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ARTICLE INFO ABSTRACT

Keywords: USP1 (Ubiquitin-specific protease 1) is closely related to the prognosis of patients with liver cancer and plays an

Ubiquitination important role in DNA damage repair. C527 is a selective USP1 inhibitor (USP1i), which can regulate the protein

I;]e)s;tan;elof platinum drugs ubiquitination to effectively inhibit the proliferation of cancer cells. However, its clinical application is hindered
mode!

due to the poor water solubility and lack of tumor targeting. Moreover, the efficacy of single use of USP1i is still
limited. Herein, a glutathione (GSH) sensitive amphiphilic polymer (poly (2-HD-co-HPMDA)-mPEG, PHHM) with
disulfide bonds in the main chain was designed to encapsulate the USP1i as well as platinum (IV) prodrug (Pt
(IV)-C12), resulting in the formation of composite nanoparticles, i.e., NP-Pt-USP1i. NP-Pt-USP1i can inhibit the
DNA damage repair by targeting USP1 by the encapsulated USP1i, which ultimately increases the sensitivity of
tumor cells to cisplatin and enhances the anti-cancer efficacy of cisplatin. Finally, an intraperitoneal tumor mice
model and a patient-derived xenograft (PDX) of liver cancer mice model were established to prove that NP-Pt-
USP1i could effectively inhibit the tumor growth. This work further validated the possibility of therapeutically
target USP1 by USP1i in combination with DNA damaging alkylating agents, which could become a promising
cancer treatment modality in the future.

1. Introduction

Protein ubiquitination is the specific modification of some proteins in
cells after translation, which becomes an indispensable regulation pro-
cess of cell function [1-3]. Studies have shown that ubiquitination pro-
cesses of many proteins [4], including gene expression [5], cell cycle
progression [6], apoptosis [7], and DNA repair [8], can promote the
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development of tumor [9,10]. The ubiquitination of a certain protein is
therefore controlled in a concerted manner by ubiquitin E3 ligase and
de-ubiquitinases (DUBs) in which the ubiquitination is mainly mediated
by the DUBs [11]. The ubiquitination can result in the decomposition and
release of ubiquitin from the substrate proteins, thereby avoiding the
degradation of some certain proteins [12,13].

Ubiquitin-specific protease 1 (USP1) is one of the most typical DUB
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proteins [10]. Studies have indicated that USP1 could play an important
role in DNA damage responses [14,15]. USP1 regulates DNA damage
responses by de-ubiquitination of certain proteins in Fanconi Anemia
(FA) and Transcession Synthesis (TLS) pathways [8,16], leading to drug
resistance, cancer recurrence and metastasis [17]. In addition, USP1 can
stabilize DNA binding inhibitor 1 (ID1) and promote cancer cell prolif-
eration [18]. Therefore, USP1 becomes a new target for cancer therapy.
For this specific reason, a series of USP1 inhibitor (USP1i, including C527
and ML-323, etc.) have been developed to be a class of targeted drugs
with potential therapeutic effect that can regulate cancer cell ubiquiti-
nation [14,19]. However, studies have shown that the small molecule
based drugs, both C527 and ML-323 in single use, did not show good
anti-tumor ability in clinic [19]. Further studies indicated that these
compounds can only show strong anti-tumor activity against tumors with
homologous recombination defect (HRD) mutations. What's more, such
small molecule based drugs of USP1i is generally poorly water-soluble,
resulting in limited clinical applications.

Fanconi anemia (FA) and DNA translesion synthesis (TLS) pathways
were the first DNA damage tolerance and repair pathways found to be
regulated by reversible ubiquitination. Platinum anticancer drugs, such
as cisplatin, oxaliplatin, and carboplatin, are the first-line anticancer
alkylating agents in clinic practice [20,21]. These drugs can cause DNA
damage and induce cell apoptosis by cross-linking with DNAs in cancer
cells [22,23]. Unfortunately, the DNA repair machinary is powerful in
cancer cells, resulting in resistance to platinum drugs [24,25]. DNA
damage response pathways, particularly TLS and ICL repair, may have
contributed to this resistance. Therefore, inhibition of DNA damage
response pathways (TLS and FA) by targeting USP1 could improve the
sensitivity of tumor cells to cisplatin [26,27].

Herein, a tumor microenviroment sensitive amphiphilic polymer with
disulfide bonds in the polymer main chain was designed to encapsulate a
selective USP1i (C527) together with a hydrophobic platinum (IV) pro-
drug (Pt (IV)-C12) with aliphatic fat acid chains in the axial positions,
resulting in a composite nanoparticle (NP-Pt-USP1i). NP-Pt-USP1i was
supposed to cause DNA damage by released platinum drugs, i.e.,
cisplatin. Moreover, NP-Pt-USP1i could target USP1 by encapsulated
C527 to inhibit the DNA damage repair pathway, so as to improve the
sensitivity of tumor cells to cisplatin and therefore increase the efficacy of
platinum drugs. What is more, the drug carriers can be degraded trig-
gered by intracellular overexpressed glutatione (GSH), resulting in the
dissociation of NP-Pt-USP1i. In this way, the encapsulated Pt (IV)-C12
can be reduced to release cisplatin via chemical reduction of platinum
(IV) and the encapsulated USP1i can be released directly. On the one
hand, cisplatin can further cross link with intracellular DNAs, resulting in
DNA damage and cell apoptosis. On the other hand, USP1i can promote
the ubiquitination of ID1 and FANCD2 proteins, reduce the homologous
recombination (HR) repair, and finally enhance cisplatin activity. Sub-
sequently, an intraperitoneal cisplatin resistant tumor model of standard
liver cancer cells (7404DDP-LUC) and a patient derived liver cancer
(PDX) animal model were established for drug screen in vivo. Whether
NP-Pt-USP1i can effectively and selectively inhibit the cell ubiquitina-
tion, tumor growth, and cisplatin resistance depending on the above
models was extensively studied. This work verified the possibility of
using USP1 as a therapeutic target, which can be widely applied to other
types of cancer to improve efficacy of platinum based chemotherapy and
provide guidance for efficient cancer therapy.

2. Results and discussion
2.1. Inhibition of protein ubiquitination enhances cisplatin anticancer
activity

In order to explore the role of USP1 in DNA damage response in liver
cancer patients, the difference of USP1, FANCD2, and BRCA1l gene
expression between liver cancer patients and healthy people was
analyzed by the Cancer Genome Atlas (TCGA). The results showed that
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the expression of the above genes in liver cancer patients was higher than
that in healthy people (Fig. S1). Next, the correlation between the gene
expression of USP1, FANCD2, and BRCA1 and the survival rate of pa-
tients was further studied by TCGA. The results by Gene Expression
Profiling Interactive Analysis (GEPIA) clearly showed that patients with
low expression of USP1, FANCD2, and BRCA1 genes could have a longer
survival time (Fig. 1C, Fig. S2).

In order to further explore the correlation between USP1 and ho-
mologous recombination repair related genes (FANCD2 and BRCA1), the
correlation regression analysis was conducted. The results showed that
the expression of USP1 was positively correlated with the expression of
FANCD2 and BRCA1 (Fig. 1D), and the correlation coefficients were R =
0.63 and R = 0.72, respectively. In conclusion, USP1 is likely to play an
important role in the DNA damage response pathway, thereby becoming
a promising therapeutic target for liver cancer.

The above bioinformatics analysis indicates that the expression of
USP1 is negatively correlated with therapeutic effect in liver cancer pa-
tients in clinic, indicating the use of USP1i such as C527 to inhibit the
USP1 expression is possible to inhibit DNA repair, resulting in increasing
DNA damage caused by DNA alkylating agents such as cisplatin, finally
enhancing the anti-tumor effect. In order to explore this, cisplatin resis-
tant cell line, namely, BEL-7404DDP (liver cancer) was chosen for the
subsequent study. BEL-7404DDP cells were then treated with cisplatin,
C527, and combination of cispatin and C527. The cytotoxicity of the
above drugs and drug combinations were studied by an MTT test. The
results showed that the combination of cisplatin and C527 showed
obvious synergistic anti-tumor effect (combination index (CI) < 1)
(Fig. S3). The above resutls indicated that cisplatin and the USP1i of
C527 had a promising prospect for combination therapy. Inhibiting USP1
via USP1i has therefore become an effective new strategy to enhance the
anti-tumor effect of platinum drugs.

2.2. Synthesis and characterization of PHHM and Pt (IV)-C12

C527 is an effective USP1i, but its poor water solubility and insolu-
bility limit its great application. In order to deliver C527 for intracellular
release, a GSH sensitive polymer (poly (2-HD-co-HPMDA)-mPEG,
PHHM) with disulfide bonds in the polymer main chain was synthesized,
and Pt (IV)-C12 was also synthesized (Scheme S1, Figs. S4 and S5) [22].

2.3. Preparation and characterization of nanoparticles

To prepare nanoparticles with Pt (IV)-C12 and C527, PHHM was
adopted to firstly co-assemble with Pt (IV)-C12 into NP-Pt via a nano-
precipitation method. In the same way, Pt (IV)-C12 and C527 were co-
encapsulated with PHHM to nanoparticles (NP-Pt-USP1i).

To study the physicochemical properties of the above nanoparticles,
transmission electron microscopy (TEM) was used. The results showed
that NP-Pt-USP1i was a uniform spherical nanoparticle with a diameter
of ca. 120 nm (Fig. 2A). Further dynamic light scattering (DLS) charac-
terization indicated that the average particle size of NP-Pt was ca. 103.8
nm (Fig. S6), while that of NP-Pt-USP1i was about 124.2 nm (Fig. 2B).
Besides, the zeta potentials of NP-Pt and NP-Pt-USP1i were —6.81 and
—19.0 mV, respectively (Fig. 2C), and the polydispersity indexes (PDI)
were 0.187 and 0.078, respectively, indicating the above two nano-
particles were well dispersed in aqueous solutions (Fig. 2D). Since there
are disulfide bonds in the polymer backbone of PHHM, it can be possibly
activated by GSH overexpressed in cancer cells, resulting in polymer
carrier degradation, nanoparticle dissociation, and drug release.

To explore this process, NP-Pt-USP1i was treated with 10 mM GSH for
24 h, and we found that the particle size of NP-Pt-USP1i changed from a
unimodal curve to a clearly bimodal curve by DLS. Specifically, the peak
at 124.2 nm changed to 260 nm (peak 1) and 16.31 nm (peak 2) (Fig. 2E),
indicating that NP-Pt-USP1i might be dissociated trigged by GSH, where
the peaks with large particle sizes may be for the polymer aggregates
with poor solubility, and the peaks with small particle sizes may be
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Fig. 1. USP1i (C527) sensitizes tumor cells to cisplatin
via inhibition of USP1 which correlates with the
treatment outcome of patients. A) Synthesis of Pt (IV)-
C12, and preparation of NP-Pt-USP1i. B) The schematic
illustration of NP-Pt-USPli-enhanced chemotherapy. C)
Kaplan-Meier analysis of overall survival probability in
LIHC patients. Data were retrieved from TCGA datasets
(http://gepia.cancer-pku.cn/). The patients were strati-
fied according to high (n = 182) versus low (n = 182)
expression of USP1 within their tumors. D) Correlation
analysis (Pearson) of USP1 gene and FANCD2 gene in
LIHC patients (n = 369). R? = 0.63. Data were retrieved
from TCGA datasets (http://gepia.cancer-pku.cn/). E)
Correlation analysis (Pearson) of USP1 gene and BRCA1
gene in LIHC patients (n = 369). R? = 0.72. Data were
retrieved from TCGA datasets (http://gepia.cance
r-pku.cn/).
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Fig. 2. Preparation, characterization and the intracellular uptake of NP-Pt-USP1i. A) Representative transmission electron microscopy (TEM) images of NP-Pt-
USP1i. Scale bar = 100 nm. B) Particle size of NP-Pt-USP1i by DLS. C) Zeta potentials of NP-Pt and NP-Pt-USP1i by DLS. D) PDI of NP-Pt and NP-Pt-USP1i by DLS. E)
The particle size of NP-Pt-USP1i after 24 h of exposure to 10 mM GSH. F) Cumulative C527 released from NP-Pt-USP1i by high performance liquid chromatography
(HPLC) after 10 mM GSH treatment at different time points. G) The uptake of NP-Pt-USP1i@Cy5.5 by BEL-7404DPP cells by confocal laser microscopy after treatment
for 1 h, 4 h and 7 h, respectively. The blue fluorescence comes from DAPI in the stained cell nucleus, and the red fluorescence comes from NP-Pt-USP1i@Cy5.5. The
green fluorescence comes from the cytoskeleton stained with Alexa-488. Scale bar = 30 pm. H) Flow cytometry was used to detect the uptake of NP-Pt-USP1i@Cy5.5
by BEL-7404DPP cells at 0 h, 1 h, 4 h and 7 h. I) Semi-quantitative analysis of the uptake. Data represent mean + standard deviation (SD) from n independent

experiments (n = 3). ****p < 0.0001 (ordinary one-way ANOVA).

aggregates of polymer fragments with high solubility. Subsequently, the
cumulative release of C527 from NP-Pt-USP1i was studied by high per-
formance liquid chromatography (HPLC). Results showed that the
release of C527 reached 80% after NP-Pt-USP1i was treated with 10 mM
GSH for 24 h, fully indicating that NP-Pt-USP1i displayed a reduction-
sensitive drug release behavior (Fig. 2F).

2.4. Uptake of NP-Pt-USP1i in vitro

The intracelluar uptake of NP-Pt-USP1i by cancer cells is the key step
for exerting anti-cancer effect. Therefore, in order to evaluate the ability
of cancer cells to internalize NP-Pt-USP1i, a fluorescent dye of Cy5.5 was
used to label the nanopoarticles of NP-Pt-USP1i (NP-Pt-USP1i@Cy5.5).
First, confocal laser microscopy (CLSM) was used to visualize the uptake
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of NP-Pt-USP1i@Cy5.5 by cancer cells. The results showed that the red
fluorescence in cells (mainly from the nanoparticles) was mainly
distributed in the cells, and the red fluorescence intensity increased
significantly with increasing drug incubation time, indicating that the
uptake of NP-Pt-USP1i@Cy5.5 by cells was time-dependent (Fig. 2G).
Subsequently, flow cytometry (FCM) was used to study the uptake of
NP-Pt-USP1i@Cy5.5 by cancer cells. A semi-quantitative study was
conducted on the uptake of nanoparticles (Fig. 2H). The results showed
that the intensity of intracellular fluorescence for the cells treated with
NP-Pt-USP1i@Cy5.5 increased with longer incubation time as well.
Specifically, the fluorescence intensity at 7 h in the cancer cells was 2.5
times that of the fluorescence intensity at 1 h (Fig. 2I). The above results
indicated NP-Pt-USP1i could be efficiently internalized by cancer cells in
a time dependent manner.

To further determine whether NP-Pt-USP1i could promote the uptake
of cisplatin by cancer cells, the platinum in BEL-7404 cells treated with
cisplatin, NP-Pt, and NP-Pt-USP1i was quantified by ICP-MS [28]. After
incubation for 24 h, the Pt uptake in BEL-7404 cells treated with NP-Pt
and NP-Pt-USP1i reached about 198 ng Pt/million cells and 196 ng
Pt/million cells, respectively, approximately 2.6 times the amount of that
in cells treated with cisplatin (about 76.62 ng Pt/million cells) (Fig. S7A).
Cisplatin is known to cause apoptosis of cancer cells by forming DNA
cross-links. To this end, the difference in the formation of Pt-DNA adducts
was evaluated in BEL-7404 cells treated by cisplatin, NP-Pt, and
NP-Pt-USP1i. The results showed that the Pt-DNA adducts in BEL-7404
cells treated with cisplatin reached about 169.1 ng Pt/10° DNA, whereas
these were 315.0 ng Pt/10° DNA and 527.0 ng Pt/10° DNA in BEL-7404
cells treated with NP-Pt and NP-Pt-USP1i, respectively (Fig. S7B). In
summary, NP-Pt-USP1i can increase cellular uptake of platinum and the
Pt-DNA adducts formation.

2.5. Antitumor activity of NP-Pt-USP1i in vitro

NP-Pt-USP1i can induce protein ubiquitination, and damage to bio-
logical macromolecules including DNAs, proteins, and lipids, etc.,
resulting in toxicity to the cancer cells. Therefore, the cytotoxicity of NP-
Pt-USP1i was first evaluated on cisplatin sensitive and cisplatin resistant
liver cancer cells (BEL-7404, BEL-7404DPP) and lung cancer (A549,
A549DPP) cells via an MTT assay.

The results showed that cisplatin had a modest anti-tumor effect,
while NP-Pt displayed better anti-tumor activity than cisplatin, and NP-
Pt-USP1i had the strongest anti-tumor effect of all (Fig. 3A). Specif-
ically, in BEL-7404 cells, the ICs of NP-Pt-USP1i, NP-Pt and cisplatin are
2.3 pM,7.6 pM, and > 40 pM, respectively (Fig. 3B). The results indicated
that NP-Pt-USP1i had higher anticancer activity than both NP-Pt and
cisplatin. In BEL-7404DPP cells, the anti-tumor activity of NP-Pt-USP1i
was also found to be significantly higher than that of other drugs.
Among them, ICs( of NP-Pt-USP1i was 16.4 uM. However, the ICs( of NP-
Pt is > 40 pM (Fig. 3B). The above results showed that even in cisplatin
resistant liver cancer cells, NP-Pt-USP1i could effectively kill them, while
cisplatin and NP-Pt were ineffective. In addition, in A549DDP cells, the
ICso of NP-Pt-USP1i was 10.1 pM, while the ICs values of cisplatin and
NP-Pt were greater than 40 uM (Fig. 3B). This also indicated that in
cisplatin resistant A549DDP cells, NP-Pt-USP1i still had better anti-tumor
activity.

Next, the apoptosis of BEL-7404DPP cells treated with different drugs
was studied by an Annexin V-FITC and propidium iodide (PI) double
staining assay. The results showed that the apoptosis rate of BEL-
7404DPP cells treated with NP-Pt-USP1i (16.26 + 1.8%) was 5.7 times
that of cells treated with PBS (2.85 + 0.99%) (Fig. 3C and D). Subse-
quently, the effect of NP-Pt-USP1i on the clonony formation of BEL-
7404DPP cells was further studied. To make it simpler, the BEL-
7404DPP cells were treated with various drugs, which were then
cultured for two weeks for further observation on the cell colonies via a
crystal violet assay. The results showed that the number of cell colonies
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formed by cells treated with cisplatin was significantly higher than those
formed in cells treated with NP-Pt-USP1i (Fig. 3E and F). The above re-
sults clearly showed that NP-Pt-USP1i could significantly inhibit the BEL-
7404DPP growth in vitro. Finally, in order to explore the anti-tumor effect
of NP-Pt-USP1i in vitro, BEL-7404 cells were adopted to culture a 3D
tumor spheriod. In this way, the anti-tumor activity of NP-Pt-USP1i was
studied by a live and dead staining assay of the 3D tumor spheriod
(Fig. 3G). The results showed that the number of dead cells (red fluo-
rescence signal) in the 3D tumor spheriod treated with NP-Pt-USP1i was
significantly more than those in the 3D tumor spheriod treated with other
drugs (Fig. 3H). To sum up, NP-Pt-USP1i showed more efficient tumor
cell killing ability both on 2D cells and 3D tumor spheriod in vitro.

2.6. NP-Pt-USPli can increase DNA damage of tumor cells in vitro

After NP-Pt-USP1i enters the cells, they can be triggered by the
overexpressed GSH in the cancer cells, resulting in the breakdown of the
disulfide bonds in the polymer carrier PHHM, and dissociation of nano-
particles as well as further reduction of platinum (IV) prodrug into
cisplatin and release of C527. Studies have shown that ID1 can promote
tumor cell proliferation, inhibit cancer cell differentiation, and promote
cell migration and cancer metastasis. On the one hand, C527 can inhibit
the USP1 activity, which not only increases the degradation of ID1, but
also reduces the ability of homologous recombination repair (HR) of
cancer cells, leading to the decrease of key proteins expression in the
DNA repair pathway such as FANCD2, BRCA1, and RADS51, thereby
increasing the DNA damage and increasing the sensitivity of tumor cells
to cisplatin. In order to investigate the ability of NP-Pt-USP1i to enhance
DNA damage in vitro, we treated BEL-7404DPP cells with cisplatin, NP-Pt,
and NP-Pt-USP1i for 48 h. Subsequently, the DNA damage related pro-
teins were measured by Western Blot (WB). The results showed that NP-
Pt-USP1i promoted the upregulation of the DNA damage markers
(y-H2AX) (Fig. 4A and B), indicating the DNA damage of tumor cells
treated with NP-Pt-USP1i was significantly increased.

Next, in order to investigate the inhibition of USP1 and the degra-
dation of ID1 by NP-Pt-USP1i, a semi-quantitative analysis of the USP1
and ID1 proteins expression was performed on the BEL-7404DPP cells
treated with different drugs. The results showed that compared with NP-
Pt, NP-Pt-USP1i significantly decreased the expression of USP1 and ID1
proteins (Fig. 4C and D), indicating that NP-Pt-USP1i indeed inhibited
the USP1 activity of tumor cells and increased the degradation of ID1
proteins. Furthermore, the inhibitory effect of NP-Pt-USP1i on HR pro-
teins in tumor cells was also explored. For this specific reason, BRCA1
and FANCD2 proteins were mainly selected, and the difference of their
expressions in cells treated with NP-Pt-USP1i were also measured. The
results showed that the expression of BRCA1 and FANCD2 proteins in
cells treated with NP-Pt-USP1i was the lowest among cells treated with
all drugs. Specifically, the expression of BRCA1 and FANCD?2 in cells
treated with NP-Pt-USP1i was 6.5 and 5.1 times lower than that of
BRCA1 and FANCD?2 in cells treated with NP-Pt (Fig. 4E and F), respec-
tively. The above results indicated that NP-Pt-USP1i had a significant
inhibitory effect on the ability of HR in tumor cells. Finally, to visualize
the DNA damage by NP-Pt-USP1i, the y-H2AX in cells was stained with an
immunofluorescence (green) assay. We found that the green fluorescence
intensity in the cell nucleus treated with NP-Pt-USP1i was significantly
higher than that of cells treated with other drugs by CLSM, indicating
that cells treated with NP-Pt-USP1i had significantly increased expres-
sion of y-H2AX (Fig. 4G). To sum up, after NP-Pt-USP1i was taken up by
tumor cells, cisplatin and C527 could be released through the polymer
degradation, nanoparticle dissociation, and chemical reduction of the
platinum (IV) prodrug to cisplatin. On the one hand, cisplatin can further
cross link with DNA, causing DNA damage. On the other hand, the
released C527 could further inhibit the USP1 protein activity, degrade
ID1 protein, and inhibit the HR of tumor cells, thereby promoting the
DNA damage, and increasing the anti-tumor effect of cisplatin.
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Fig. 3. Invitro anti-tumor effect of NP-Pt-USP1i. A) The cell survival rate of BEL-7404, BEL-7404DPP and A549, A549DPP after 48 h treatment with cisplatin, NP-Pt
and NP-Pt-USP1i by an MTT assay. **p < 0.01, ***p < 0.001 (ordinary two-way ANOVA). B) A statistical table of ICsq values of BEL-7404, BEL-7404DPP and A549,
A549DPP after 48 h treatment with cisplatin, NP-Pt and NP-Pt-USP1i. C) The apoptosis rate of BEL-7404DPP cells treated with different drugs by FCM. D) Semi-
quantitative analysis of apoptosis rates. E) The cell colonies by a crystal violet staining assay after BEL-7404DPP cells were treated with different drugs for 10
days. F) colonies area of cells formed by Image J. G) Live and dead assay of 3D tumor spheres after 48 h treatment of PBS, cisplatin, NP-Pt and NP-Pt-USP1i.
Representative CLSM images of cells stained with Calcein-AM (green, living cells) and PI (red, dead cells) were obtained. Scale bar = 50 pm. H) The statistical
graphs of apoptotic cell areas by Image J of the 3D cell tumor spheres. Data are expressed in mean + SD from n independent experiments (n = 3). *p < 0.05, **p <
0.01, ***p < 0.001 (ordinary one-way ANOVA).
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Fig. 4. NP-Pt-USP1i increased DNA damage in vitro. A) DNA damage protein expression. The expression of DNA damage related proteins in BEL-7404DPP cells after
48 h treatment with PBS, cisplatin, NP-Pt, and NP-Pt-USP1i was measured by Western blot. a-Tubulin is the internal reference protein. B) DNA damage related protein
y-H2AX in BEL-7404DPP cells after 48 h treatment with different drugs by Western blot. C) ID1 expression in BEL-7404DPP cells after 48 h treatment with different
drugs by Western blot. D) USP1 protein expression in BEL-7404DPP cells after 48 h treatment with different drugs by Western blot. E) BRCA1 protein expression in
BEL-7404DPP cells treated with different drugs for 48 h by WB. F) FANCD2 protein expression in BEL-7404DPP cells after 48 h treatment with different drugs by
Western blot. G) CLSM imags of DNA damage related protein y-H2AX expression (blue, DAPI; Green, y-H2AX). Scale bar = 50 pm. Data are expressed in mean + SD
fArom n independent experiments (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001 (ordinary one-way ANOVA).

<

2.7. Antitumor activity of NP-Pt-USP1i in vivo

After verifying the anti-tumor activity and DNA damage of NP-Pt-
USP1i in vitro, an abdominal nude mouse tumor model based on BEL-
7404DPP-LUC cells was constructed for studying the anti-tumor activ-
ity of NP-Pt-USP1i in vivo. BEL-7404DPP-LUC cells (3 x 10° cells/mouse)
were inoculated into the abdominal cavity of mice. Subsequently, the
mice were treated with intraperitoneal injection of drugs for three
consecutive times according to the administration schedules in Fig. 5A.
The dosage of cisplatin, NP-Pt, and NP-Pt-USP1i was set at 3.5 mg Pt/kg.
From the beginning day of treatment, an in vivo imaging system (IVIS)
was used for in Vivo imaging of the nude mice to track the changes in
tumor growth in the nude mice. The change in the fluorescence intensity
of the tumors at day 0, 5, 10, and 15 was recorded, respectively. At dat
15, all the mice were killed, and the tumors in their abdominal cavity
were taken out. Further, the tumor tissues were analyzed with hema-
toxylin and eosin (H&E) staining and terminal deoxynucleotidyl transfer
mediated dUTP biotin nick and labeling (TUNEL) assay [29-31]. The
IVIS imaging images of nude mice were shown in Fig. 5B. The results
showed that the bioluminence intensity of the nude mice treated with
NP-Pt-USP1i gradually decreased with days post injection, and the
average bioluminence value after 15 days of treatment changed from the
initial 9.72 x 10° p/s/cm?/sr to 1.34 x 10° p/s/cm?/sr, which was 1/50
of that of mice treated with PBS (5.74 x 10'° p/s/cmz/sr), and 1/20 of
that of mice treated with NP-Pt (2.96 x 10'° p/s/cmz/sr) (Fig. 5C). The
above results indicated that NP-Pt-USP1i had the highest anti-tumor ef-
fect in vivo. Moreover, the weight of nude mice treated with different
drugs changed, there was no statistically significant difference in the
weight of mice, indicating these three drugs had modest toxicity and
adverse effects (Fig. 5D), and the survival rate of mice treated with
NP-Pt-USP1i was considerably prolonged (Fig. S5E). Next, the therapeutic
effect of NP-Pt-USP1i was further explored through H&E staining and
Tunnel assay. The results showed that the necrosis area, inflammatory
cell infiltration and green bioluminescence intensity of tumor tissues of
mice treated with NP-Pt-USP1i were significantly higher than those of
mice treated with other drugs, which fully demonstrated that
NP-Pt-USP1i showed effective anti-tumor activity in vivo (Fig. 5F). The
above results may be attributed to C527 and cisplatin released from the
NPs, thereby sensitizing DNA damage, and enhancing the anti-tumor
efficacy in vivo.

2.8. Anti-tumor activity of NP-Pt-USP1i on a PDX model

In order to further study the anti-tumor effect of NP-Pt-USP1i in vivo, a
patient-derived xenograft (PDX) model of liver cancer was subsequently
constructed. The PDX model can better stand for the pathological char-
acteristics of tumor in clinical patients, and the drug efficacy screen re-
sults on PDX models can better represent the clinic reality, hence with
greater clinic translational significance [32]. Subsequently, the
anti-tumor effect of NP-Pt and NP-Pt-USP1i was evaluated on the PDX
model according to a drug administration schedule (Fig. 6A). The results
showed that the average tumor volumes of nude mice treated with
cisplatin, NP-Pt, and NP-Pt-USP1i were 683.2 mrn3, 215.6 mm® and 92.4
mm?, respectively, and the tumor volumes of nude mice treated with
NP-Pt-USP1i were equivalent to 1/2 of that of mice treated with NP-Pt
(Fig. 6B). Moreover, the body weight of mice treated with NP-Pt-USP1i

did not change significantly (Fig. 6C). In addition, 18 days later, the
nude mice were sacrificed and the tumors in the mice were taken out and
weighed. The results showed that the average tumor weights of nude
mice treated with cisplatin, NP-Pt and NP-Pt-USP1i were 1.09 g, 0.41 g
and 0.13 g, respectively. The above results showed that the tumor weight
of mice treated with NP-Pt-USP1i was only 1/3 of that of mice treated
with NP-Pt, and the tumor weight of mice treated with NP-Pt-USP1i was
compared with that of mice treated with cisplatin, and the former is only
1/8 of the latter (Fig. 6D and E). The above results once again showed
that the antitumor effect of NP-Pt-USP1i was significantly higher than
that of cisplatin and NP-Pt. Finally, the therapeutic effect of NP-Pt-USP1i
was further verified by H&E and TUNEL staining. Through H&E staining,
the nuclear fragmentation and nucleolysis of tumor cells in nude mice
treated with NP-Pt-USP1i was found to be far greater than that in nude
mice treated with other drugs (Fig. 6F). In addition, the results by TUNEL
staining also showed that the green fluorescence intensity (DNA damage
area) in tumor tissues of nude mice treated with NP-Pt-USP1li was
significantly higher than that of nude mice treated with both NP-Pt and
cisplatin (Fig. 6F). In conclusion, compared with cisplatin and NP-Pt,
NP-Pt-USP1i displayed stronger anti-tumor effect in vivo.

3. Conclusion

Protein ubiquitination is the specific modification of some proteins
after translation, which plays an essential role in regulating cell function
and activity. Ubiquitin-specific protease 1 (USP1) is one of the most
classical DUB proteins. Studies have indicated that USP1 played an
important role in DNA damage responses. Fanconi anemia (FA) and DNA
translesion synthesis (TLS) pathway was the first DNA damage tolerance
and repair pathway found to be regulated by reversible ubiquitination.
USP1 regulates DNA damage responses by de-ubiquitination of certain
proteins in FA and TLS pathways, leading to drug resistance, cancer
recurrence, and metastasis. Platinum anticancer drugs, such as cisplatin,
oxaliplatin, and carboplatin, are the first-line anticancer alkylating
agents in clinic practice. These drugs can cause DNA damage and induce
cell apoptosis by cross-linking with DNAs in cancer cells. Unfortunately,
the DNA repair machinery is powerful in cancer cells, resulting in drug
resistance. Furthermore, DNA damage response pathways, particularly
TLS and ICL repair, may have contributed to this resistance. Therefore,
inhibition of DNA damage response pathways (TLS and FA) by targeting
USP1 improves the sensitivity of tumor cells to cisplatin.

Here, the influence of USP1 on DNA damage response pathway in
patients with liver cancer was first explored by bioinformatics analysis.
We found that the expression of USP1 was positively correlated with the
expression of FANCD2 and BRCA1 (Fig. 1D), and the correlation co-
efficients were R = 0.63 and R = 0.72, respectively. The above bioin-
formatics analysis showed that the expression of USP1 could promote the
expression of homologous recombination repair related genes (FANCD2
and BRCA1), which negatively correlates with clinical outcome in pa-
tients with hepatocellular carcinoma. These results suggest that inhibi-
tion of the expression of USP1 has great potential to inhibit DNA repair,
leading to increased DNA damage originated from DNA alkylating agents
such as cisplatin, and ultimately enhancing the anti-tumor effect.

Subsequently, we verified that a selective USP1i of C527 in combi-
nation of cisplatin showed obvious synergistic anti-tumor effect, which
holds great promise for further combination therapy. In this work, a
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Fig. 5. The anti-tumor activity of NP-Pt-USP1i on a cisplatin resistant liver cancer model based on BEL-7404DDP/LUC cells. A) The establishment of a
cisplatin resistant liver cancer mice model, and the schedule of drug administration for the anti-tumor efficacy study of NP-Pt-USP1i in vivo. B) The anti-tumor effect of
NP-Pt-USP1i by IVIS imaging. After the nude mice with intraperitoneal tumors were treated with different drugs, they were imaged in vivo with IVIS at 0, 5, 10 and 15
days respectively. C) The anti-tumor effect of NP-Pt-USP1i via semi-quantitative analysis of bioluminescence intensity, ***p < 0.001 (ordinary two-way ANOVA). D)
The changes in body weight of mice treated with NP-Pt-USP1i. E) Survival of mice with different treatments. F) After 15 days of drug treatment, representative H&E
and TUNEL staining of tumors treated with various drugs were obtained. Scale bar = 200 pm. Data are expressed in mean + SD from n independent experiments (n
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Fig. 6. NP-Pt-USP1i showed strong anti-tumor activity on a PDX mice model. A) The establishment of a PDX model of liver cancer on nude mice and the
schematic schedule of drug administration. B) Tumor growth inhibition curves of nude mice bearing PDX tumors treated with different drugs, ***p < 0.001 (ordinary
two-way ANOVA). C) Quantitative analysis of tumor weights of tumors of PDX nude mice treated with different drugs after 18 days. D) Body weight change curve of
nude mice bearing PDX tumors treated with different drugs. E) Photos of tumors of nude mice bearing PDX tumors treated with different drugs after 18 days. F) H&E
and TUNEL staining of representative tumors in nude mice bearing PDX tumors after 18 days of drug treatment. Data are expressed in mean =+ SD from n independent
experiments (n = 5). *p < 0.05, **p < 0.01, ***p < 0.001 (ordinary one-way ANOVA).

disulfide bonded polymer carrier was designed and adopted to encap-
sulate a USP1i and a platinum (IV) prodrug to form NP-Pt-USP1i. NP-Pt-
USP1i was able to effectively inhibit tumor progression on a cell-line
derived cancer model of BEL-7404DPP cell lines as well as a PDX
model of liver cancer. In conclusion, the use of USP1i combined with a
platinum (IV) prodrug in nanoparticles could inhibit the growth of liver
cancer. The results shown in this paper demonstrate a future precise
cancer therapy with DNA damaging agents of cisplatin with USP1i to
overcome cisplatin resistance in clinic.
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