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% Check for updates Anticipating and addressing resistance is essential for maximizing the poten-

tial of an oncology target and effectively addressing clinical needs. In this
study, we aimed to proactively outline the resistance mechanisms of USP7
inhibitors. We discovered a key treatment-emergent heterozygous mutation
(V517F) in USP7 in the binding pocket of compounds as the primary cause of
resistance to the USP7 inhibitor USP7-797. Our structural analysis, supported
by AlphaFold2 predictions, indicates that the V517F mutation altered the
conformation of the compound binding pocket, causing steric hindrance and
reducing the affinity between USP7 and its inhibitors. Consistent with these
predictions, the affinity between V517F mutant and USP7 inhibitors was found
to reduce significantly. Conversely, substitutions at position V517 with smaller
side chains, such as V517G, V517A, and V5171, do not significantly impact
binding affinity. In contrast, replacement with the bulkier side chain V517Y
leads to reduced binding affinity and diminished inhibitor efficacy. Further-
more, the engineered cell lines harboring the V517F mutation exhibited sub-
stantial resistance to USP7 inhibition. These data provide rationales for patient
selection and the development of next-generation USP7 inhibitors designed to
overcome treatment-emergent mutations.

Deubiquitinating enzymes are essential for maintaining protein USP7 exhibits a modular domain architecture, consisting of an

homeostasis by cleaving ubiquitin chains from substrate proteins,
thereby regulating critical cellular functions including DNA repair, cell
cycle, and apoptosis'. Among these enzymes, ubiquitin-specific pro-
tease 7 (USP7) stands out for its significant role, as its abnormal
expression is frequently observed in malignant tumors and is asso-
ciated with a poor prognosis®*. Specifically, USP7 overexpression has
been shown to enhance the stability of E3 ligase murine double minute
2 (MDM2) while promoting the degradation of p53, leading to dysre-
gulation of the MDM2-p53 pathway in tumorigenesis*’. Therefore,
USP7 has served as a promising target for cancer therapy in terms of
prognosis and drug development.

N-terminal TRAF domain (residues 54-208), a catalytic domain (resi-
dues 209-560), five ubiquitin-like (UBL) domains (residues 561-1083),
and a C-terminal regulatory domain (residues 1084-1102)°. The cata-
lytic domain of USP7 is characterized by a structure resembling an
open hand with fingers, palm, and thumb subdomains, a feature con-
served across all USP domains®’. Notably, significant structural chan-
ges are observed in the active site catalytic triad residues (Cysteine
223, Histidine 464, Aspartic acid 481) upon ubiquitin binding, facil-
itating the close proximity of these residues for efficient ubiquitin
catalysis®'°. USP7 has the ability to remove monoubiquitin molecules,
as well as K48- and K63-linked polyubiquitin chains, from substrate
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proteins’". Notably, USP7 has been shown to deubiquitinate and sta-
bilize both MDM2 and p53, potentially leading to the promotion of p53
proteasomal degradation and disruption of the MDM2-p53
pathway*>"%, Several additional USP7 substrates, primarily associated
with tumorigenesis, have been identified, including MDM4, MCM-BP,
N-Myc, Rad18, DNMTI1, UHRF, and RNF169, among others”*",

Over the past decade, there has been a significant focus on the
development of potent and selective USP7 inhibitors (USP7i)".
Although clinical trials of USP7i have not been conducted yet,
numerous compounds have demonstrated efficacy in inhibiting cancer
cell growth both in vitro and in animal xenograft models® . Small
molecules that target the catalytic cleft of USP7 and form a covalent
adduct with the active site Cys223 have been identified as irreversible
inhibitors of USP7%%?*?3, The most representative compounds include
P5091, P22077, P50429, HBX41108, HBX19818, and HBX28258°%%,
Given that all DUBs possess at least one ubiquitin binding site, the lack
of potency and selectivity were significant issues faced by the irre-
versible USP7i®. By utilizing structure-based design techniques and
drawing inspiration from known hits in the patent literature, various
research groups have successfully developed XL188, FT671, USP7-797,
YCH2823, and GNE-6640 as non-covalent active-site inhibitors with
nanomolar potency and a high level of selectivity relative to other
DUBs*#'%22, They all inhibit ubiquitin binding through steric hindrance
by either binding in near the catalytic cleft (e.g., XL188, FT671, and
USP7-797) or outside the catalytic cleft (GNE-6640) within the USP7
catalytic domain®’. Structural analysis revealed that FT671, a derivative
of 4-hydroxypiperidine, extends towards the finger subdomain of
USP?7 via a p-fluorophenyl group and lies 4.7 A from the thiol group of
Cys223'%22, Despite being of a different chemical class, the thienopyr-
idine derivative USP7-797 contains a unique pharmacophore and binds
to a similar pocket as FT671”%. Furthermore, the 2-amino-4-
ethylpyridin derivative GEN-6640 has been shown to non-covalently
target USP7, with 12A distant from the catalytic Cys223, sterically
hindering ubiquitin binding”"*%. Collectively, these compounds exhi-
bit a consistent binding mode and establish similar interactions with
the inactive conformation of USP7¢ %%,

Research on USP7i has predominantly focused on their effective-
ness in suppressing tumor growth. Recent preclinical investigations
have demonstrated the antitumor effects of USP7i in various solid
tumors and hematologic malignancies® 2. It is noteworthy that USP7i
effectively suppress tumor growth in both 7P53 wild-type and mutant
cells, suggesting that USP7 inhibition can impede tumor growth through
mechanisms that are reliant on and independent of p53°'$%°*, More-
over, USP7 inhibition has exhibited the capacity to induce apoptosis in
multiple myeloma (MM) cells and overcome resistance to bortezomib?.
Furthermore, these inhibitors have been shown to sensitize tumors to a
variety of other inhibitors, including PARP, PLK1, and HDAC
inhibitors®* 2, These findings underscore the potential therapeutic value
of USP7i across a wide range of preclinical cancer models.

It is widely recognized that USP7 inhibition plays a crucial role in
regulating cancer cell proliferation through various mechanisms,
including the stabilization of the p53-p21 axis and the degradation of
other substrates like Radl8, DNMT1 and UHRF1™'®**, Our previous
research has shown that the lack of p53 or p21 confers a notable
resistance to USP7i, highlighting the importance of the p53 signaling
pathway in determining the effectiveness of these inhibitors'®. Con-
versely, DNMT and Rad18 are not likely to have a significant impact on
the efficacy of USP7i®. A previous study has proposed that the ER
stress-PERK-HSF1 axis may be involved in mediating chemoresistance
to USP7i”. Nevertheless, there remains a scarcity of information on the
mechanisms of resistance to USP7i.

Understanding the underlying molecular mechanisms of acquired
resistance to USP7i treatment is essential for monitoring, preventing, and
overcoming drug resistance. Specifically, we observed the emergence of a
heterozygous mutation in Exon 14 of the USP7 catalytic domain in cellular

models subjected to selection pressure with the USP7 inhibitor USP7-797.
Our findings indicate that the mutation diminishes the efficacy of USP7i,
and we have successfully constructed such a model system using engi-
neered cell lines that exclusively express the mutant form of USP7.

Results

Establishment of USP7i-resistant cells with CHP-212 cells

USP7i have been shown to significantly reduce the growth of MYCN-
amplified neuroblastoma cells, positioning USP7 as a promising ther-
apeutic target in MYCN-driven neuroblastoma?~°. In prior research, we
found that the CHP-212 cell line, characterized by MYCN amplification
and wild-type TPS53, demonstrates significant sensitivity to USP7i
treatment'®. Additionally, treatment of CHP-212 cells with USP7i indu-
ces a concentration-dependent modulation of USP7 downstream sig-
naling pathways'®*.USP7-797 is a highly potent USP7 inhibitor with
optimized cellular inhibition and oral bioavailability”. To investigate
potential mechanisms of resistance to USP7 inhibition, we developed
USP7-797-resistant variants of the CHP-212 cellular model. Notably, the
CHP-212 cells maintain wild-type TP53, MYCN amplification, and wild-
type status for USP7, p21, DNMTI1, Radl8, and other members of the
USP family members. The continuous administration of drug treat-
ment to CHP-212 cells according to the protocol outlined in Fig. 1a
resulted in the development of USP7-797-resistant variants (known as
CHP-212-R,ix), along with the successful generation of six resistant
monoclonal sublines (designated as R1-6; Fig. 1a). In order to differ-
entiate between CHP-212 cells and the resistant sublines, the term
“parental” cells were used in subsequent research.

The resistant sublines exhibited significant resistance to USP7-
797, with a sensitivity reduction of 10-13 fold compared to the parental
cells (Fig. 1b). Despite belonging to different chemotypes, FT671 and
USP7-797 both bind to a similar pocket. As anticipated, resistant cells
also exhibit a strong resistance phenotype for FT671, with ICso values
83-213 fold higher than those of parental cells (Fig. 1b). All six sub-
clones (R1-R6) and the R« cell lines exhibited comparable resistance
to FT671 and USP7-797. Consequently, we selected the R2, R3, and R6
subclones for further investigation due to their relatively faster growth
rates. Previous research has indicated that both USP7-797 and FT671
bind in close proximity to the catalytic cleft, while GNE-6640 binds
outside of this region, yet all three compounds inhibit ubiquitin
binding through steric hindrance’?. Notably, resistant variants show
only a 1.76-fold increase in resistance to GNE-6640 (Fig. 1c). These
findings imply that resistant cells may significantly impact the effec-
tiveness of USP7-797 and FT671, while having minimal impact on GNE-
6640. Furthermore, the resistant cells maintained sensitivity to other
chemotherapeutic agents (Adriamycin, Taxol, VCR), bortezomib, the
NAE inhibitor MLN4924, and the USP1 inhibitor KSQ4279 (Fig. 1d),
indicating that the resistance mechanism is not universally shared
among different agents.

Acquired resistance leads to reduced Gl-arrest and apoptosis in
response to USP7-797

USP7 inhibition induces substantial apoptosis accompanied by Gl
arrest in CHP-212 cells™'®, Subsequently, an investigation was con-
ducted to assess alterations in cell-cycle distribution and apoptosis
within the resistant cells. As illustrated in Fig. 2a, the resistant cells
exhibited Gl1 arrest even in the absence of USP7i treatments. Specifi-
cally, the percentage of parental cells in the G1 phase was 57.59%, while
the Ryx cells in the G1 phase reached 67.90%. However, the cell-cycle
distribution of resistant variants treated with USP7-797 and FT671 was
not profoundly altered (Fig. 2a), consistent with their insensitivity to
USP7 inhibition. Significantly, our observations indicated that USP7
inhibition resulted in decreased apoptosis in all tested resistant var-
iants compared to the parental cells under identical conditions
(Fig. 2b, c). In line with this, USP7-797 and FT671 treatments demon-
strated reduced activation of apoptosis-related proteins, including
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Fig. 1| Generation of USP7i-resistant cells derived from CHP-212 cells.

a Schematic representation of the generation of USP7-797-resistant variants. CHP-212
cells were exposed to 10 uM USP7-797 for 5 days, refreshing with drug-free media, and
repeating for 5 cycles. Six drug-resistant monoclonal cells (R1-R6) were selected.

b Dose-response curves of USP7i USP7-797 and FT671 in parental and resistant cells
following a 5-day exposure. Left panel, the ICsq values of USP7-797 and FT671 were
determined using SRB assays. Data are presented as mean +SD (n =3 technical
replicates; 3 independent experiments). Right panel, the resistance factor (RF) was

calculated by comparing the average ICsq value of the resistant cells to that of the
parental cells. ¢ The chemical structure and dose-response curves of another USP7i
GNE-6640 in the parental and resistant cells. Cells were treated with GNE-6640 for
5 days, and cell viability was assessed using SRB assays. Data are presented as

mean +SD (n=3 technical replicates; 3 independent experiments). d The ICsq values
of MLN4924, KSQ4279, Adriamycin, Bortezomib, TAXOL, and VCR in parental and
resistant cells were determined using SRB assays following 3 days exposure. Data are
presented as mean + SD (n =3 technical replicates; 3 independent experiments).

c-caspase-3, c-caspase-7, and c-PARP, in the resistant variants relative
to the parent cells (Fig. 2d). These findings suggest that resistant cells
exhibit resistance not only to cell cycle arrest but also to apoptotic
induction by the tested USP7i.

V517F mutation in USP7 catalytic domain confer resistance

In order to investigate the potential role of alterations in the USP7
pathway in conferring resistance to USP7i, two resistant clones (R2 and
R3) were subjected to analysis for genetic mutations in USP7,
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substrate-related proteins, and other members of USP family. Through
whole-exome sequencing (WES), it was determined that there were no
treatment-emergent DNA mutations in MDM2, TP53, CDKNIA (p21),
RADIS, DNMTI, UHRFI, or other USP family members such as USPI10,
USP12, and USP39. However, a heterozygous mutation in Exon 14 of
USP7 with ¢.G2170>T was identified in the resistant variants (Table 1).

Of note, an intronic mutation in USP12 was found in CHP-212 parental
cells, which persisted in the resistant clones. Concordance between
Sanger sequencing and WES results was observed in all six CHP-212
resistant clones, revealing a mutation in Exon 14 with ¢.G2170>T that
led to the V517F mutation form of USP7 (USP7_V517F; Supplementary
Table 1). These findings indicate that in vitro-derived cell lines resistant
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Fig. 2 | Resistant cells demonstrate changes in cell cycle progression and
apoptosis in response to USP7i. a Cell cycle distribution of parental and resistant
cells was analyzed after treatment with USP7i for 24 h using flow cytometry. The
percentage of cells in different phases of the cell cycle was determined and
reported as mean + SD (n =3 technical replicates; 3 independent experiments).

b, ¢ Apoptosis induced by USP7-797 or FT671 in the parental and resistant cells.
Cells were exposed to different concentrations of USPi for 48 h, followed by stained
with Annexin V-PI. The percentage of apoptotic cells was determined and reported

as mean + SD (n =3 technical replicates; 3 independent experiments). d Protein
levels of caspase family proteins and cleaved PARP1 were assessed via Western
blotting. Cells were treated with USP7-797 or FT671 for 48 h and subsequently
subjected to Western blotting. These experiments were repeated three times, with
representative images provided. The one-way ANOVA was performed for data in
(a-c). *P<0.05; *P<0.01; **P<0.001, P< 0.05 was considered to be statistically
significant. The exact P values were provided in the Source Data file.

Table 1| Mutational status of USP7, MDM2, TP53, CDKNI1A,
RAD18, DNMT1, UHRF1, and other USP family members®

Genes sequenced CHP-212 R2 R3
Parental®
usp7 Sanger WT V517F V517F
Exome WT V517F V517F
Sequencing
MDM2 WT WT WT
TP53 WT WT WT
CDKN1A WT WT WT
RAD18 WT WT WT
DNMT1 WT WT WT
UHRF1 WT WT WT
UspP12 Intronic Intronic Intronic
USP10 WT Intronic WT
USP39 WT WT Copy num-
ber+8

2Only USP family members with detected mutations were showed in this table.

Mutations in CHP-212 parental cells were verified in the catalog of somatic mutation in cancer
(http://cancer.sanger.ac.uk/cell_lines) database, and the exome sequencing result of CHP-212

parental cells was set as the reference to that of treatment-induced resistant clones R2 and R3.

to USP7-797 has a specific mutation in the USP7 gene, potentially
contributing to their resistance. Despite having a mutant 7P53 gene,
human pancreatic cancer Capan-1 cells are sensitive to USP7-797-
induced cytotoxicity, with an ICso value of 170 nM (Supplementary
Fig. 1b). By exposing Capan-1 cells to high concentrations of USP7-797
(=1Cyp concentrations), resistant Capan-1 Ry, cell lines were estab-
lished (Supplementary Fig. 1a), showing ICso values of >2 M and
>10 uM for USP7-797 and FT671, respectively (Supplementary Fig. 1b).
Nine resistant clones were isolated, but none of them showed
treatment-emergent mutations in USP7 and related genes through
Sanger sequencing (Supplementary Table 1). This indicates that other
resistance mechanisms may be present in these variants.

There were no substantial changes detected in the mRNA and
protein levels of USP7 (Fig. 3a). Further analysis of two resistant clones
(R2 and Ré6) showed reduced inhibition of the USP7 pathway with
USP7-797 and FTé671 treatment, as evidenced by decreased accumu-
lation of p53 and p21, as well as degradation of substrates Radl8,
DNMTI, and UHRFI (Fig. 3b). The mutation at Valine 517 seems to be a
prevalent occurrence, as nearly all detected mutations are located at
this residue (Table S1 and Fig. 3c). To investigate the biochemical
implications of mutations in this region, a recombinant enzyme
expressing the V517F catalytic domain (CD; USP7_V517F<P) was pro-
duced and validated using Coomassie Brilliant Blue fast staining
(Fig. 3d, left panel). The V517F mutant enzyme displayed comparable
catalytic activity to the wild-type enzyme, suggesting that the ubiquitin
affinity was largely unaffected by the V517F mutation (Fig. 3d, middle
and right panel). To assess the inhibitory efficacy of USP7-797 and
FT671 on wild-type and mutant enzymes, a fluorogenic Ub-AMC assay
was conducted with a concentration of 50 nM USP7P or USP7_V517F<P,
Notably, USP7-797 and FT671 failed to inhibit V517F at concentrations
up to 0.5 uM or 1M, respectively (Fig. 3e). Furthermore, the V517F
mutant exhibited approximately 2247- and 2341-fold lower suscept-
ibility to USP7-797 and FT671, respectively, compared to the wild-type

enzyme. In contrast, GNE-6640 demonstrated only an 18-fold increase
in ICso values for enzymatic activity inhibition in the V517F mutant
compared to the wild-type enzyme (Fig. 3f and Supplementary
Fig. 2a-c). Taken together, these data suggest that the V517F mutation
may impact the interaction between USP7-797 and USP7, but does not
weaken its affinity for ubiquitin. Thus, we hypothesize that the USP7
mutation is localized to a specific region of the enzyme, proximal to
the catalytic cleft, rather than within the ubiquitin binding cleft.

V517F mutation leads to weakened compound affinity

We evaluated the binding affinities of USP7_V517F to FT671 and USP7-
797 utilizing isothermal titration calorimetry (ITC). As compared to the
control groups, USP7_V517F exhibited a 67-fold and 57-fold decreased
binding affinity to FT671 and USP7-797, respectively (Fig. 4a). To
investigate how the V517F mutation affects the binding affinity of USP7
with the small molecules, we employed AlphaFold2** to predict the
atomic model of the USP7 V517F catalytic domain (AF_USP7_V517F<P,
residues 206-565). The generated model shows the sidechain con-
formation of Y514 residue, a conserved amino acid involved in inhi-
bitor binding®?"**, exhibited significant difference between the wild-
type and the V517F mutant. While the Y514 sidechain of the wild-type
USP7'%52 ocated outside of the inhibitor binding pocket, the coun-
terpart of the mutant points into the binding pocket, presumably
clashing with the inhibitor in that pocket (Fig. 4b; Supplementary
Fig. 3; Supplementary Fig. 4a, b). Interestingly, several members of the
USP family, including USP4, USP8, USP9X, USP12, USP15, and USP34,
have been reported to be resistant to FT671°. Through structural
comparison, we found that all these members**~° consistently contain
a phenylalanine (F) at the position equivalent to USP7 V517 (Fig. 4c).
Like that of the Y514 in the USP7 V517F mutant, the sidechains of the
equivalent tyrosine from the aforementioned members are also loca-
ted within the inhibitor binding pocket (Fig. 4b, c). It is likely that
theV517F mutation may induce sidechain conformational changes of
its nearby residues due to steric hindrance, which ultimately affects the
sidechain conformation of Y514, leading to reduced inhibitor binding
capabilities (Fig. 4b; Supplementary Fig. 4a, b). To validate this, we
constructed a series of USP7 mutants with residue 517 bearing various
sidechain in size. While the affinity of USP7 V517Y° with FT671
decreases significantly as that of the USP7_V517F°, the affinities of
USP7 V517G P/V517AP/V517I°P with FT671 remain essentially unchan-
ged as compared to that of the wild-type USP7 (Fig. 4d; Supplementary
Fig. 4c). In line with this, only the V517Y mutant exhibited a significantly
decreased efficiency in enzyme activity inhibition by the inhibitor
(Fig. 3e; Supplementary Fig. 2a-c, Supplementary Fig. 4d).

Cells bearing V517F mutation show resistance to USP7i

As previously stated, a V517F heterozygous mutation in USP7 has been
identified, with cells retaining one wild-type copy of the gene. To defi-
nitively establish the role of this USP7 mutation in driving resistance, it is
imperative to generate engineered cell lines that exclusively express the
mutant form of the enzyme. Therefore, the V517F mutation was intro-
duced into CHP-212 cells utilizing the CRISPR/Cas9 technology. Specifi-
cally, the mutation site was deliberately integrated into the USP7 locus
through precise modification guided by sgRNA, with the aid of a donor
template for strategic design (Fig. 5a, left panel). Sanger sequencing
analysis of the mutant region identified homozygous CHP-
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212.V517F KI#1 and heterozygous CHP-212.V517F.KI#2 monoclonal cell
lines with the knock-in mutation of V517F (Fig. 5a, right panel).

The introduction of the knock-in V517F mutation into USP7
resulted in a substantial decrease in sensitivity of USP7-797 and FT671,
with sensitivity reductions ranging from 15-16 fold and 88-106 fold,
respectively (Fig. 5b, left panel). Subsequent investigation of the USP7
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pathway, including its impact on p53 and p21 accumulation, as well as
apoptosis induction, was undertaken. Western blot analysis revealed
significantly decreased levels of p53, p21, c-capase-3, and cleave-PARP1
upon USP7i treatments in the knock-in cells compared to wild-type
cells (Fig. 5b, right panel), suggesting a gain-of-function effect as
expected. Given the critical role of USP7 in the MDM2-p53-p21
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Fig. 3 | Resistant clones contain a heterozygous mutation in USP7. a The mRNA
and protein levels of USP7 were assessed in parental and resistant cells using
quantitative RT-PCR and Western blotting. The mRNA level are presented as
mean £ SD (n =3), and blot is representative of three independent experiments.

b Representative western blot of three experiments showing the levels of p53, p21,
Rad18, DNMTL, and UHRF1 in parental and V517F mutant cells after treatment with
USP7i for 24 h. ¢ Schematic representation of location of USP7 mutations detected
in resistant clones. Sanger sequencing confirmed the presence of the heterozygous
NM_003470.3:c.G2170>T (V517F) mutation in all six resistant clones. d The enzyme
activity of wild-type (WT) and V517F mutant was assessed by measuring the

cleavage activity of the AMC fluorophore from ubiquitin-AMC. Left panel: the
catalytic domains of both the wild-type USP7 (WT_CD) and the V517F mutation
(V517F_CD) were confirmed through Coomassie Brilliant Blue fast staining. Right
panel: the fluorescence intensity was calculated as the mean + SD (n =3 technical
replicates; 3 independent experiments). e The inhibition of WT or V517F mutant by
USP7-797 or FT671 was assessed to determine the enzyme activity inhibition. Data
shown are the mean + SD (n =3 technical replicates; 3 independent experiments).
f The ICsg values of USP7-797, FT671, and GNE6640 in WT and V517F mutants were
determined. Data are presented as mean + SD (n =3 technical replicates; 3 inde-
pendent experiments).

pathway, USP7i have shown cytotoxic effects on a subset of TP53 wild-
type tumor cells”. Our previous research indicated that TP53 wild-type
prostatic cancer LNCaP cells are highly sensitive to USP7i treatment’®”",
To further confirm the impact of the V517F mutation on USP7i sensi-
tivity, the same mutant gene cassette was introduced into LNCaP cells,
producing V517F.KI cells. Similarly, LNCaP.V517F Kl cells displayed
increased resistance to FT671, with sensitivity reductions ranging from
121- to 146-fold (Fig. 5c, upper panel). These cells also exhibited a
diminished response to USP7 pathway inhibition, as evidenced by
significantly decreased levels of p21 and Rad18 (Fig. 5c, lower panel).

Previous research has demonstrated that USP7i effectively
impede tumor growth through mechanisms that are both p53-
dependent and p53-independent’®?. In a subset of TPS3-mutant cell
lines, such as the pancreatic cancer Capan-1 cells harboring the 7P53
p.A159V mutation, USP7 inhibition has been shown to decrease cell
viability'®*°. The transfection of full-length V517F mutant cDNA into
Capan-1 cells (referred to as Capan-1.V517F.OE) significantly reduced
their sensitivity to USP7-797 and FT671, compared to Capan-1 wild-type
overexpressed (WT.OE) cells. This resulted in 6-fold and 48-fold higher
ICso values, respectively (Fig. 5d, upper panel). Additionally, Capan-
1.V517F.OE cells displayed a decreased response to the USP7 pathway
inhibition compared to the wild-type overexpressed cells (Fig. 5d,
lower panel), suggesting a gain-of-function effect in TP53 mutant cells.
Furthermore, the overexpression of V517F in TP53 wild-type CHP-212
and LNCaP cells led to a 5-18 fold and 29-40 fold increase in resistance
to USP7i compared to their wild-type overexpressed cells (Fig. 5e).
These findings collectively indicate that cell lines engineered with the
V517F mutant exhibit resistance to USP7i, regardless of their TP53
status.

Discussion

This study aimed to explore the potential resistance mechanisms to
the USP7 inhibitor USP7-797 in preclinical cancer models. Our findings
indicate that human tumor cell lines can acquire resistance to USP7-
797 due to a coding sequence mutation in Exon 14 of USP7 gene
resulting in the V517F mutation. Structural analysis supported that the
V517F mutation within the compound binding pocket of USP7 catalytic
domain led to localized steric hindrance, significantly decreasing the
affinity between USP7 and FT671 as well as USP7-797. The development
of a V517F mutant model system using genetically modified cell lines
has been successfully accomplished, confirming the mutant’s resis-
tance to USP7i. These results propose a potential strategy for the
advancement of second-generation USP7i capable of surmounting
resistance mechanisms.

The majority of existing inhibitors focus on the catalytic domain
of USP7, particularly the catalytic Cysteine 223 site®®*, It is of interest
to investigate the possibility of treatment-emergent resistance arising
from USP7 inhibition. The resistant cell lines were obtained through
prolonged exposure (5 days for 5 cycles) to high concentrations of
USP7-797. These cell lines were subsequently isolated as clonal popu-
lations, demonstrating resistance to USP7-797, FT671, and GNE-6640,
while retaining sensitivity to other chemotherapeutic agents such as
Adriamycin, Taxol, VCR, bortezomib, MLN4924, and KSQ-4279. The
presence of mutation in USP7 suggests that the resistance mechanism

is attributed to mutation in the target enzyme. Our findings also sug-
gest the possibility of alternative resistance mechanisms to USP7-797,
as evidenced by resistance observed in Capan-1/R cell lines lacking
USP7 mutations.

This study identified a treatment-emergent mutation in USP7
located in the compound binding pocket at Valine 517, with a pre-
valence of approximately 100%, indicating a potential hotspot. The
V517F mutant exhibited significantly reduced compound binding and
inhibition, yet maintained comparable ubiquitin and ubiquitin-AFC
activity. Our findings suggest that the V517F mutation plays a sig-
nificant role in cross-resistance to non-covalent USP7i. Interestingly,
another non-covalent FT671 with a distinct chemical structure but a
common binding site? has shown cross-resistance in USP7-797-
resistant cell lines. Our findings further suggest that the V517F
mutation in USP7 does not alter the overall structure of the catalytic
domain. Using AlphaFold2, we created an atomic model of
USP7_V517F? with the F517 located on a B-sheet within the domain,
affecting the conformation of nearby residues. It seems that steric
hindrance causes residue L454 to deflect, leading to a deflection in
residue Y514. Specifically, Y514 is important in the FT671 binding
pocket, and its altered position affects FT671 binding. Therefore, we
proposed that V517F alters the binding of FT671 by changing the
pocket conformation, causing a clash between Y514 and FT671 in the
structures of AF_USP7_V517F° and USP7°°_ FT671 (Fig. 4b and Sup-
plementary Fig. 3). Indeed, the affinity between USP7_V517F and
FT671 is significantly lower than that of the wild-type USP7 and
FT671. Consistent with this finding, reduced pathway inhibition and
apoptosis were observed in cells treated with both USP7-797 and
FT671. Notably, mutations of V517 to amino acids with smaller side
chains, such as V517G, V517A, and V5171, do not significantly affect the
binding affinity of the inhibitor. In contrast, mutations that introduce
larger side chain, such as V517Y, result in a reduced binding affinity
that is comparable to that observed with V517F (Fig. 4d). Further-
more, the inhibitor’s efficacy in inhibiting enzyme activity diminishes
as the side chain is replaced with bulkier residues, such as phenyla-
lanine or tyrosine (Fig. 3e; Supplementary Fig. 4d). Amino acid sub-
stitutions have been identified as a common mechanism of resistance
to cancer drugs, including tyrosine kinase inhibitors (TKIs)*°, and
NAE inhibitors*. These observations have influenced treatment
approaches, such as using a second-generation USP7i that can target
enzymes with specific amino acid substitutions in relapsed tumors.
This strategy may be advantageous in addressing resistance
mechanisms involving USP7 amino acid substitutions in clinical set-
tings in future.

A crucial approach for definitively demonstrating that mutations
in UPS7 drive resistance involves the creation of an engineered cell line
that exclusively expresses the mutant form of the enzyme, rather than
the wild-type variant. Through the utilization of CRISPR/Cas9 tech-
nology and overexpression plasmids, we have successfully generated
such model systems. Specifically, the cell lines CHP-212, LNCaP, and
Capan-1, which harbor the V517F.KI and V517F.OE in the context of
different p53 genetic background, exhibited notable resistance to
USP7-797 and FTé671. The introduction of the V517F mutation into
these cell lines led to the development of both heterozygous and

Nature Communications | (2025)16:2526


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-56981-w

a FT671 USP7-797
Time (min) Time (min) Time (min) Time (min)
0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50
0.0 : 0.0 A T T T 0.0t
r'['l"III N . v rrreerrrvey
A 11 1 L T B
< ] -0.21 1-0.2 1 7]
S 04 ' 1-04° 104
: WT 1 g4 V517F | ] WT 1 6] ]
< .06 Kd = 0.054 uM| Kd = 3.63 uM | -0.6- Kd = 0.008 uM{ 1 Kd = 0.457 uM-
S 007 T At oo T e 00T ] 0077 T T T
Q .50 - i i i 1 il
£ 590 6.0] 17401 159
5 -10.0 N = 0,06 1-10.0- {-8.0- 1-10.01
= -15.0 =099 1 N=1.021,. ] 1-15.01
2 200 C=324.0711401 % =4.41 7120 12001 ]
£ 0.0 0.5 1.0 1.5 2.0 0.0051.015202530 00 05 1.0 1.5 2.0 00 05 10 15 20
Molar Ratio Molar Ratio Molar Ratio Molar Ratio
b 90° AF_USP7_V517F¢cP C ;1 90° Apo USP7¢/
USP7¢0_ d> USP8/USPY/ USP15/USP34
' e, <
ARWARY AL
[‘ FUSPS/FUSPQ/
. } JEEUSP15/EUSP24
o
. M515 &
A0 403 \ \“ PR ’ \
Time (min) Time (min) Time (min) Time (min)
0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50
o) . 0.0 e
g 0.0 | 0.0 r IR 0.0 |.JAJ_.A L
20 0.2
(—8 -0.21 : -0.2 H
= -0.2 V517G | 0.4 v517A | 04 V517 -0.4 VBI7Y |
‘g d =0.052 uM Kd = 0.039 uM{ -0.6 Kd = 0.036 uMm} -0.6 Kd=1.12 uM|
T 00 - ———e="1 0.0 —— e 0.0 e |
£ -50 50 5.0 100
b -10.0 i e
6-10.0 - -10.0 N=095 | 130 N =055
ol N=090 [-15.0f - =095 [ _ =055 [
51600 C 38585 | 50 o C=577.10[ 3001 C=17.86|
= 00 05 10 15 20 00 05 10 15 20 00 05 1.0 15 20 00 05 10 15 20
=~ Molar Ratio Molar Ratio Molar Ratio Molar Ratio

Fig. 4 | V517F mutation translocates the outside side chain of Y514 into the
compound binding cleft of the catalytic domain, resulting in a decreased
ability of USP7i binding. a The association constant (Kd) for the interaction
between USP7<®, V517F°, USP7-797, or FT671 was determined using an isothermal
titration calorimetry (ITC) assay. C value was calculated as the ratio of the protein
analyte concentration to Kd. b The structural superposition between the
AF_USP7_V517F® (purple) and USP7°_FT671 (PDB ID: SNGE) (green). A zoomed-in
view of the boxed region from the lower right inset, showing clashes between the
mutant USP7 Y514 residues and the FT671 compound (orange) in wild-type USP7<°

asindicated by ared circle. Lower right inset, atomic models of the catalytic domain
of the USP7_V517F mutant (purple) and the wild-type USP7 (green) bound with
FT671. ¢ Structural superposition among USP4 (2Y6E), USP8 (2GFO), USP9 (SWCH),
USP12 (5K16), USP15 (6GHA), USP34 (7W3R) and USP7® (INBS8). A zoomed-in view
of the boxed region from the lower right inset, showing the rotamer conformations
of Y514 or its counterparts in different USP members. Lower right inset, atomic
models of the catalytic domain of the USP members. d The association constant
(Kd) for the interaction between V517G/ V517A/ V5171/ V517Y, and FT671 was
determined using an isothermal titration calorimetry (ITC) assay.
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homozygous V517F mutant clonal cells, all of which exhibited resis-
tance to USP7i. This suggests that the V517F mutation contributes to
resistance in a dominant-negative manner. A search of single-
nucleotide polymorphism database (COSMIC) did not identify the
existence of the V517F mutation in human populations, suggesting that
these mutations may be acquired during the selection process. As

demonstrated by the results of multiple sequence alignment con-
ducted by Ye et al., the residue F is notably conserved at the equivalent
517 positions across various members of the USP family, in contrast to
the V517 residue observed in USP7*. However, the essential compo-
nents of the compound binding pocket, specifically Y514 and Y465,
display a high degree of conservation®. This pattern of conservation
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Fig. 5| Cell lines containing the V517F knock-in mutation and overexpression
demonstrate resistance to USP7i. a Schematic representation of generation of
V517F knock-in (KI) cell lines in CHP-212 cells using CRISRP/Cas9 technology. The
nucleotide sequences of the USP7 gene at the target site in the V517F KI monoclonal
cells are shown in the right panel. b, ¢ The CHP-212 V517F KI and LNCaP V517F KI
clones exhibit resistance to USP7i and a reduction in USP7 pathway inhibition.
Following treatment with the specified compounds for 5 days, cell viability was
assessed using the SRB assay for CHP-212, and CCK8 assay for LNCaP cells. Western
blotting analysis was conducted to assess the indicated protein levels following
treatment with 1 uM USP7-797 or FT671 for 24 h. Data shown are mean+SD (n=3

technical replicates; 3 independent experiments). d Exogenous expression of V517F
mutant in Capan-1 cells resulted in reduced sensitivity to USP7i. Following stable
transfection with full-length USP7 WT or V517F mutant, subsequent treatment with
USP7-797 for indicated days was analyzed by SRB assays or western blotting (lower
panel). Data shown are mean + SD (n =3 technical replicates; 3 independent
experiments). e Exogenous expression of V517F mutant in CHP-212 and LNCaP cells
decreased their sensitivity to USP7i. Cells were treated with USP7-797 or FT671 for
5 days and then subjected to SRB or CCK8 assays. Data shown are mean+SD (n=3
technical replicates; 3 independent experiments).

suggests that treatment-emergent mutations are more likely to
occur at V517 rather than at the conserved residues Y514 and Y465.
Several members of the USP family, including USP4, USPS8, USP9X,
USP12, USP15, and USP34, have been documented to exhibit resistance
to FT671°. Consistently, our observations indicate that all these
members uniformly possess a phenylalanine (F) residue at the
position analogous to USP7 V517 (Fig. 4c). Furthermore, the side chains
of Y514 in these members are consistently situated within the
ligand binding pocket, as observed in the USP7 V517F variant.
Moreover, specific mutations in USP7 have been documented in
the cBioPortal database in bladder, lung, and glioblastoma cancer
samples at Exon 14 (D481H, D483N, E491K, D502E, D504N/Y_R508de-
linSG, and R508%*L). Continued investigation is warranted to deter-
mine the presence of pre-existing mutations, as they may serve as
predictive indicators for relapse in patients receiving USP7i treatment
in future.

Since V517F mutation appears to be the most common cause of
resistance in our studies, it would be a promising strategy to devel-
oping a second-generation USP7i that can target the V517F mutant
enzyme. Further investigation into the mechanisms of resistance to
USP7i will inform ongoing clinical strategies for treating patients. This
may involve combining complementary biological agents with USP7
inhibition or developing next-generation inhibitors tailored to emer-
ging mutant USP7 enzymes in relapsed patients.

Methods

Drugs and antibodies

USP7-797 was obtained from Kerigen Therapeutics (Nangtong, China).
FT671, GNE-6640, and Taxol were purchased from MedChemExpress
(Monmouth Junction, NJ, USA). Adriamycin and VCR were purchased
from MeilunBio (Liaoning, China). Bortezomib and MLN4924 were
purchased from Selleck Chemicals (Shanghai, China). KSQ4279 was
purchased from Chengdu Giant Biomedical Technology (Chengdu,
China). Drugs were dissolved in dimethyl sulfoxide (DMSO), aliquoted,
and stored at —20 °C.

Primary antibodies were purchased from Cell Signaling Technol-
ogy (Danvers, MA, USA) against the following: p21 (#2947); Rad18
(#9040); DNMT1 (#5032); UHRF1 (#12387); caspase-3 (#9662); cleaved
caspase-3 (#9661); caspase-7 (#12827); cleaved caspase-7 (#8438);
PARP1 (#9542). Antibody against p53 (#sc-126) was purchased from
Santa Cruz Biotechnology (Dallas, TX, USA). Antibody against (3-actin
(60008-1-g) was purchased from Proteintech (Hubei, China). Anti-
body against USP7 (ab108931) was purchased from Abcam (Cam-
bridge, England). Antibody against GAPDH (AGO019) was purchased
from Beyotime Biotechnology (Shanghai, China). The secondary anti-
bodies were purchased from Jackson ImmunoResearch Laboratories
(West Grove, PA, USA).

Cell culture

Human cell lines CHP-212 (CRL-2273) and Capan-1 (HTB-79) were
purchased from the American Type Culture Collection (Manassas, VA,
USA). Human cell line LNCaP (SCSP-5021) was purchased from the
Shanghai Institutes for Biological Sciences at the Chinese Academy of
Sciences (Shanghai, China). The cells were authenticated by STR (short

tandem repeats) DNA profiling and confirmed as negative for Myco-
plasma contamination.

CHP-212 cells and their resistant clones were maintained in a 1:1
mixture of F12 medium and MEM medium (both from Gibco), sup-
plemented with 10% fetal bovine serum, 1% nonessential amino acids,
and 1% sodium pyruvate (all from Gibco) throughout the experimental
duration. LNCaP cells were cultured in RPMI-1640 medium (Gibco)
with the addition of 10% fetal bovine serum (Gibco). Capan-1 cells were
grown in IMDM medium (Gibco) supplemented with 10% fetal bovine
serum (Gibco). The cell lines were cultured and maintained at 37 °C
with 5% CO, in a humidified environment.

Establishment of USP7i-resistant variants

To establish USP7-797-resistant cell lines, TP53 wild-type CHP-212 cells
and TP53 mutant Capan-1 cells were plated at a density of 4-6 x10°
cells per well in 6-well plate, and were exposed to 10 uM USP7-797
(above the IC95 concentration) for a period of 5 days, followed by a
recovery period in drug-free media (For CHP-212, 1:1 mixture of F12
medium and MEM medium, supplemented with 10% fetal bovine
serum, 1% nonessential amino acids, and 1% sodium pyruvate; for
Capan-1, IMDM medium supplemented with 10% fetal bovine serum)
until cell viability was restored (PO - P1). This process was repeated for
a total of 5 cycles (PO~ P5). The resulting PS CHP-212 cells were
designated as CHP-212-R(mix), from which six drug-resistant single-cell
clones (R1-R6) were isolated. Similarly, the P5 Capan-1 cells were
designated as Capan-1-R(mix), from which nine drug-resistant single-
cell clones (E1-E6, D3, D4, and D6) were selected.

Cell viability assay

Cells were plated at a density of 1000-6500 cells per well in 96-well
plates before treatment with indicated drugs at varying concentrations
for 3-5 d. To measure cell viability, sulforhodamine B (SRB) and CCK-8
assays were performed*’. CHP-212 and Capan-1 cells were fixed with
pre-cooled trichloroacetic acid (TCA; Sinopharm Chemical Reagent
Co., Ltd.; Shanghai, China) overnight at 4 °C, followed by five washes
with distillation-distillation H,O (ddH,0).The cells were then stained
with SRB (Sigma-Aldrich; St. Louis, MO, USA) for 15 min. Excess SRB
was removed using 1% acetic acid solution (Sinopharm Chemical
ReagentCo., Ltd; Shanghai, China), and 10 mM Tris(hydroxymethyl)
aminomethane solution was added to dissolve the SRB. Absorbance
was measured at 560 nm using a SpectraMax 190 Microplate Reader.
The inhibition rate (%) was calculated as follows:

A560,
1— treated)} x100% @
|: <A560c0ntr01 ’

For LNCaP cells, 10 pl of CCK-8 (Meilunbio, Liaoning, China) was
added per well to the cell culture medium at the end of compound
treatment. The cells were then incubated for an additional 3-6h
before measuring the absorbance ratio using the SpectraMax 190
Microplate Reader at 450 nm, ensuing it fell within the range of 0.8-1.2.
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The inhibition rate (%) was calculated as follows:

A450
1- ﬂ)} x100% 2)
|: (A45 Ocontrol (

The ICs0 value was calculated using the Logit method.

Western blotting and Coomassie brilliant blue fast staining

The cellular level of the indicated proteins was measured using the
standard Western blotting protocol. In brief, cells treated with indi-
cated drugs were lysed using SDS lysis buffer (50 mM Tris-HCI, pH 6.8,
2% SDS, 0.05% bromophenol blue, 10% glycerin, and 100 mM DTT) and
subjected to boiling for 15min. The cell lysates were subjected to
separation by SDS-PAGE on 7.5-12.5% acrylamide gels at 90V for
25min and 180V for 55 min. Coomassie Brilliant Blue Fast Staining
solution (#P1300; Solarbio Life Science; Beijing, China) was then uti-
lized for Coomassie brilliant blue fast staining according the manu-
facturer’s instructions. For western blotting analysis, the separated
proteins were transferred to a 0.45 pM nitrocellulose membrane using
Trans-Blot Turbo (Bio-Rad), and subsequently blocked with TBST 5%
milk for 1h. The membranes were then incubated with primary anti-
bodies at a dilution of 1:1000, followed by secondary anti-rabbit-HRP
or anti-mouse-HRP antibodies. The signal was analyzed using a Bio-Rad
ChemiDoc Imaging system.

Flow cytometry

Cell cycle distribution and apoptosis were assessed using flow
cytometry'®. After treatment with USP7-797, FT671 or 0.01% of DMSO
for the indicated time, CHP-212 parental and resistant cells were pre-
pared for the assessment of cell cycle distribution or apoptosis. In the
case of cell cycle analysis, cells were exposed to the indicated drugs for
24 h, fixed with 70% ethanol overnight at 4 °C, treated with RNase A for
15min, and subsequently stained with propidium iodide (Beyotime;
Shanghai, China) for 30 min. For apoptosis analysis, cells were incu-
bated with indicated drugs for 48 h, harvested, and stained with FITC
Annexin V and propidium iodide following the manufacturer’s proto-
cols (Apoptosis Detection Kit I, #556547; BD Pharmingen). All data
were acquired using a FACS Calibur instrument (BD Biosciences; USA)
and analyzed with FlowJo VIO software. The gating strategy was
depicted in Supplementary Fig. 5.

Whole-exome sequencing

The cell samples of CHP-212 and two resistant variants (CHP-212#R2
and CHP-212#R3) underwent whole-exome sequencing conducted by
RIBBIO (Guangzhou, China). Briefly, genomic DNA extraction was
carried out using the Megan HiPure Blood & Tissue DNA Kit (No.
D3018; Magen; Guangzhou, China) following the manufacturer’s pro-
tocol. Fragmented genomic DNA was then ligated to adapters for
whole-exome library construction, and targeted enrichment was
achieved through capture by Agilent SureSelect Human All Exon
V6 + COSMIC (66 M). The captured fragments were subsequently
analyzed using the Illumina Hiseq platform (Illumina, CA, USA) with
paired-end sequencing. Quality assessment of sequencing reads was
conducted using Fast QC, and adapter removal and read trimming
were performed using Trimmomatic. Each sample should have a
minimum of 12 G of clean reads and a Q30 value greater than 90%.
Following this, the clean reads were aligned to the human reference
genome sequence (hgl9) usng BWA v0.7.1.

Local realignment around insertion/deletions (InDels) was con-
ducted using the Genome Analysis Tool kit (GATK) after removing
duplicated reads with the Picard tool. Mutations were detected by
comparing the bam files of parental cells and resistant clones using
Mutect2/VarScan2. The predicted single nucleotide variants (SNVs) and
InDels were subjected to further filtering criteria, which included: (i) 210
reads containing the mutation in the resistant clone file; (ii) mutations

present in >20% of the reads mapped to the mutation locus; (iii) >8 reads
covering the mutation locus in the parental clone file; and (iv) <2% of
reads containing the mutation in the parental clone file. Copy number
alterations were identified using CONTROL-FREEC/ExomeCNV. Subse-
quently, the mutations were annotated using Annovar with the NCBI
dbSNP and COSMIC databases, as well as sorting intolerant from tolerant
(SIFT) and polymorphism phenotyping (PolyPhen) scores.

DNA sequencing

DNA isolation of resistant variants of CHP-212 and Capan-1 was carried
out using a AxyPrepTM Multisource Genomic DNA Miniprep Kit
(Corning), while a MolPure® Cell/Tissue DNA Kit (Yeasen) was utilized
for the DNA isolation of knocked-in cells, following the manufacturer’s
protocols. The primers were synthesized by Sangon Biotech (Shang-
hai, China) as follows:

USP7-F: 5-TTGTATGAGCGGATGCCTGA-3;

USP7-R: 5-TGCATCGAAACGCGCAAG-3'.

PCR amplifications of USP7 were conducted using optimized
cycling conditions with the primers USP7-F and USP7-R, followed by
sequencing of the amplified products using Sanger sequencing at BGI
Genomics (Shanghai, China). Point mutations were manually con-
firmed by aligning sequencing data with the corresponding referen-
cing sequence in SnapGene Version 4.3.6.

Quantitative real-time PCR (qQRT-PCR)
Total RNA extraction was performed using the SteadyPure Quick RNA
Extraction Kit (#AG21023; Accurate Biology; Hunan, China) in accor-
dance with the manufacturer’s instructions. cDNA was generated using
HiScript Ill RT SuperMix (Vazyme; Jiangsu, China) for gPCR, and qRT-
PCR reactions were carried out on the CFX Connect™ Real-Time System
(Bio-RAD). Primers USP7-RT-F and USP7-RT-R were utilized for USP7,
while B-actin-RT-F and f-actin-RT-R were used for B-actin, all of which
were synthesized by Sangon Biotech (Shanghai, China) as follows:

USP7-RT-F: 5-GTCACGATGACGACCTGTCTGT-3’;

USP7-RT-R: 5-GTAATCGCTCCACCAACTGCTG-3;

B-actin-RT-F: 5-TCGTGCGTGACATTAAGGAG-3;

B-actin-RT-R: 5-~ATGCCAGGGTACATGGTGGT-3".

The relative mRNA expression of USP7 was normalized from the -
actin transcript levels using the comparative Ct method in Bio-Rad CFX
Manager 3.1.

Gene knock-in

The sgRNA and ssDNA were purchased from Genscript (Nanjing,
China) as follows: USP7-sgRNA: 5-GCTTACATGTTAGTCTACATC-3’;
USP7-ssDNA:  5-TGTCTGTTCGACACTGCACTAATGCTTACATGTTAT
TCTACATCAGAGAATCAAAACTGAGTGAGTAGTGTTCACT-3'. CHP-212
and LNCaP cells were transfected utilizing the Neon™ Transfection
System (MPK5000s; Invitrogen; Carlsbad, CA, USA) in accordance with
the manufacturer’s guidelines. Specifically, a mixture containing
22.5 uM USP7-sgRNA and 7.5 tM GenCRISPRTM Cas9 v1.2 (#Z03702;
Genscript; Nanjing, China) in R buffer (Invitrogen; Carlsbad, CA, USA)
was prepared to a final volume of 7 pl. Following a 10-min incubation at
room temperature, 1 g ssDNA was introduced and allowed to incu-
bate for an additional 2 min. Subsequently, 3 x 10° CHP-212 cells were
added into the system. The resulting mixture was loaded into 10 pl tips
and subjected to electroporation using one of two settings: Setting 1,
1400 volts, 20 ms width, and 2 pulses; Setting 2, 1700 volts, 20 ms
width, and 1 pulse. In the case of LNCaP cells, 1x10° cells were elec-
troporated in a 100 pl tip using settings of 1250 volts, 20 ms width, and
2 pulses. Subsequently, single-cell clones were chosen, and the efficacy
of gene knock-in was confirmed through Sanger sequencing,.

Stable overexpression of USP7 and USP7_V517F
USP7 and USP7_V517F were stably overexpressed using pCDH-CMV-
GFP-Puro vectors through lentiviral infection. Briefly, the wild-type
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cDNA of human USP7 (residues 208-560; HG11681-G) was purchased
from Sino Biological (Beijing, China). Amplification of the wild-type
USP7 was conducted using the primers USP7-OV-F and USP7-OV-R. The
V517F mutation was introduced into USP7 through a three-step PCR
based site-directed mutagenesis technique*?, employing the wild-type
cDNA of USP7 as the template and utilizing two sets of primers (USP7-
OV-F with USP7-V517F-R, and USP7-V517F-F with USP7-OV-R). All pri-
mers were synthesized by Sangon Biotech (Shanghai, China) as
follows:

USP7-OV-F: 5-ACCTCCATAGAAGATTCTAGACGCGGGATATGAAC
CAC-3;

USP7-OV-R: 5’-GATCGCAGATCCTTCGCGGCCGCGCCGCACTAGT
GATTCAGTTATG-3";

USP7-V517F-F: 5’-GCTTACATGTTATTCTACATCAGGGAATC-3’;

USP7-V517F-R: 5-GATTCCCTGATGTAGAATAACATGTAAGC-3'.

Both wild-type USP7 and USP7_V517F were cloned into the Xbal/
Notl restriction sites of the pCDH-CMV-MCS-EF1-CopGFP-T2A-Puro
vectors (DB00013; MiaoLingBio; Wuhan, China). Subsequently, lenti-
viruses were generated by co-transfecting HEK293T cells with psPAX2
(Addgene plasmid #12260), PMD2.G (Addgene plasmid #12259), and
the recombinant pCDH-CMV-GFP-Puro plasmids. CHP-212, Capan-1,
and LNCaP cells were then infected with the lentiviruses for 48 h to
overexpress USP7 and USP7_V517F. The clones with overexpression
were then selected using 2 pg/ml puromycin for additional 7 days, and
successful gene overexpression was validated via Western blotting
analysis.

Protein expression and purification

The cDNA of USP7 mutants V517G, V517A, V5171, and V517Y were pur-
chased from GenScript (Nanjing, China). His-tagged USP7°, V517FP,
V517GP, V517AP, V5171°P, and V517Y° were inserted into the pET28
vector and expressed in E. coli BL21 (DE3). The E. coli was cultured in LB
liquid medium supplemented with 50 mg/ml Kanamycin at 37°C until
reaching an ODggonm Of 0.8, followed by induction with 0.5 mMIPTG at
17°C overnight. The pellet was then resuspended in lysis buffer (50 mM
HEPES, 300 mM NacCl, 10 mM Imidazole, 3 mM B-Mercaptoethanol, pH
7.5) and sonicated for lysis. After centrifugation to clarify the lysate, the
supernatant was applied to a Ni-NTA gravity column (Beyotime,
Shanghai, China), washed with lysis buffer containing 100 mM Imida-
zole, and eluted with 250 mM Imidazole. The protein was concentrated
using an Amicon Ultra-15 Centrifugal Filter (MerckMillipore; Germany),
purified by desalting through a gravity column (Sangon Biotech;
Shanghai, China), and confirmed through Western blotting and Coo-
massie brilliant blue fast staining,.

In vitro enzyme assays

The inhibitory effects of compounds on the enzymatic activity of
USP7, V517F®, V517G, V517A, V517I°°, and V517Y® were assessed by
measuring the increase in fluorescence resulting from the cleavage of
ubiquitin-7-amino-4-methylcoumarin (Ub-AMC; Bio-Techne)®®. The ICsq
values were determined through serial dilution of USP7-797, FT671, or
GNE6640, which were pre-incubated for 15 min with 3 nM of USP7° or
each mutant protein in a 384-well plate containing 50 mM Tris-HCI,
0.5mM EDTA, 5mM DTT, 0.01% Triton, and 0.05% BSA at pH 7.6. Sub-
sequently, 80 nM ubiquitin-AMC was added, and the reaction was car-
ried out at 27 °C. The reaction proceeded for a duration of 2 h until the
addition of 200 mM acetic acid to halt the reaction, followed by the
measurement of fluorescence intensity using a SynergyTM H1 (Bio-Tek)
equipped with a 380 nm excitation/505 nm emission optic module.

The inhibition rate (%) was calculated as follows:

1— Fluorescence Intensity ompound
Fluorescence Intensitysp; — Fluorescence Intensityy,ni

>] x100%
3

The ICso value was calculated by the Logit method using Graph-
pad Prism 9.1.

In the time-dependent inhibition assay, either 0.5 pM USP7-797 or
1pM FT671 was incubated with 50 nM USP7° or other mutant iso-
forms under the same reaction conditions as described above, except
that fluorescence intensity was measured at the time points of 0O, 10,
20, 30, 45, 60, 90, 120, and 150 min after the initiation of the reaction
without the addition of acetic acid for termination.

Isothermal titration calorimetry (ITC) assays

ITC assays of USP7° and V517F° were conducted at room tempera-
ture using a MicroCal iTC200 (Malvern Panalytical), and the ITC data
for V517G, V517A, V517I°°, and V517YP were collected using a
MicroCal PEAQ-ITC (Malvern Panalytical)'®. Recombinant USP7<,
V517F<P, V517GP, V517A°P, V517I°P, or V517YP was titrated with first
injection of 0.5 pL, and followed with 20 injections (2 pL per injection)
at 25°C of USP7-797 or FT671. The dissociation constant (Kd) values
were calculated by fitting the data set using the single-site binding
model provided by MicroCal PEAQ-ITC analysis software. The experi-
mental setups of all ITC measurements were provided in Supplemen-
tary Table 2.

Predicted model by Alphafold2

All the predicted models are generated using AlphaFold2* installed on
local workstation. Structural comparisons are performed by using
ChimeraX**.

Statistical analyses

All statistical data were assessed via Graphpad Prism 7.0 and presented
as mean+SD without special statements. *P<0.05; *P<0.01;
P <0.001, P<0.05 was considered to be statistically significant.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The structures of USP7 in complex with FT671, USP4, USP8, USP9X,
USP12, USP15, USP34, USP7, and USP7 in complex with Compound 23
are taken from the Protein Data Bank under the accession codes SNGE,
2Y6E, 2GFO, SWCH, 5K16, 6GHA, 7W3R, INBS8, 6VN3.

The sequencing data generated in this study have been deposited
in the NCBI SRA database under accession code PRJNA1149296. All
other data are available within this article, or are provided in the
Supplementary Information/Source Data file. Source data are provided
with this paper.

Code availability
No custom code or mathematical algorithms employed in this study,
and no original code is reported.
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