors. Nuclear fractions were separated

using a Nuclear Extraction Kit (Abcam, ab113474, Cambridge, UK)
according to the manufacturer’s instructions. The samples were heat
denatured, separated by SDS-PAGE, transferred to PVDF membranes
(Invitrogen, MA, USA), and blocked with 5% bovine serum albumin. Then
membranes were incubated with primary antibodies at 4 °C overnight and
secondary antibodies for 1 h at room temperature. Immunoblots were
visualized using an ECL detection reagent (Millipore, MA, USA). The primary
and secondary antibody information was present in Supplementary Data 3.
The uncropped original western blots were present in Supplementary
Data 4.

Real-time reverse transcription PCR (qRT-PCR)
Total RNA was extracted from cells using an RNA Easy Fast Tissue/Cell
Kit (TIANGEN, Beijing, China). Reverse transcription reactions were
performed using RT Kit (Takara, Tokyo, Japan). PCR was performed using
a PCR premix Kit (Takara, Tokyo, Japan). All procedures were conducted as
per the manufacturer’s protocol. Each experiment was performed in
triplicate. The sequences of primers were summarized in Supplementary
Data 5.

RNA-sequencing
SW480 and HCT116 cells were overexpressed Flag-USP51 or Flag-Vector.
The RNA-seq was performed on BGISEQ-500 by BGI company (Shenzhen,
China). The data were analyzed on Dr. Tom Multi-Omics Data Mining
System (https://biosys.bgi.com/). The result is summarized in Supplemen-
tary Data 1.

Transwell assays
The assay was performed using SW480 and HCT116 cells and the details
have been previously described [30]. In brief, cells were seeded in upper
chamber and incubated at 37 °C, 5% CO2 for 24–36 h. The number of the
migrated cells was counted in five randomly selected fields. Each
experiment was performed in triplicate.

Sphere formation assay
SW480 and HCT116 cells were grown as spheres in DMEM/F-12 (GIBCO, NY,
USA) supplemented with B27 (Thermo Scientific, MA, USA), 20 ng/ml
epidermal growth factor (Sigma-Aldrich, MA, USA), and 20 ng/ml basic
fibroblast growth factor (GIBCO, NY, USA). Viable cells were seeded in 96-
wells ultra-low adhesion plates (Corning, NY, USA) at 1000 cells/well
density and cultured for ten days. Spheres larger than 50 μm (HCT116) or
40 μm (SW480) in diameter were counted.

Co-Immunoprecipitation (Co-IP) assay and Mass spectrometry
Cells were lysed with IP lysis buffer (Beyotime, Shanghai, China).
The lysate was incubated with 5 ug primary antibody at 4 °C overnight
and then the magnetic beads (Thermo Scientific, MA, USA) for 15 min
at room temperature. The beads were collected with a magnetic stand
and the supernatant was discarded. The beads were washed three
times. Add low-pH elution buffer and incubate for 5 min at room
temperature. The elution was neutralized by adding a Neutralization
Buffer. For Co-IP assay, the samples were used for western blot
analysis. The primary and secondary antibody information was
present in Supplementary Data 3. For mass spectrometry, the protein
solution underwent a process of analysis using a Thermo Scientific

Fig. 5 Both HIF1A and SENP1 are required for USP51 to promote CRC proliferation, migration, and stemness under hypoxia. A, B Stable
knockdown of HIF1A or USP51 was done in SW480 cells. SW480 cells with stable USP51 knockdown were further subjected to overexpression of
HIF1A or SENP1. The cells were monitored in Cell Observer under hypoxia (A) and the cell viability was determined by MTT (B). C Stable
overexpression of USP51 or USP51/CI was achieved in SW480 cells. In cells with stable USP51 overexpression, knockdown of either SENP1 or HIF1A
was performed. The cell viability was determined by MTT. D USP51 or USP51/CI was stably overexpressed in HCT116 cells. SENP1 or HIF1A was stably
knocked down in HCT116 cells with stable USP51 overexpression. The cell viability was determined by MTT. USP51 was stably overexpressed in
HCT116 (E) and SW480 (F) cells. In cells with stable USP51 overexpression, knockdown of either SENP1 or HIF1A was performed. The cells were used
to perform transwell assay. G Stable knockdown of HIF1A or USP51 was done in SW480 cells. SW480 cells with stable USP51 knockdown were further
subjected to overexpression of HIF1A or SENP1. The cells were used to perform transwell assay. The HCT116 (H) and SW480 (I) cells described in E and
F were used to perform sphere formation assay. J The cells described in G were used to perform sphere formation assay. K The HCT116 cells
described in E were used to analyze the expression of CD44 and CD133. L The SW480 cells described in G used to analyze the expression of CD44
and CD133. M USP51 was ectopically expressed in HCT116 cells. A limiting dilution assay was performed. The positive responses were underlined.
N USP51 was stably knocked down in SW480 cells. A limiting dilution assay was performed. The positive responses were under lined. Data are
expressed as mean± SD, n= 3 biological replicates in B–D, K, L, n= 5 biological replicates in E–G, n= 6 biological replicates in H–J.
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Q Exactive mass spectrometer by Fitgene Biotechnology Co., Ltd
(Guangzhou, China).

Silver staining and Coomassie staining
Silver staining was performed using a Fast Silver Stain Kit (Beyotime,
Shanghai, China). Coomassie staining was performed using Coomassie
brilliant blue R250 (Beyotime, Shanghai, China).

GST pull-down assay
His-USP51 was expressed in E. coli BL21 (DE3) cells and purified using His-
tag Protein Purification Kit (Beyotime, Shanghai, China) following the
manufacturer’s protocol. The purified proteins of GST Tag (Proteintech, NJ,
USA), GST-HIF1A (Novus Biologicals, CO, USA) or GST-ELOC (Proteintech,
NJ, USA) were mixed with glutathione sepharose 4B resin (Cytiva, MA, USA)
and purified His-USP51 protein in vitro binding buffer [31]. The sample
mixtures were incubated for 2 h at 4 °C. Then the resin was washed three
times before being boiled in SDS sample buffer. Bound and input proteins
were analyzed by SDS-PAGE and Western blot.

Immunofluorescence and confocal microscopy
The cells were fixed with 4% paraformaldehyde for 10min and permeabilized
with 0.2% Triton X-100 for 10min. After blocking in 1% BSA for 30min at room
temperature, the cells were incubated at 4 °C overnight with primary
antibodies (present in Supplementary Data 3). The dishes were washed three
times with phosphate-buffered saline (PBS) for 5min each and then incubated
with secondary antibodies (present in Supplementary Data 3) for 1 h at room
temperature. The nuclei were stained by DAPI (Solarbio, Beijing, China) for
5min. The samples were examined via microscopy (Leica Microsystems,
Heidelberg, Germany). All confocal images were analyzed and quantified using
Image J v. 1.45 (http://rsb.info.nih.gov/ij/).

Flow cytometry analysis
Cells were incubated with primary antibodies at 4 °C for 1 h. Then cells
were washed three times with cold cell staining buffer (abs9475, Absin,
Shanghai, China) and incubated with secondary antibody at 4 °C for 1 h.
Samples were washed three times and analyzed on a NovoCyte Flow
Cytometer (Santa Clara, CA, USA). The primary and secondary antibody
information was present in Supplementary Data 3.

Fig. 6 Both HIF1A and SENP1 are required for USP51 to promote CRC chemoresistance under hypoxia. A, C USP51 or HIF1A was stably
knocked down in SW480 cells. Stably USP51 knockdown SW480 cells were overexpressed either HIF1A or SENP1. The cells were exposed to the
indicated concentration of 5-FU (A) or Oxaliplatin (C) for 72 h. The cell viability was determined by MTT. B, D USP51 was stably overexpressed in
SW480 cells. Stably USP51 overexpressed SW480 cells were subjected to knockdown of either HIF1A or SENP1. The cells were exposed to the
indicated concentration of 5-FU (B) or Oxaliplatin (D) for 72 h. The cell viability was determined by MTT. E–KMice with SW480-Vector, SW480-shHIF1A,
and SW480-shUSP51 tumors were administered either saline or 5-FU for 25 days, starting when the tumor volume reached 30mm3. The tumor
volumes (E), the fold change of tumor volumes at day 25 (F), images of xenograft models (G), tumor weight (H), fold change of tumor weight at day
25 (I), representative images of Ki-67 immunohistochemical staining (J), and analysis of Ki-67 levels (K) are presented. Data are expressed as
mean ± SD, n= 3 biological replicates in A–D and n= 5 biological replicates in E–K.
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Chromatin immunoprecipitation (ChIP) assays
The CHIP assay was performed in SW480 cells exposed to normoxia
(20% O2) or hypoxia (1% O2) for 24 h using an anti-HIF1A or anti-
HIF2A antibody (present in Supplementary Data 3). 400-800 bp
DNA fragments were prepared by 130-Watt Ultrasonic Processor (VCX-
130PB, 25%, 10 s on, 10 s off, 10 cycles). The DNA immunoprecipitated

was purified using a Purification Kit (TIANGEN, Beijing, China).
Quantification of all ChIP samples was performed by real-time
PCR using PCR premix Kit (Takara, Tokyo, Japan). The data are presented
as the fold enrichment of the antibody signal compared to the
negative control IgG. Primers for ChIP were present in Supplementary
Data 6.
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Luciferase reporter assay
The pGL3-Basic (Promega, Madison, WI, USA), pGL3-HRE1, pGL3-HRE1(-
mut), pGL3-HRE3, pGL3-HRE3(mut), pGL3-HRE4, pGL3-HRE4(mut) vectors
and pRL-TK vector were prepared by GeneChem Co., Ltd (Shanghai, China).
1 ×104 cells were seeded on a 96-well plate. Then 50 ng of pGL3 firefly
luciferase vector were transfected with 5 ng of pRLK-TK vector using
Lipo3000 (Invitrogen, MA, USA). 24 h after transfection, cells were exposed
to normoxia or hypoxia for additional 24 h. The luminescence was
detected using the Dual-Luciferase Reporter Gene Assay Kit II (Beyotime,
Shanghai, China) and Varioskan Flash (Thermo Scientific, MA, USA). The
promoter sequences for luciferase reporter assays were present in
Supplementary Data 7.

Human tissue samples and human tissue microarray
The Ethics Committee of the First Affiliated Hospital of Xi’an Jiaotong
University approved the experiment. Twelve pairs of human tissue samples
for immunoblot analysis were obtained from patients who had undergone
surgery for cancer resection at the First Affiliated Hospital of Xi’an Jiaotong
University (Xi’an, China) between Dec. 2021 and Jan. 2022. Tissue
microarrays consisting of human CRC specimens were purchased from
Xi’an Bioaitech, Co., Ltd (D081Co01). The sections were incubated with
primary antibodies overnight at 4 °C, followed by secondary antibody. The
H-score was calculated using the ∑Pi(i) formula, where i = intensity of
staining with a value of 1, 2, or 3 (weak, moderate, or strong, respectively)
and Pi is the percentage of stained cells for each intensity. The primary and
secondary antibody information was present in Supplementary data 3.

In vivo limiting dilution assay and xenograft tumor models
The Ethics Committee of the First Affiliated Hospital of Xi’an Jiaotong
University approved the experiment. All mice were purchased from
Shanghai SLAC Laboratory Animal Co., Ltd. (Shanghai, China) and
maintained in the Xi’an Jiao Tong University animal facility under
specific-pathogen-free (SPF) conditions. Mice were randomly divided into
groups. For limiting dilution assay, 8-week-old female NOD/SCID mice were
subcutaneously injected with different dilutions of monolayer cultured
cells. A tumor >20mm3 at 21 days post-injection was defined as a positive
response. Stem cell frequencies were determined using ELDA [32] and the
output are provided in Supplementary Data 8. For investigate angiogen-
esis, 1 ×106 SW480-shControl cells, SW480-shHIF1A cells or SW480-
shUSP51 cells with 0.1 ml PBS were subcutaneously transplanted into the
right dorsal flanks of 8-week-old female nude mice. The tumors were
obtained 28 days after inoculation. For investigate chemoresistance, 1 ×106

SW480 cells or SW480-shUSP51 cells with 0.1 ml PBS were subcutaneously
transplanted into the right dorsal flanks of 8-week-old female nude mice.
The treatment was initiated when the tumor volume reached approxi-
mately 30mm3. 5-FU was intraperitoneally injected 2- times/5-day at
25mg/kg. The control group received the vehicle treatment (saline, 0.2 ml).
Tumors were measured every two days and volume was calculated as
½(L×W2). For immunohistochemistry, the tumor tissues were subjected to
formalin fixation, followed by embedding in paraffin wax and subsequent
sectioning into sections of 4 μm thickness. These sections underwent an
overnight incubation at 4 °C with the primary antibodies, followed by HRP-
conjugated secondary goat antibody. Sample size for each group: n= 5
animals. The investigators were blinded to group allocation during data
collection and analysis.

Statistics analysis
Data are presented as the mean ± SD. The differences among the groups
were compared by the two-sided Student’s t test or one-way ANOVA.
Correlations were analyzed by using Pearson linear regression analysis. The
Kaplan−Meier survival method was used to evaluate overall survival. All
statistics were calculated by GraphPad Prism 7. P value < 0.05 indicated
statistical significance.

DATA AVAILABILITY
All data needed to evaluate the conclusions in the paper are present in the paper.
Additional data related to this paper may be requested from the corresponding
author.
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