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Abstract

Background: Ubiquitin-specific protease 7 (USP7) belongs to the group of
deubiquitinating enzymes (DUBs), which remove ubiquitin which controls various cel-
lular processes such as chromosome segregation, DNA repair, gene expression, pro-
tein localization, kinase activity, protein degradation, cell cycle progression, and
apoptosis. It is critical for several important functions in the cell, and therefore dys-
regulation of USP7 can contribute to tumorigenesis.

Objectives: Alterations in the USP7 protein have been identified in various malignan-
cies of humans. Our aim was to examine whether USP7 could be a potential thera-
peutic target in hematopoietic cancers of dogs.

Methods: The expression level of USP7 in lymphocytes from healthy dogs and canine
lymphoma cells was determined, and the effect of USP7 inhibition on the vital func-
tions of canine cancer cells was examined.

Results: We showed that USP7 was overexpressed in lymphomas in dogs. The USP7
inhibitor P5091 has selective cytotoxic activity in canine lymphoma and leukemia cell
lines. Our results indicate that inhibition of USP7 leads to a disruption of cell cycle
progression, and triggers DNA damage and apoptosis. The observed proapoptotic
effect of the USP7 inhibitor most likely is not dependent on the p53 pathway.
Conclusions and Clinical Importance: Our results suggest that USP7 could be
explored as a potential therapeutic target in dogs with lymphoma. The effectiveness
of USP7 inhibition in malignant cells is predicted to be independent of their p53

status.
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1 | INTRODUCTION

Ubiquitin-specific protease 7 (USP7), also called Herpes virus-associated
ubiquitin-specific protease (HAUSP), is a 135-kDa cellular protein discov-
ered in the late 1990s that interacts with herpes virus regulatory
protein.? It is widely expressed in all tissue types, and in the cell it is mainly
found in the nucleus but also in the cytoplasm and mitochondria.?®
Ubiquitin-specific protease 7 belongs to the group of deubiquitinating
enzymes (DUBs) that remove ubiquitin and control various cellular pro-
cesses, such as chromosome segregation, DNA repair, gene expression,
protein localization, kinase activation, protein degradation, cell cycle pro-
gression, and apoptosis.*> Ubiquitin-specific protease 7 is evolutionarily
conserved in humans, mice and rats with approximately 98.6% amino
acid sequence homology.® By regulating the expression and function
of various proteins, USP7 plays a critical role in cancers, neurological dis-
orders, metabolic disorders, immune dysfunctions and many more
disease processes. The first substrate identified for USP7-mediated
deubiquitination was the tumor suppressor protein TP53 (p53).” Stabili-
zation of p53 in cancer cells by inhibition of USP7 protein leads to cell
cycle arrest in these tumor cells and triggers apoptosis.2? However, in
some cell types, USP7 inhibition produces cytotoxic effects that are not
caused by direct p53 stabilization.2%*2 On the basis of this observation,
several other USP7 substrates have been identified that potentially could
affect cell growth and survival, including mouse double minute 2 homo-
log, transcription factor Forkhead box protein O4, phosphatase and
tensin homolog, p-catenin, and checkpoint with forkhead and ring finger
domain protein (CHFR).1%13%* The identification of these substrates indi-
cates that USP7 controls additional vital cellular functions beyond those
mediated by p53 stability. In addition to the aforementioned substrates,
USP7 regulates the stability of other proteins in the DNA damage
response, thereby contributing to maintenance of genome stability.
Examples are mediator of DNA damage checkpoint protein 1 (MDC1)
and Claspin, important for the detection and signaling of DNA damage,
checkpoint kinase Chk1, repair and replication protein Rad18 and DNA
polymerase eta, required for DNA damage tolerance.*>*? In addition,
accumulating evidence suggests that USP7 controls DNA replication.2%?*
Finally, inhibition of USP7 was shown to trigger apoptosis in cancer cells
by causing oxidative and endoplasmic reticulum (ER) stress.??

Because some of the better characterized USP7 substrates play
crucial roles in tumor suppression, DNA repair, immune responses and
epigenetic control, it is not surprising that USP7 has been linked to
cancer.? Its altered expression was found in various types of cancers
in humans (eg, bladder, prostate, colon, lung, liver, ovary, breast and
nervous system cancers, and leukemias).?® Therefore, attempts to
inhibit USP7 activity from a therapeutic perspective have yielded a
number of different synthetic inhibitors mainly with cytotoxic and
proapoptotic activity.2 Both newly developed small molecule inhibi-
tors, such as HBX 41108, HBX 19818, HBX 28258, P5091, P22077,
FT671, FT827, GNE-6640, and GNE-6776 as well as previously
known compounds with antitumor activity for which inhibition of
USP7 is an additional activity (imatinib, arsenic trioxide, metformin)
currently are used in ongoing studies.?® In recent years, an increasing

number of studies has indicated the antitumor effect when USP7 was

lost or inhibited in various types of cancer (eg, prostate,>*

1225 colon,?® breast,?’ hematopoietic cancers,

colorectal,*® ovarian,
gliomas,z’3 neuroblastomas’). The P5091 inhibitor, in addition to
in vitro experimental studies, has been used in in vivo studies, mainly
in mouse xenograft models of multiple myeloma. These studies indi-
cated that USP7 inhibition is tolerable at doses that are effective in
tumor suppression, causing no significant weight loss or cachexia.2?%°

Interestingly, despite the growing number of studies on this topic,
the mechanisms by which USP7 inhibitors affect the functions of can-
cer cells remain to be explained and therefore further research is still
needed to fully exploit the therapeutic potential of USP7 inhibition.
Because the inhibition of USP7 function is still a novel and promising
direction in the development of new, molecularly targeted treatments
in human oncology, we investigated whether USP7 also can be a tar-
get for drug development in veterinary oncology. Consequently, we
investigated expression levels of USP7 and cytotoxic effect of its inhi-
bition in a model of the most common hematopoietic cancer in dogs,

non-Hodgkin lymphoma.

2 | MATERIALS AND METHODS

2.1 | Celllines and cell culture

The following canine cancer cell lines were used in our study: CLBL-1
(B-cell lymphoma), GL-1 (B-cell leukemia), CL-1 (primitive af T-cell
leukemia), CLB70 (B-cell chronic lymphocytic leukemia), CNK-89 (Nat-
ural killer-cell lymphoma), P114 (mammary cancer), D-17 (osteosar-
coma) and 1 human cell line U20S (osteosarcoma), which served as a
control. The CLBL-1 cell line was obtained from Barbara C. Ruetgen,
Institute of Immunology, Department of Pathobiology, University of
Veterinary Medicine, Vienna, Austria,®>* GL-1 and CL-1 cells were
obtained from Yasuhito Fujino and Hajime Tsujimoto from the Univer-

32,33 and

sity of Tokyo, Department of Veterinary Internal Medicine
CLB70°* and CNK-89 were established in our laboratory. The CNK-
89 cell line represents fully functional canine NK cells. These cells can
be activated by IL-12 alone, or in combination with several other
interleukins, and also can exert a cytotoxic effect on target cells. The
CNK-89 cell line expresses CD5, CD8, CD45, CD56, CD79a, and
NKp4é.

The P114 cell line was obtained from Dr Rutteman (Utrecht Uni-
versity, the Netherlands),®> and D-17 and U20S were purchased from
the ATCC collection (ATCC.CCL-183 and ATCC.HTB-96, respectively).

After examining the level of USP7 protein expression in various
cell lines, for additional tests investigating the effect of USP7 inhibi-
tion on cell cycle progression, apoptosis and DNA damage, CLBL-1,
CLB70, CNK-89, and GL-1 cell lines were selected.

The cell lines were maintained in Roswell Park Memorial Institute
(RPMI) 1640 medium, CLBL-1 and GL-1 (Institute of Immunology and
Experimental Therapy, Polish Academy of Sciences, Wroctaw, Poland),
or Advanced RPMI (Gibco, Grand Island, New York, CLB70 and CNK-
89) culture medium supplemented with 2 mM L-glutamine (Sigma
Aldrich, Steinheim, Germany), 100 U/mL penicillin, 100 pg/mL
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streptomycin (Sigma Aldrich), and 10% to 20% heat-inactivated fetal
bovine serum (FBS, Gibco, Grand Island, New York).

2.2 | Isolation of lymphoma samples
Lymphoma samples were obtained from dogs diagnosed with lymphoma,
between the years 2018 and 2019 at the Veterinary Clinic “NeoVet”
S.C. in Wroctaw (Poland) during standard diagnostic procedures. The
research therefore did not require Institutional Animal Care and Use
Committee (IACUC) approval. In total, 8 lymph node fine-needle aspi-
rates from the popliteal lymph node were collected from dogs of differ-
ent breeds, age, and sex. The samples came from 4 females and 4 males
ranging in age from 5 to 13 years (mean, 9 years) representing different
breeds (3 mixed breed, 2 miniature schnauzers, 1 Chinese crested dog,
1 golden retriever, and 1 boxer). In 7 dogs, neoplastic growth was
derived from B cells (7 high-grade B-cell lymphomas) whereas 1 dog was
diagnosed with T-cell lymphoblastic lymphoma (boxer). The diagnosis
was made on the basis of clinical examination and evaluation of cytologi-
cal preparations. Cell phenotype was determined by flow cytometry
using antibodies directed against canine CD3, CD4, CD8, CD14, CD21,
CD34, CD45, MHCII, and CD79a according to a previously reported pro-
cedure in our laboratory.*®

Cell suspensions were obtained after 3 cycles of washing with
phosphate-buffered saline (PBS) and erythrocyte lysis buffer (0.84%
ammonium chloride, Sigma Aldrich). The samples were taken from
dogs that had not been previously treated with any chemotherapeutic

agents.

2.3 | Isolation of peripheral blood mononuclear
cells from healthy donors

Peripheral blood samples from 8 dogs of different breeds, age, and
sex, remaining after routine diagnostic procedures (Veterinary Clinic
“NeoVet” S.C. in Wroctaw, Poland) were used for the isolation of
peripheral blood mononuclear cells (PBMCs). The PBMCs were
obtained by density gradient centrifugation (Histopaque 1077, Sigma
Aldrich), erythrocyte lysis (0.84% ammonium chloride) and 3 cycles of
washing with PBS.

24 | Cell proliferation assay

The proliferation of canine cells was determined using the MTT test
(Sigma Aldrich). In brief, 1 x 10° cells per well were seeded in a
96-well plate (Thermo Fisher Scientific, Roskilde, Denmark), and USP7
inhibitor P5091 (Selleckchem, Texas) was added in increasing concen-
trations (0.6, 1.25, 2.5, 5, 10, and 20 puM). Cells incubated in culture
medium alone were used as controls. After incubation for 24, 48,
72, and 96 hours, 20 pL of MTT solution (5 mg/mL) were added to
each well. After dissolving the content, the optical density of wells

was measured using a spectrophotometric microplate reader (EIx800,
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BioTek, Winooski, VT) at a reference wavelength of 570 nm. The
results were means of 3 independent experiments (different plates,

different days) with 3 wells each.

2.5 | Western blotting
A total of 5 x 10° cells were rinsed with cold PBS, suspended in lysis
buffer (50 mM Tris-HCI pH 7.5, 100 mM NaCl, 1% NP-40, and prote-
ase inhibitors set) and incubated for 20 minutes on ice. The suspen-
sions were centrifuged at 10000 rpm at 4°C for 12 minutes. Then,
sodium dodecyl sulfate (SDS) sample buffer was added to clear super-
natants and the samples were boiled at 95°C for 5 minutes and
subjected to SDS-polyacrylamide gel electrophoresis on 10-15% gel.
For USP7 and yH2AX Western blot analysis, transfer was per-
formed using a Trans Blot Turbo, Biorad semi-dry chamber and nitro-
cellulose membranes (Sigma Aldrich). Then, the membranes were
incubated with Pierce Western Blot Signal Enhancer (Thermo Scien-
tific, Mississippi) and blocked with Western Dot blocking buffer
(Invitrogen, California; blocking conditions: 180 minutes, 37°C). After
blocking, the membranes were incubated with primary antibodies:
goat polyclonal antibodies anti-HAUSP/USP7 (ab 157 132; Abcam);
murine monoclonal antibodies anti-yH2A.X clone 9F3 (ab26350;
Abcam) and murine monoclonal anti-g-actin antibody clone C4 (sc-
47 778; Santa Cruz, California). Membranes were incubated with the
primary antibody (dilution 1:2000) overnight at 4°C. The membranes
were incubated with the secondary antibody for 90 minutes at room
temperature. The reaction was developed using Clarity Western ECL
(BioRad) as a substrate. Membrane visualization was performed using
ChemiDoc Touch Instruments (exposure: first image, 1 second; last
image, 60 seconds; images, 20; BioRad). For USP7 expression quanti-
fication, Western blot normalization using a single protein (house-
keeping protein, p-actin) was performed using Image LabTM software
(version 5.2.1; BioRad).

2.6 | Apoptosis assays by flow cytometry

After seeding at a density of 1 x 10°/mL in 96-well plates (TPP,
Trasadingen, Switzerland), the cells were incubated for 24 hours and
48 hours with increasing concentrations of P5091 (2, 4, and 8 pM).
Cells then were collected, suspended in a binding buffer, and stained
with Annexin V-FITC and propidium iodide (PI, final Pl concentration,
1 pg/mL). Flow cytometric analysis was performed immediately using
a flow cytometer (FACS Calibur; Becton Dickinson, Biosciences, San
Jose, California). CellQuest 3.If. software (Becton Dickinson) was used
for data analysis.

2.7 | Cell cycle analysis

For this test, the same concentrations of P5091 were used as in the

apoptosis studies (2, 4, and 8 uM), but because live cells are needed to
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analyze changes in the course of the cell cycle, concentrations of
2 and 4 pM were chosen for additional studies.

For cell cycle analysis (bromodeoxyuridine [BrdU]/PI staining),
the cells were incubated with 10 pM BrdU for 15 minutes. After
fixation in 70% ethanol, the cells were washed (0.5% Tween-20 in
PBS) and incubated in a denaturing solution (0.5% Triton X-100,
2 M HCI) for 30 minutes at 37°C. Then, the cells were neutralized
with 1 M Tris-HCI pH 7.5. After washing with PBS, cells were incu-
bated with anti-BrdU antibody (GenScript) in bovine serum albumin
(BSA)-T-PBS (1% BSA, 0.5% Tween-20 in PBS) for 16 hours at 4°C.
After washing with BSA-T-PBS, the cells were incubated with Alexa
488-conjugated anti-mouse secondary antibody (Life Technologies,
Carlsbad, California) and incubated with 25 pug/mL Pl and 100 pg/
mL RNase (Sigma Aldrich). The samples were analyzed by flow
cytometry using a MacsQuant Analyzer and Macsquantify software
(Miltenyi Biotec, San Diego, California).

2.8 | Statistical analysis

All data are shown as means with SDs. Statistical differences
were analyzed using 1-way analysis of variance followed by
Tukey's multiple comparison test. Statistical analysis was per-
formed using STATISTICA version 13.3 software (TIBCO Soft-
ware Inc., Palo Alto, California) and GraphPad Prism Version 8.0.2

(A) Canine cancer cell lines
- o ®
— ~ v -~ < 0
o o 1 1 C)
S ¢ 58 © O a o o

USP7 oo oo s o s i e—— cmm—

Actin  —— —— —

(C)

Lymphoma

FIGURE 1

(GraphPad Software, Inc, California). Results were considered sig-
nificant at P < .05.

3 | RESULTS
3.1 | USP7 overexpression in canine lymphoma
cells

To determine whether USP7 may be a potential therapeutic target in
hematopoietic malignancies of dogs, we analyzed USP7 expression
levels in lymphomas in dogs. For this purpose, we first compared the
expression level of USP7 in selected established canine cancer cell
lines (CLBL-1, CLB70, CNK-89, GL-1, CL-1, D-17, and P114) with
expression in human osteosarcoma cell line U20S, characterized by
high USP7 protein expression level.®” Figure 1A shows that in all
tested cell lines the level of USP7 protein expression was comparable
to the level in U20S cells, which means that USP7 expression level is
increased in the tested canine cell lines. Next, we compared the
expression level of USP7 in PBMCs obtained from healthy donors
(n = 8) to that in U20S cells. The comparison indicated lower protein
expression of USP7 in healthy donor PBMCs than in the U20S cell
line (Figure 1B). Subsequently, the expression level of USP7 in the
lymphocytes from dogs with lymphoma (n = 8) was analyzed using the
same experimental conditions. Different from healthy donors, the

(B) PBMCs

UsP7 > "N —_—

ACtin o c

(D)

8x10°
6x%106
4x10°-]
2x10°=

L

0 ] T ] T

normative expression of USP7

PBMCs from
healthy donors

O

Lymphoma samples

Representative graphical results showing expression of ubiquitin-specific protease 7 (USP7) protein in canine cancer cell lines, A,

peripheral blood mononuclear cells (PBMCs), B, and cells from lymphoma samples, C. Statistical analysis of USP7 expression level in healthy
donor cells (PBMCs) and lymphoma samples compared to U20S cells (arbitrary units), D
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expression levels of USP7 were high in at least 4 of 8 samples
(Figure 1C) and, when results were quantified and normalized with

respect to the U20S control, a clear increase was observed (Figure 1D).

3.2 | The USP7 inhibitor P5091 inhibits
proliferation of canine lymphoma cell lines

To investigate the hypothesis of the potential use of USP7 as a new
therapeutic target in dogs with lymphoma, we investigated the effect
of a USP7 inhibitor (USP7i, P5091) on cell proliferation using the MTT
test which, by determining the metabolic activity of the cells, showed
changes in the rate of cell proliferation. The assay indicated that
USP7i acutely inhibited proliferation of all cell lines used in our study
and the effect was both concentration- and time-dependent (Table 1).
The number of actively dividing cells decreased between 24 and
72 hours of incubation, but the difference between 72 and 96 hours
was minimal. The CLBL-1 and CNK-89 cell lines were most sensitive
to the antiproliferative activity of P5091, with a half maximal inhibi-
tory concentrations (ICso) of approximately 8 uM for 24 hours of incu-
bation and up to 1 pM for 96 hours. The GL-1 cells were more
resistant, with an 1Cso of between 13 pM for 24 hours treatment and
6 pM for 96 hours.

3.3 | Effect of USP7 inhibition on cell cycle
progression

The observed antiproliferative effect of P5091 on canine lym-
phoma and leukemia cell lines could be explained by either an
effect of inhibition of USP7 on cell cycle progression or by trigger-
ing cell death. Because previous studies reported that treatment
with P5091 affected the cell cycle progression of human cells,”1°
we started by analyzing possible changes in cell cycle progression
after treatment with USP7i (Figure 2). Contrary to our expecta-
tions, the effect of USP7i on the cell cycle was ambiguous. A slight
increase in the percentage of cells in the G1 phase was observed
in CLB70 and CNK-89 cell lines, accompanied by a decrease in the
percentage of cells in the phase of DNA synthesis (Figure 2C,D
and E,F, respectively). In any case, no clear cell cycle arrest was
identified in any phase of the cycle, both after 24 and 48 hours of
incubation (Figure 2).

American College of
Veterinary Internal Medicine

3.4 | The USP7 inhibitor P5091 induces apoptosis
in canine lymphoma/leukemia cell lines

We subsequently examined the possibility that USP7 inhibition
might trigger cell death in canine lymphoma/leukemia cells. The
most common types of cell death, apoptosis and necrosis, were
analyzed and our results showed that the cytotoxic effect of
USP7i on canine lymphoma/leukemia cells was at least partly
caused by induction of cell death. After as early as 24 hours of
incubation with USP7i, a distinct population of annexin V and PI
double-positive cells (annexin V+/Pl+) was identified in all cell
lines, representing cells in late apoptosis. In contrast, P5091
treatment did not have significant pro-apoptotic effects in the
primary culture of PBMCs obtained from healthy donors, which
indicates that the observed effect is limited to canine lymphoma
and leukemia cells (Figure 3A,B). Induction of apoptosis was
highest in CLBL-1 and CNK-89 cells, where the percentages of
late apoptotic cells, after incubation with 8 pM P5091, were
75.4% + 8.2% and 64.4% + 11.3%, respectively. The CLB70 cell
line was less susceptible to the pro-apoptotic effect of USP7
inhibition, but 27.6% * 2.7% apoptotic cells still were detected
after 24 hours of incubation with 8 pM of the tested inhibitor.
In the most resistant cell line GL-1, most of the cells were alive
under these conditions, and apoptotic cells accounted for 13.2% +
6.8%. Longer incubation with P5091 (48 hours) only slightly
increased the percentage of apoptotic cells in each investigated
cell line (Figure 3C-F).

3.5 | Inhibiting USP7 triggers DNA damage in
canine lymphoma/leukemia cell lines

After establishing that P5091 triggers apoptosis in lymphoma/leukemia
cells, we examined if the induced apoptosis resulted from DNA dam-
age. Therefore, phosphorylation of H2AX on serine 139, named yH2AX

3839 was studied

and generally considered as a marker of DNA damage,
by Western blot under identical conditions as during the apoptosis
assessment. Figure 4A-D shows that treatment of all used canine lym-
phoma/leukemia cells with P5091 increased the amount of yH2AX at
both time points. To ensure that DNA damage was the cause and
increased phosphorylation of H2AX was not the effect of cell apopto-

sis, the test also was performed after a shorter incubation with P5091

TABLE 1 Comparison of ICsq values (uM) for all tested cell lines after 24, 48, 72, and 96 hours of incubation with USP7 inhibitor P5091

evaluated with MTT assay

Time/Cell line CLBL-1 CLB70 CNK-89 GL-1

24 h 8.04°+ 0.53 10.197 £ 3.11 8.21°+1.63 12.77° + 3.08
48 h 6.27% + 1.07 6.41%+0.78 3.48°+ 043 11.30° + 1.50
72h 3.58%+0.61 4.46% + 1.47 0.97° £0.29 5.63* £ 0.53
96 h 3.4*+0.30 3.83% + 0.65 0.95° +0.51 5.75°+0.91

Note: The concentration range used was 0.6, 1.25, 2.5, 5, 10, and 20 uM. For each cell line, values without common letters (a, b, c) in the superscript differ
statistically (P < .05). Results are presented as average + the SD of three independent experiments (three wells each).
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FIGURE 2 Effect of ubiquitin-specific protease 7 (USP7) inhibition with P5091 on cell cycle progression. Cell cycle distribution as determined
by bromodeoxyuridine/propidium iodide (BrdU/PI) staining, presented as percentage of cells (y-axis) in different phases of the cell cycle for the
CLBL-1, A, CLB70, C, CNK-89, E, and GL-1, G, cell lines with the corresponding representative dotplots, B,D,F,H

(2, 4, 6, and 8 hours). Because the study substantially shortened the (up to 10 uM). Inhibition of USP7 triggered H2AX phosphorylation after
incubation time, it was decided to use higher concentrations of the a 2- to 4-hour treatment, a time at which no apoptosis was expected

inhibitor so as to visualize the changes taking place in the cell so early (Figure 4E-H).
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FIGURE 3 Effect of the ubiquitin-specific protease 7 (USP7) inhibition on the induction of apoptosis. Results of annexin V/propidium iodide
(PI) staining after treatment for 24 and 48 hours with P5091 for canine lymphocytes obtained from healthy donors (n = 4), A, with representative
dotplots, B. Analysis as in A, but for CLBL-1, CLB70, CNK-89 and GL-1 cell lines after 24 hours, C, and 48 hours, E, of treatment with P5091, with
representative dotplots, D, F, respectively. For each cells, values without common letters (a, b, c) in the superscript differ statistically (P < .05)

4 | DISCUSSION studies indicate that its altered expression and function underlie many
diseases, including cancers.?®

Our aim was to determine whether USP7 could be a potential thera- The most common anomaly associated with USP7 in cancer is its

peutic target in hematopoietic cancers in dogs. Because USP7 plays a overexpression.*® Our study indicated that USP7 expression is higher

role in various physiological processes in different cells, numerous in hematopoietic cancers in dogs than in normal lymphocytes from
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FIGURE 4 Ubiquitin-specific protease 7 (USP7) triggers DNA damage in a concentration- and time-dependent manner. Western blot analysis
for phosphorylated H2AX (yH2AX) of CLBL-1, CNK-89, CLB70, and GL-1 cells after 24 and 48 hours of incubation with different concentrations
(2, 4, and 8 pM) of P5091, A-D. Western blot analysis as in A-D, in CLBL-1, CNK-89, CLB70, and GL-1 cells after incubation with 10 uM of

P5091 for various incubation times (2, 4, 6, and 8 hours), E-H

healthy donors. Because ours is the first study performed in dogs and
we lacked a positive control overexpressing USP7, we assessed USP7
expression in canine cells by comparing it with USP7 expression in the
U20S human osteosarcoma cell line, characterized by increased USP7
expression.” Despite the relatively low number of analyzed samples
(8 from healthy donors and 8 from dogs with lymphoma), statistical
analysis showed significant differences (Figure 1D) in USP7 expres-
sion between these 2 groups. Considering the limited number of sam-
ples, we did not draw conclusions on the type of lymphoma and the
level of USP7 expression. However, the investigated panel of cell lines
had increased USP7 expression in other types of canine cancers as
well, such as osteosarcoma and mammary tumors. As in research in
humans, where enhanced expression indicated susceptibility of cancer

7’16,26,28,40

cells to pharmacological inhibition of USP our results

suggested that USP7 may be a potential therapeutic target in lympho-
mas in dogs.

After confirming USP7 overexpression in canine cells, our next
step was to determine the sensitivity of these cells to the pharmaco-
logical inhibition of this enzyme. Numerous studies indicate that
USP7 inhibitors restrain the proliferation of cancer cells, as demon-
strated in studies using chronic human leukemia cells,** in colorectal
carcinoma cell lines and tissues'® or human melanoma cells.?? Know-
ing this action of USP7i, we first evaluated the cytotoxic effect of
P5091 using the MTT test. The assay identified significant sensitivity
of the investigated canine lymphoma/leukemia cell lines to pharmaco-
logical inhibition of USP7 activity. Comparing the ICso of P5091 for

0

human cell lines of colon carcinoma,© multiple myeIoma,3 and

melanoma,?? it can be concluded that in general canine lymphoma
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and leukemia cell lines are much more sensitive to the toxic effects of
inhibition of USP7 than are some human cell lines. The ICsq for canine
lymphomas/leukemias cell lines is an order of magnitude lower than
that for the mentioned human cell lines. In summary, our study identi-
fied the investigated canine lymphoma/leukemia cell lines as being
highly sensitive to the antiproliferative effect of P5091.
Ubiquitin-specific protease 7 controls many proteinsinvolvedin cell
cycle progression such as Chfr, Chk1, Claspin, and p53.2! As a result of
USP7itreatment, many types of cancer cells arrest in the G1 phase of the
cell cycle, most likely because of stabilization of the p53 protein.®74?
Therefore, we evaluated the changes in the cell cycle progression of
canine cancer cells after P5091 treatment. Contrary to expectations, we
did not find a strong effect of USP7i on the course of cell cycle progres-
sion. Although we found that cell proliferation was slower, no effectona
specific cell cycle phase was observed. Such a result may indicate that
the mechanism of action of the P5091 inhibitor on canine lymphoma/
leukemia cellsis not a consequence of the effect of inhibition of USP7 on
p53 protein stabilization. These observations confirm the results of
Western blot analysis, in which no activation of the p53 pathway was
observed after treatment with P5091 (A. Pawlak, unpublished data).
Having analyzed cell cycle progression, we investigated if USP7
inhibition causes any particular type of cell death. We showed that
inhibition of USP7 in canine lymphoma/leukemia cells may cause apo-
ptosis (Figure 3). This result was much weaker than the antip-
roliferative effect but at least 2 features of apoptosis were confirmed
for all cell lines: externalization of phosphatidylserine (PS) and poly
(ADP-ribose) polymerase (PARP) fragmentation. Induction of apopto-
sis is the second best known mechanism of USP7i anti-tumor activity,
and also caused by the previously mentioned activation of the p53
pathway.>”?4243 |nduction of apoptosis as a result of this pathway
activation is the best known and documented mechanism of USP7i
action, but apparently such was not the case in the tested canine lym-
phoma and leukemia cell lines. This finding is consistent with our
observations that apoptosis begins rapidly after incubation with USP7i
(after 24 hours of treatment the cells were already in late apoptosis),
which suggests the presence of another, p53-independent, mechanism
of apoptosis. Such a p53-independent mechanism of USP7 inhibition
was reported for different cell lines.2® One of these mechanisms is
based on the fact that USP7 inhibition may alter homologous recombi-
nation repair (HRR) of DNA double strand breaks (DSBs) in some types
of cancer cells. For example, USP7 is upregulated in chronic lympho-
cytic leukemia (CLL) cells and its loss or inhibition disrupts HRR by
modulating the stability of the DNA damage-responsive E3 ubiquitin
ligase RAD18.1 Targeting USP7 in CLL patients thus may have thera-
peutic potential even in tumors with defective p53 or those resistant to
ibrutinib (Bruton's tyrosine kinase inhibitor). Another proof for a
p53-independent role of USP7 in regulating DSB repair is a previous
study,” that determined that depletion of USP7 in cervical cancer cells
impaired engagement of the MRN-MDC1 complex and consequent
recruitment of downstream factors p53-binding protein 1 (53BP1) and
breast cancer protein 1 (BRCA1), critical factors in the early response
after DNA damage at sites of DNA lesions. Destabilization of MDC1

disrupts cervical cancer cell survival and cellular resistance to genotoxic

N

insults, supporting the pursuit of USP7 as a potential therapeutic target
for MDC1-proficient cancers.t” A different p53-independent mecha-
nism of USP7 inhibition also leading to DNA damage was found in
human melanoma cells. Inhibition of DUB activity by USP7i caused ER
stress by causing accumulation of polyubiquitinated proteins in cancer
cells and increasing concentrations of intracellular reactive oxygen spe-
cies (ROS).?? Although moderate concentrations of intracellular ROS
can promote cell proliferation, survival, and transformation, excessive
ROS concentrations can induce apoptosis by disrupting intracellular
macromolecules such as proteins, lipids, and nucleic acids.** Because
no activation of the p53 pathway was identified in the examined canine
hematopoietic tumor cells, the examples of USP7i modes of action
presented above are feasible. This hypothesis is supported by the fact
that DNA damage was found to be an effect of USP7i in canine lym-
phoma/leukemia cells. Initially, we observed phosphorylated H2AX; a
marker of DNA damage, after 24 and 48 hours of incubation with
P5091. After analyzing the results, when it became clear that p53 likely
was not fully responsible for the cytotoxic effect of the tested inhibitor,
we investigated if DNA damage was not the cause of the observed cell
death. The positive staining for phosphorylated H2AX already was
detected after 2 hours of incubation with USP7i, which led to the
hypothesis that it is the actual cause of cell death, and this mechanism
is in fact independent of the p53 pathway. Particularly interesting
results were obtained for the GL-1 cell line, where DNA damage clearly
was visible after treatment with the USP7 inhibitor (Figure 4H),
whereas only slight changes were observed after 24 to 48 hours incu-
bation. One possible interpretation of this observation is that the DNA
repair mechanisms are working more efficiently in GL-1 cells than in
the other cell lines used in our study. The GL-1 cell line, compared to
the other lymphoma/leukemia cell lines used, is less sensitive to the
effects of various substances and drugs with antitumor activity,*
which may be related to an efficient DNA repair system. This observa-
tion substantiates the proposed hypothesis. The observed DNA dam-
age after USP7 inhibition in canine lymphoma/leukemia cells requires
further in-depth research.

Despite great interest in the possible use of USP7 inhibition as a
therapeutic target and many years of research, none of the USP7
inhibitors has entered the clinical trial phase yet, probably because of
the very extensive effects of USP7 protein inhibition itself as well as
additional effects of individual inhibitors. The potential of the anti-
tumor inhibition of USP7 appears to be beyond doubt and we there-
fore believe that use of a canine model (first in vitro and then in vivo)
may provide valuable information and influence the pace of research
in trials of human patients. Designing research in the field of veteri-
nary oncology, where studies on dogs precede and support discover-
ies in human medicine, is becoming an important direction in

contemporary comparative oncology.

5 | CONCLUSIONS

Having established that USP7 expression differs in canine lymphoma

cells and normal lymphocytes, we hypothesized that this protein is
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involved in tumor development or the course of this type of malig-
nancy in dogs or both. In addition, the selective cytotoxic activity of
P5091i on canine lymphoma cells indicated USP7 as a potentially
interesting therapeutic target. Additional research is needed to clarify
the mechanism of USP7i action in canine lymphoma/leukemia cells
and to optimize the therapeutic potential of USP7 inhibition in cancer
treatment in dogs. At this point, it can be stated that inhibition of
USP7 may be an interesting therapeutic target in hematopoietic can-
cers in dogs. Knowing the role of non-Hodgkin's lymphoma in dogs as
a model for the same disease in humans, clinical tests in dogs could
become the basis for the introduction of similar treatments in human

medicine.
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