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Abstract

Neuroblastoma (NB) is the most common extracranial malignant solid tumor in children, and drug
resistance is a major reason for poor outcomes. Elevated proteasome activity plays an important
role in NB tumor development and resistance to conventional chemotherapy. Ubiquitin-specific
protease 14 (USP14), one of three deubiquitinases associated with the regulatory subunit of the
proteasome, is emerging as a potential therapeutic target in multiple tumor types. However, the
role of USP14 in NB is yet to be elucidated. We found that USP14 inhibition in NB via
knockdown or a specific inhibitor such as b-AP15 suppressed cell proliferation by inducing cell
apoptosis. Furthermore, b-AP15 significantly inhibited NB tumor growth in NGP and SH-SY5Y
xenograft mouse models. For combination treatment, b-AP15 plus conventional chemotherapeutic
agents such as doxorubicin or VP-16 resulted in synergistic anti-tumor effects on NB. Our study
demonstrates that USP14 is required for cell viability and is a novel therapeutic target in NB.
Moreover, USP14 inhibition may add value in combination therapy due to its powerful synergistic
effects in treating NB.
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Introduction

Neuroblastoma (NB) is the most common extracranial solid tumor in children and accounts
for 8-10% of all childhood tumors (1). Clinically, there are three distinct patterns of disease.
Approximately half of children with NB have either localized or locoregional tumors that are
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usually not aggressive and can be treated with surgery and/or moderate doses of adjuvant
chemotherapy. The remaining patients have metastatic NB that is difficult to cure, even with
intensive, multimodal therapy. Although several molecular and cytogenetic determinants of
NB prognosis, such as MYCN amplification (2), ploidy (3), and deletion or loss of
heterozygosity of chromosome 1p36 (4), have been identified, the molecular mechanisms
associated with these prognostic markers are still not clear. Patients with high risk NB are
currently treated with dose-intensive chemotherapy, one or two cycles of myeloablative
chemotherapy with peripheral blood stem cell rescue, surgery, radiotherapy, or biologic
therapy with retinoids. Although most patients achieve clinical remission, the vast majority
of this group will relapse during the first three years off therapy (5). Therefore, identification
and functional analysis of novel molecular targets in NB may lead to new options to treat
this devastating disease in children.

Dysregulation of the ubiquitin-proteasome system (UPS) is a prominent characteristic of
cancer cells. Due to higher rates of protein synthesis and UPS-mediated protein degradation
to maintain cell homeostasis, tumor cells are more sensitive to proteasome inhibition (6).
The ubiquitination of protein substrates is assembled by an enzymatic cascade involving E1
ubiquitin-activating enzymes, E2 ubiquitin-conjugating enzymes, and E3 ubiquitin ligases.
However, ubiquitination is controlled by a group of specialized enzymes called
deubiquitinases (DUBSs) that remove the ubiquitin modification from protein substrates (7—
9). Over 100 DUBs are encoded in the human genome and are classified into six distinct
families based on the structural homologies: the ubiquitin-specific proteases (USPs; 54
members in humans), the ovarian tumor proteases (OTUSs; 16 members), the ubiquitin C-
terminal hydrolases (UCHSs; 4 members), the Josephin family (4 members), the motif
interacting with ubiquitin (MIU) that contains the novel DUB family (MINDYSs; 4
members), and the Zn-dependent JAB1/MPN/MOV34 metalloprotease DUBs (JAMMs, 16
members) (7-10). Due to their protease activity and their involvement in cancer pathologies,
DUBs are emerging as potential targets for pharmacological interference in the ubiquitin
regulatory machinery (11-13).

USP14, one member of the ubiquitin-specific proteases DUBs family, is associated with the
proteasome complex and inhibits proteolysis by catalyzing protein deubiquitination (14).
USP14 preferentially removes Lys48-linked polyubiquitin chains from the distal ends,
resulting in the shortening of chains to maintain the stability of protein substrates (15, 16).
USP14 depletion has little effect on general cell viability in normal physiologic conditions
because of functional redundancy with other DUBs (17). However, USP14 plays an essential
role in cell survival during vulnerable conditions such as metabolic stress and neuronal
development (18-20). Furthermore, evidence has shown that USP14 acts as an oncoprotein
in tumorigenesis and metastasis for many solid tumors including colorectal cancer (21), lung
cancer (22), and ovarian cancer (23). Thus, USP14 has been identified as a potential
therapeutic target in many malignancies. USP14 inhibition via gene knockdown or small
molecules induces cell death in breast cancer (24), acute myeloid leukemia (25), and diffuse
large B-cell lymphoma (26). However, the function of USP14 in NB has not been examined.

In this study, we focused on the role of USP14 in NB cell survival. Our data demonstrate
that USP14 inhibition induces NB cell apoptosis and suppresses tumor growth. In addition,
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the combination of USP14 inhibition and conventional chemotherapeutic agents resulted in
synergistic anti-tumor effects on NB cells. These findings suggest that USP14 inhibition
may serve not only as a stand-alone therapy but also as an effective adjunct to current
chemotherapeutic regimens in treating this aggressive pediatric malignancy.

Materials and Methods:

Cell Culture and USP14 knockdown cells

Human NB cell lines used in this study were IMR-32, SK-N-AS, SH-SY5Y (the American
Type Culture Collection, ATCC), SK-N-BE2 (Children’s Oncology Group, COG), NGP
(Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH, DSMZ), and LAN-6
(a gift from Dr. Robert Seeger). Human embryonic kidney cell lines, HEK293T, HEK?293,
and human bone marrow stromal cell line HS-5 were also from ATCC. All cell lines were
obtained between 2005 and 2017, and authenticated via short tandem repeat (STR) analysis
in MD Anderson Cancer Center. Mycoplasma testing was performed by LookOut®
Mycoplasma PCR Detection Kit (MP0035, Sigma-Aldrich). All NB cell lines were grown in
RPMI1640 medium containing 20% heat inactivated fetal bovine serum (Invitrogen), 100
units/ml Penicillin, and 100 pg/ml Streptomycin (Invitrogen). HEK293T, HEK293, and
HS-5 cells were grown in DMEM with 10% fetal bovine serum. LAN-6 and SK-N-BE2
were established from NB patients at the time of disease progression after intensive
multiagent chemotherapy (27, 28). They are resistant to multiple chemotherapeutic agents
including Doxorubicin and VVP-16.

For USP14 knockdown in NB cells, all lines were transduced with two independent
lentivirus vectors (TRCN0000007425 and TRCN0000007428) specific for USP14 (Sigma-
Aldrich) using standard protocol. Briefly, HEK293T cells were seeded in the 10-cm dish
with a concentration of 2.5x108 for lentivirus generation. After 24 hours, 6 g TRC, 2 g
psPAX2 (#12260, Addgene), and 2 pg pMD2.G (#12259, Addgene) plasmids were
transfected into cells using lipofectamine 2000 (Life Technologies). The supernatant
containing lentivirus was collected 48 hours later. Then, NB cells were transduced with the
lentivirus and selected with puromycin (Sigma-Aldrich) (0.5 pg/ml) for 3 days. The USP14
target sequences are CCCAAGATTCAGCAGTCAGAT and
CGCAGAGTTGAAATAATGGAA.

Small molecule inhibitors

b-AP15 (#S54920), Doxorubicin (#51208), and VP-16 (#51225) were purchased from
Selleckchem. b-AP15 and VP-16 were dissolved in DMSO, and Doxorubicin was dissolved
in double-distilled water (ddH,0). Stock solutions were stored at —20°C.

Cell proliferation assays

To determine the effect of USP14 knockdown on NB cell proliferation, 2.0x10* cells with
control and USP14 knockdown were seeded in each well of a 96-well plate and incubated at
37°C for different time periods. Then cell morphologies were observed and captured using
an optical microscope followed by Cell Counting Kit-8 (CCK-8) (Dojindo Molecular
Technologies) to measure cell viability. The IC50 value of single agents was calculated
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using CompuSyn software based on the data from the cell viability assay (ComboSyn. Inc.
Paramus. NJ2007).

To determine the effect of anticancer compounds and USP14 inhibitor on NB cell
proliferation, 0.5 to 1.0x10* cells were seeded in each well of a 96-well plate and incubated
overnight. Compound doses were added to each well individually and cultured for 24 hours.
Cell viability was determined using CCK-8 assay.

Clonogenic assay

A total of six NB cell lines were separately seeded into 12-well plates at a concentration of
1x10% per well and incubated at 37 °C overnight. Cells were then treated with different
dosages (0.375 and 3 uM) of b-AP15 and vehicle controls (DMSO) for 24 hours. After
removing the treated medium, all plates were incubated until colonies appeared. For colony
staining, the plates were washed two times with ice-cold PBS followed by fixation with ice-
cold methanol for 10 minutes. Then, 0.5% crystal violet solution (made with 25% methanol)
was added for 10 minutes at room temperature. The plates were rinsed in ddH,O and dried
at room temperature. The stained colonies were photographed and counted via microscope.
Each assay was performed in a triplicate.

Colony Formation Assay

The soft agar assay was performed as previously described (29). Briefly, a 0.5% base
agarose layer was prepared in a 6-well plate with a volume of 2 ml per well. Then, USP14
knockdown NB cells were mixed with the 0.3% upper agarose layer at a concentration of
1.0x10* per well. Cells were incubated at 37°C and 5% CO, for 2 weeks and were stained
with 500 ul of 4% formaldehyde and 0.005% crystal violet (C3886, Sigma) for 4 hours.
Optical images were captured via microscope and colony numbers were counted. Each assay
was performed in a triplicate.

Immunoblotting and antibodies

The immunoblotting was performed as previously described (29). To prepare the whole cell
lysates, cells were collected and washed three times with ice-cold phosphate-buffered saline
(PBS). Then, cells were lysed by adding RIPA lysis buffer (25 mM HEPES (pH 7.7), 135
mM NaCl, 3 mM EDTA, 1% Triton X-100, 25 mM p-glycerophosphate, 0.5 mM
phenylmethylsulfonylfluoride, 1 mM dithiothreitol, 10 pg/ml leupeptin, 1 mM
Benzamidine). After centrifuging the lysate at 13,000 g for 15 min at 4°C, protein
concentration was measured by Bradford Assay. Cell lysates were resolved with SDS-PAGE
and transferred to PVDF membranes. The membranes were probed with appropriate primary
antibodies at 4°C overnight and the IgG horseradish peroxidase-conjugated secondary
antibodies at room temperature for 1 hour. The proteins were detected using the ECL-Plus
Western blotting detection system (Amersham Biosciences) and visualized by autography.
Anti-USP14 (A300-920A) was purchased from Bethyl Laboratories. Anti-PARP (9532S),
anti-Caspse3 (9662), anti-HSP70 (4872S), anti-HSP40 (4871S), anti-mouse (7076S) and
anti-rabbit (7074S) were from Cell Signaling Technology. Anti-p-actin (A2228) was from
Sigma-Aldrich. Anti-Ubiquitin (linkage-specific K48) was obtained from Abcam
(ab140601).
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Cell cycle analysis

USP14 knockdown or control NB cells were harvested after trypsinization and washed with
cold PBS buffer. Cold 70% ethanol was used to fix the cells for 30 minutes at 4°C. Then the
cells were incubated with PI (50 pug/ml) and RNase (100 pg/ml) solutions for 30 minutes at
room temperature in dark room. Flow cytometry was performed to analyze the cell cycle
distribution.

Orthotopic xenograft mouse model

Female athymic nude mice (6-8 weeks old) were purchased from Taconic Biosciences.
Human NB cell lines NGP and SH-SY5Y with stable expression of luciferase were used to
generate human NB orthotopic xenograft mouse models. Briefly, the left kidney of the
mouse was exposed with a left flank incision in a sterile manner. 1 x 10% NB cells suspended
in 0.1 ml of sterile PBS were surgical injected into the renal capsule. After implantation,
tumor growth was monitored weekly by bioluminescent imaging using a Xenogen IVIS
Lumina system. Two weeks post-surgery, mice bearing similar bioluminescent signals were
randomly divided into two groups treated with either b-AP15 (5 mg/kg) or DMSO daily for
two weeks. All mice were euthanized, and tumors were photographed and weighed. All
mice were housed in a pathogen-free environment, and all experiments were approved by the
Institutional Animal Care and Use Committee of Baylor College of Medicine.

Immunohistochemistry

The xenograft tumors from mice with NGP cells treated with b-AP15 (5 mg/kg) for 2 weeks
were preserved in 4% paraformaldehyde for immunohistochemical analysis. Five pm
sections of paraffin-embedded (FFPE) tumors were incubated with anti-Ki67 (ab833,
abcam) or anti-cleaved Caspase-3 (9664S, cell signaling) for 1 hour at room temperature
after blocking with peroxidase. Biotinylated secondary Goat Anti-Rabbit 1gG Antibody
(21537, Millipore Sigma) and streptavidin-peroxidase (189733, Millipore Sigma) were used
to visualize the antigen. Ki67 or Cleaved Caspase-3 positive NGP cells were counted at 20
random high-power fields per xenograft using a light microscope (Nikon).

Drug combination analysis

For drug combination analysis, the method developed by Chou and Talaly was used (30).
Dose-response curves and IC50 values for b-AP15, Doxorubicin, and VP-16 in NB cell lines
were determined based on the proliferation assay. Equipotent molar ratios between b-AP15
and Doxorubicin or VP-16 were used to treat 96-well plates for 24 hours. Individual
treatments of the three drugs were used as controls. The combination index (CI) was
assessed by CompuSyn software. Cl < 1 indicated synergistic interaction, whereas Cl * 1
was antagonistic, and Cl = 1 was considered additive effect.

USP14 expression in NB Cohorts

Gene expression of USP14was analyzed using R2: Genomics Analysis and Visualization
Platform (http://r2.amc.nl). Four publicly available NB cohorts with annotated survival
information and gene expression data were analyzed. They are Seqc-498-cohort
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(GSE62564), Kocak-cohort (GSE45547), Versteeg-cohort (GSE16476), and Oberthurs-
cohort (31) and consist of 498, 476, 88, and 251 NB patient samples, respectively.

Statistical analysis

Results

All in vitro experiments were repeated three times, and the representative results were

presented. Values were presented as mean + standard deviation (SD). Statistical significance
(P<0.05, *; P<0.01, **; P<0.001, ***) was determined by Student’s t-test. Xenograft tumor

weights from the various treatment groups were compared using the Kruskal-Wallis test.

USP14 knockdown inhibits NB cell proliferation and induces cell apoptosis

USP14 overexpression has been identified to associate with tumorigenesis in many
malignancies (21-23). To determine the role of USP14 in NB, we examined the endogenous
USP14 protein levels in a subset of NB cell lines. The immunoblot assay revealed that
USP14 was expressed in all NB cell lines tested (Fig. 1A). Next, we suppressed endogenous
UPS14 protein with two independent lentivirus short hairpin RNA sequences (sh-RNAS)
directed against USP14 (sh-1 and sh-2) in three MYCN-amplified cell lines: IMR-32, NGP,
and SK-N-BE2 (Fig. 1B), and as well in three MYCN-non-amplified cell lines: SH-SY5Y,
SK-N-AS, and LAN-6 (Fig. 1C). We found that USP14 knockdown resulted in inhibition of
cell proliferation in all six cell lines (Figs. 1B and 1C). Furthermore, we evaluated the effect
of USP14knockdown on cell proliferation of two non-tumor cell lines: human bone marrow
stromal cell line HS-5 and human embryonic kidney cell line HEK293. No significant
changes were detected in these two cell lines with inhibition of USP14 using sh-RNAs
(Supplementary Fig. S1A and S1B).

Previous studies indicated that USP14 regulates cell cycle progression in mouse embryonic
fibroblasts (32) and several human adult tumors (22, 33, 34). We examined whether USP14
knockdown affected the cell cycle distribution in NB cells. Our data show that decreased
USP14 expression has little effect on cell cycle progression in NGP and SH-SY5Y cells
(Supplementary Fig. S2).

To further understand the molecular mechanisms of the inhibitory effect of USP14
knockdown on cell proliferation in NB cells, an immunoblotting assay was performed to
detect cleaved Caspase 3 and PARP, indicators of apoptosis. Our data show that high levels
of Caspase 3 and PARP cleavage were observed in USP14 knockdown IMR-32, NGP, and
SK-N-AS cells and lower levels of Caspase 3 and PARP cleavage were induced in USP14
knockdown SH-SY5Y, LAN-6, and SK-N-BE2 cells (Figs. 1D and 1E). Taken together, it
suggests that USP14 inhibition suppresses cell proliferation at least in part by inducing cell
apoptosis.

Besides USP14, UCHLS5 and PSMD14 also regulate the function of the eukaryotic 26S
proteasome complex by removing the ubiquitin of polyubiquitinated protein substrates (15,
16, 35). We examined the role of these DUBs in NB cell proliferation. We found that
UCHLS5 knockdown has no effect on NB cell proliferation (Fig. 2A). However, PSMD14
inhibition did result in decreased cell proliferation (Fig. 2B).
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USP14 knockdown inhibits cell anchorage-independence growth in NB cells

The capability of anchorage-independent cancer cell growth correlates strongly with
tumorigenicity and invasiveness. We next performed the soft agar assay to examine the effect
of USP14knockdown on cell anchorage-independent growth in NB cell lines. As shown in
Figure 2C-2H, USP14 knockdown led to significant inhibition of anchorage-independent
growth of NB cells. Taken together, these results suggest that USP14 plays an important role
in NB cell proliferation and tumorigenesis.

USP14 inhibitor b-AP15 suppresses NB cell proliferation

To further examine the inhibitory effect of USP14knockdown on NB cell proliferation, a
small molecule, b-AP15, which has been reported to specifically act as a USP14
deubiquitinase inhibitor (36), was tested with serial dilutions on a panel of six NB cell lines
for 72 hours. A cell viability assay showed that cell proliferation was significantly inhibited
in a dose-dependent manner in all tested cell lines (Fig. 3A). The ICgq values ranged from
107.8 to 507.0 nM (Fig. 3B). IMR-32 (IC5p: 107.8 nM) and LAN-6 (ICsq: 127.8 nM) cells
were more sensitive while SK-N-BE2 (ICsq: 507.0 nM) and SK-N-AS (I1Cs: 482.5 nM)
were more resistant to b-AP15 treatment. These results suggest that the primary mode of
action of b-AP15 is independent of MYCN status in NB cells. In addition, b-AP15 induced
apoptotic morphological changes of NB cells. As shown in Figure 3C, after treatment of b-
AP15 for 72 hours, cytoplasmic shrinkage and cell detachment were observed in many cells.
At high dose groups, cytoplasmic vacuolation and cellular fragmentation were clearly seen.
A clonogenic assay further verified the cytotoxicity of b-AP15 to tested cells
(Supplementary Fig. S3). Significantly fewer clones formed in six cell lines treated with b-
AP15 We further evaluated the effect of b-AP15 on cell viability of non-tumor cells, and
significantly higher 1C50 values in HS-5 and HEK-293 cells than those in NB cells were
found (Supplementary Fig. S1C). These results demonstrate that USP14 inhibition
suppresses NB cell proliferation.

USP14 inhibition causes accumulation of ubiquitinated proteins and induces unfolded
protein response (UPR) in NB

Previous studies showed that blockade of USP14 DUB activity increases intracellular
ubiquitinated proteins in many cell types (36, 37). Accumulation of ubiquitinated proteins
initiates endoplasmic reticulum (ER) stress resulting in caspase-dependent apoptosis (38,
39). We therefore examined whether UPS14 inhibition causes increased ubiquitinated
proteins in NB, and significantly increased ubiquitinated proteins were detected in USP14
knockdown NGP and SH-SY5Y cells (Fig. 3D). Consistent with this, accumulation of
ubiquitinated proteins was also found in these two cells treated with b-AP15 (Fig. 3E).
Along with ER stress, ubiquitinated proteins also induce UPR, which increases the
expression of heat shock proteins (HSP) (40, 41). Indeed, USP14 inhibition by either sh-
RNAs or b-AP15 resulted in induction of HSP70 and HSP40 in both NGP and SH-SY5Y
cells (Figs. 3F and 3G).
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b-AP15 has synergistic anti-cancer effect with conventional chemotherapeutic agents on

NB

Chemotherapy resistance contributes to treatment failure in NB and results in relapse.
Therefore, the ability to enhance current chemotherapy efficacy and to overcome established
chemoresistance is critical for patients with high-risk NB. We explored whether the USP14
inhibitor b-AP15 could have synergistic anti-cancer effect with Doxorubicin and VVP-16 on
NB cells. Using the method for synergistic analysis developed by Chou and Talaly (30), b-
AP15 was combined with Doxorubicin or VP-16 in seven combinational equipotent ratios
based on the 1C50 values derived from single treatment of six NB cell lines. Combination
indexes (Cls) at the median effective doses 50 (ED50), ED75, and ED90 were derived from
tested cell lines using CompuSyn software. As shown in Table 1, we observed synergistic
anti-tumor effects at almost all EDs on tested cells. Indeed, there was a strong synergistic
anti-cancer effect on Doxorubicin and VVP-16 resistant LAN-6 cells. The CI values were
0.25, 0.36, and 0.64 at ED50, 75, and 90, respectively, for the b-AP15 and Doxorubicin
combination. The CI values were 0.33, 0.59, and 0.32 at ED50, 75, and 90, respectively, for
the b-AP15 and VVP-16 combination. Similar results were found in another resistant cell line
SK-N-BE2. For deeper molecular mechanistic insights, an immunoblotting assay was used
to detect cell apoptosis induced by b-AP15 with Doxorubicin or VP-16 in SK-N-BE2 and
LAN-6 cells. We found that b-AP15 treatment can greatly enhance Dox- and VP-16-induced
apoptosis since cleaved caspase 3 and PARP levels greatly increased (Supplementary Fig.
S4). Our data strongly highlight the potential of USP14 inhibition as an adjuvant therapeutic
regimen.

USP14 inhibitor b-AP15 suppresses NB tumor growth in vivo

Our in vitro data strongly suggest that USP14 is required for NB growth. Next, we examined
whether USP14 was also required for NB growth /7 vivo. We utilized an orthotopic NB
mouse model produced via surgical injection of NGP and SH-SY5Y cells with luciferase
expression into the left renal capsule of nude mice. Two weeks post-surgery, tumor growth
was examined with bioluminescent imaging. Mice bearing tumors with similar
bioluminescent intensity were randomly divided into two treatment groups: DMSO (control)
or b-AP15 (5 mg/kg). Animals were euthanized, and tumors were resected after a daily 2-
week treatment. We found that b-AP15 significantly inhibited tumor growth and led to
dramatically decreased tumor weights (Figs. 4A and 4B). Then, the NGP xenograft tumors
were assessed for tumor cell apoptosis and tumor growth inhibition by immunochemistry
staining for cleaved caspase-3 and Ki67. The results showed that b-AP15 significantly
inhibited tumor growth and induced apoptosis (Fig. 4C). To further assess the effect of b-
AP15 on tumor growth /n vivo, 4-week post-surgery mice bearing similar tumor signals
were treated with b-AP15 (5 mg/kg) for 48 hours. We found that b-AP15 induced cell
apoptosis in NB tumors in an immunoblotting assay (Fig. 4D). These results indicate that
USP14 inhibition suppresses tumor growth 7n vivo by inducing NB cell apoptosis.

USP14 mRNA level is higher in Stage 4 NB patient samples

USP14 overexpression has been identified and associates with tumorigenesis in many
malignancies (21-23). To expand upon these observations and further explore the correlation
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between USPI4 mRNA level and survival in NB, we analyzed USP14 expression in four
available public NB cohorts with annotated survival information and gene expression data
using R2 genomics analysis and visualization Platform (http://r2.amc.nl). No significant
correlation of USP14 mRNA level with overall and event-free survival was found. The
results demonstrated a correlation of USPZ4 mRNA level with overall/event-free survival in
Seqc-498-cohort of 498 patients (P=0.915/0.493), Kocak-cohort of 476 patients (P
=0.843/0.303), Versteeg-cohort of 88 patients (£=0.177/1), and Oberthurs-cohort of 251
patients (P=0.913/0.398) respectively (Fig. 5A and Supplementary Fig. S5A). Moreover, we
found that no significant difference of USPI4 mRNA levels was detected between MYCN-
amplified NB tumors and MY CN-non-amplified ones (Supplementary Fig. S5B). However,
the USPI4 mRNA level was markedly higher in NB tumors of advanced stage 4 disease,
compared to that in tumors of lower stages (Figure 5B). Interestingly, we found that USP14
MRNA levels were lower in stage 4s compared to that in other stages. Therefore, further
studies regarding the association between USP14 protein levels and clinical outcome should
be performed in NB specimens.

Discussion

Cellular protein homeostasis is a highly regulated characteristic. The ubiquitin—proteasome
system (UPS) plays a crucial role in the degradation of short-lived, misfolded, and damaged
proteins (42). The UPS has been identified as a key component in the regulation of cancer
cell growth and survival. The eukaryotic 26S proteasome complex contains over 50 subunits
and can be functionally classified into two functional complexes: the 20S core particle (CP)
and the 19S regulatory particle (RP). By removing the ubiquitin of polyubiquitinated protein
substrates, three DUBs of the 19S RP, PSMD14, USP14, and UCHLS5, regulate the protein
degradation function of the 20S CP in mammalian cells (15, 16, 35). The activity of
PSMD14, a member of the JAMMSs DUBs family, is required for protein substrate
degradation by the 20S CP (16). In contrast to PSMD14, USP14 and UCHLS5 prevent protein
degradation by trimming ubiquitin chains on proteasome-bound substrates (15, 16).
Therefore, USP14 and UCHLS5 have been suggested to be therapeutic targets in many
malignancies (24, 43, 44). To date, the function of USP14 in NB is unknown.

The USP14knockdown leads to inhibition of cell proliferation and induction of cell
apoptosis in several tumor types including breast cancer (24), non-small cell lung cancer
(45), and Ewing sarcoma. Consistent with these results, we found that cell proliferation was
dramatically inhibited after USP14 knockdown in all tested cells. However, USP14
knockdown has no effect on cell survival in HS-5 and HEK-293 cells. It suggests that
targeting DUB activity of USP14 has little effect on cell survival of non-tumor cells in NB,
which is similar to the effect of b-AP15 on multiple myeloma (MM) (37). Moreover, the
inhibitory effect of USP14knockdown is not dependent on M YCN-amplification or intact
p53 function in NB. As shown in Supplementary Table S1, we used three MY CN-amplified
and three MYCN-non-amplified cells. Among these cells, p53 is functional in IMR-32,
NGP, SH-SY5Y, and LAN-6, and non-functional in SK-N-AS and SK-N-BE2 cells. In
addition, we also found that UCHL5 knockdown has no effect on NB cell proliferation.
However, PSMD14 inhibition did result in decreased cell proliferation. Similar to the effects
of USP14 inhibition in NB, recent studies also reported that inhibition of PSMD14 DUB
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activity by the inhibitor induced apoptosis and overcome bortezomib resistance in multiple
myeloma cells (46). It suggests that blockade of PSMD14 could be a potential therapeutic
strategy in NB treatment. We will test this hypothesis in future work.

Due to its emerging role in tumors, USP14 has been shown to be a potential therapeutic
target. The role of USP14 in UPS regulation is a rate-limiting deubiquitination step prior to
protein degradation. By inhibiting the activity of USP14, the levels of ubiquitin conjugated
proteins are increased, which triggers proteotoxic stress, eventually inducing cell apoptosis
in tumor cells. Recently, many USP14 inhibitors, such as b-AP15 (36), RA-9 (47), and
ACL17 (48), have been found to inhibit proteasome function by blocking DUB activity. In
this study, we provide strong evidence that b-AP15 inhibits NB tumor growth by inducing
cell apoptosis /n vitroand /n vivo since ubiquitin bound protein levels significantly increase
with USP14 inhibition. These findings suggest that USP14 may be a novel target for
treatment of NB.

We further demonstrate that USP14 inhibition can be therapeutically exploited to enhance
sensitivity and to overcome resistance to conventional chemotherapeutic agents for treating
NB. Doxorubicin and VVP-16 are often used as intensive chemotherapy for patients with
advanced NB (49, 50). However, severe side effects and chemoresistance strictly limit their
dosage. Thus, novel enhancers to their anti-tumor activity are highly desirable in the clinical
setting. In this study, we provide convincing evidence that the inhibition of USP14 activity
greatly enhances Dox- and VP-16-induced cell death in NB cells via experimental treatment
on a panel of NB cell lines. Although the efficacy of USP14 inhibitor b-AP15 varied among
NB cell lines, the results indicate that b-AP15 can enhance the sensitivity of NB cells to
Doxorubicin and VVP-16. More importantly, we found a strong synergy of combination
treatment in two chemo-resistant cell lines: LAN-6 and SK-N-BE2 (27). These data suggest
that the combination of USP14 inhibition and conventional anti-tumor agents is a promising
novel therapeutic strategy for NB.

In summary, our study demonstrates that USP14 is a key regulator of cell proliferation in NB
and the inhibition of USP14 suppresses tumor growth /n vitroand in vivo. Moreover, USP14
inhibition can overcome chemoresistance and synergize with conventional anti-tumor agents
for treating NB. The exact mechanism of synergistic anti-tumor activity of USP14 inhibition
is yet to be defined in future work.
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Figure 1: USP14 knockdown inhibits cell proliferation and induces cell apoptosisin NB.
A. Endogenous expression of USP14 in a panel of NB cell lines including IMR-32, NGP,

NB-19, CHLA-255, SH-SY5Y, SK-N-AS, LAN-6, and SK-N-BE2. B, C. Immunoblotting
assay showing USP14knockdown in IMR-32 (B), NGP (B), SK-N-BE2 (B), SH-SY5Y (C),
SK-N-AS (C), and LAN-6 (C) cells by two independent lentivirus shRNAs, sh-1 and sh-2.
Cell growth curve assay shows a proliferation defect in six USP14 knockdown NB cells. The
cell counting kit-8 (CCK-8) was used to determine cell viability. Error bars represent SDs of
six samples. ***P<0.001. D, E. Six USP14-knockdown cells were harvested for the protein
immunoblotting assay. PARP and Caspase-3 cleavages were detected by immunoblotting
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with the antibodies. B-actin was used as a loading control for whole cell extracts in all
samples.
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Figure 2: The effect of UCHL5 and PSMD14 knockdown on NB cell proliferation and USP14

knockdown inhibits anchor age-independent growth.

A, B. Immunoblotting assay showing UCHLS5 and PSM14 knockdown in NGP and SH-
SY5Y cells by lentivirus sh-UCHL5 and sh-PSMD14. Cell growth curve assay shows a
proliferation defect in two UCHLS5 knockdown NB cells. The cell counting kit-8 (CCK-8)
was used to determine cell viability. Error bars represent SDs of six samples. **P<0.01 and
***pP<(0.001. C-H. Soft agar assay showing reduced colony formation in USP14-knockdown
cells. Colony numbers were quantified. These experiments were performed in triplicate and
reported as mean with SDs. ***/~<0.001.
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Figure 3: USP14 inhibitor b-AP15 suppresses cell proliferation, causes accumulation of
ubiquitinated proteins and induces UPR in NB.
A. b-AP15 showing cytotoxic effect on NB cells. Six NB cell lines IMR-32, NGP, SK-N-

BE2, SH-SY5Y, SK-N-AS, and LAN-6 were incubated with serial dilutions of b-AP15 or
medium alone for 72 hours. Cell Counting Kit-8 (CCK-8) assay was used to determine cell
viability. B. IC50 values of six cell lines tested were measured based on CCK-8 assay. C.
Morphological changes of six NB cell lines after incubation with serial dilutions of b-AP15
for 72 hours were shown. D. Two USPI4-knockdown cells, NGP and SH-SY5Y, were
harvested, and subjected to immunoblotting with anti-Lys48-linked specific antibody. Same

NGP
sh-Con sh-1 sh-2
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amounts of lysates were performed Coomassie Blue staining as loading controls. E. NGP
and SH-SY5Y cells were treated with b-AP15 (1 uM) for the indicated time points. Cell
lysates were subjected to immunoblotting as the above. F, G. USP14 knockdown NGP and
SH-SY5Y (F) cells or b-AP15 treated NB cells (G) were subjected to immunoblotting with
anti-HSP40, HSP70, and USP14 antibodies.
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Figure 4: USP14 inhibitor b-AP15 suppresses NB tumor growth in vivo.

A. Representative pictures of orthotopic tumors in each group. The nude mice bearing
tumors were treated with b-AP15 (5 mg/kg) and DMSO respectively for two weeks. B.
Tumor weights from the last day of treatment. Data was from one experiment. **£<0.01 and
***P<(0.001. C. Representative light microscopy images of cleaved capspse-3 and Ki67
immunohistochemistry staining from NGP xenograft tumors treated with b-AP15 and
DMSO control. Quantification of cleaved caspase-3 and Ki67 (positive cell per high-power
field) demonstrates induction of apoptosis and inhibition of tumor growth in NGP xenografts
treated with b-AP15. D. The nude mice bearing tumors were treated with 5 mg/kg of b-
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AP15 by intraperitoneal injection once daily for two days. The mice were then euthanized,
and immunoblotting assay was used to detect b-AP15-induced apoptosis.
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Figure 5. The mRNA level of USP14 in NB patient samples.
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A. Correlation of USP14 mRNA levels of NB tumor samples and the overall survival of
patients was analyzed using Seqc-498-cohort (n=498), Kocak-cohort (n=476), \ersteeg-
cohort (n=88), and Oberthurs-cohort (n=251). B. USP14 mRNA levels in patient samples at

different Stages were analyzed using these four datasets.
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Synergy analysis of b-AP15 with Doxorubicin or VP-16 in NB cells

Combination Index (Cl)

Cell line ED50 ED75 ED90
IMR-32 Doxorubicin+b-AP15  0.72 0.92 1.06
VP-16+b-AP15 0.46 0.66 0.96
NGP Doxorubicin+b-AP15  0.21 0.80 0.90
VP-16+b-AP15 0.52 0.41 0.32
SK-N-BE2  Doxorubicin+h-AP15  0.96 0.63 0.48
VP-16+b-AP15 0.31 0.47 0.81
SH-SY5Y  Doxorubicin+b-AP15  0.73 0.86 0.81
VP-16+b-AP15 0.55 0.46 0.43
SK-N-AS  Doxorubicin+b-AP15  0.95 1.03 1.06
VP-16+b-AP15 0.90 0.73 0.65
LAN-6 Doxorubicin+b-AP15  0.25 0.36 0.64
VP-16+b-AP15 0.33 0.59 0.32

Table 1
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The combination index (CI) was assessed by CompuSyn software. CI < 1 indicates synergistic interaction, whereas Cl ~ 1 is antagonistic and Cl =

1 is considered additive effect. ED, Median effective dose.
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