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SUMMARY
Neuroendocrine carcinomas, such as neuroendocrine prostate cancer and small-cell lung cancer, commonly
have a poor prognosis and limited therapeutic options.We report that ubiquitin carboxy-terminal hydrolase L1
(UCHL1), a deubiquitinating enzyme, is elevated in tissues and plasma frompatients with neuroendocrine car-
cinomas. LossofUCHL1decreases tumor growth and inhibitsmetastasis of thesemalignancies. UCHL1main-
tains neuroendocrine differentiation and promotes cancer progression by regulating nucleoporin, POM121,
andp53.UCHL1binds, deubiquitinates, and stabilizesPOM121 to regulatePOM121-associatednuclear trans-
port of E2F1 and c-MYC. Treatment with the UCHL1 inhibitor LDN-57444 slows tumor growth and metastasis
across neuroendocrine carcinomas. The combination of UCHL1 inhibitors with cisplatin, the standard of care
used for neuroendocrine carcinomas, significantly delays tumor growth in pre-clinical settings. Our study
revealsmechanisms of UCHL1 function in regulating the progression of neuroendocrine carcinomas and iden-
tifies UCHL1 as a therapeutic target and potentialmolecular indicator for diagnosing andmonitoring treatment
responses in these malignancies.
INTRODUCTION

Neuroendocrine neoplasms canbecategorized intowell-differen-

tiated neuroendocrine tumors and poorly differentiated neuroen-

docrine carcinomas.1 Neuroendocrine neoplasms can originate

from different primary sites, including the lungs, prostate, gastro-

intestinal tract, pancreas, and others, and can be classified and

graded by two keymarkers, Ki67 andmitotic index.1 Neuroendo-

crine carcinomas, such as neuroendocrine prostate cancer

(NEPC) and small-cell lung cancer (SCLC), share common histo-
Cell Repo
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logical features, including expression of neuroendocrinemarkers,

highKi67 labeling index, aggressive disease course, rapid relapse

after treatment, and poor clinical outcome.2–4 These shared fea-

tures have been attributed in part to common gene expression

programs and oncogenic mechanisms underlying their develop-

ment.5,6 NEPC is a highly aggressive subtype of prostate cancer

that is rare in treatment-naive and localized disease but common

in relapsed prostate cancers after treatment with second-genera-

tion anti-androgen therapies.4 Likewise, SCLC, which accounts

for approximately 15% of lung cancers, is characterized by high
rts Medicine 5, 101381, February 20, 2024 ª 2023 The Author(s). 1
C-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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expression of neuroendocrine markers and has an aggressive

clinical course.7 Increasing studies show that poorly differentiated

neuroblastoma shares common drivers, signaling pathways, and

therapeutic vulnerabilities with SCLC and NEPC.8–11 Neuroblas-

toma, a neural crest-derived tumor with many phenotypic com-

monalities with neuroendocrine differentiation in other organs, is

the most common extracranial solid tumor in children.12 About

half of neuroblastomapatients presentwith disseminateddisease

at the time of diagnosis, and the 5-year survival rate of high-risk

neuroblastoma is about 50%.12,13 The poor clinical prognosis of

SCLC, NEPC, and poorly differentiated neuroblastoma renders

a critical clinical need to identify therapeutic targets andminimally

invasive approaches to diagnose these malignancies, ideally

across multiple cancer types.

Current therapies for neuroendocrine carcinomas and poorly

differentiated neuroblastoma include combinations of chemo-

therapy, radiation, and immunotherapy, but these treatments

only extend patients’ survival for a few months.12,14,15 Transcrip-

tomic and genomic analyses of neuroendocrine carcinomas

have provided a better understanding of their development. Inac-

tivatingmutations of tumor suppressors,TP53 andRB1, are char-

acteristics of poorly differentiated neuroendocrine carcinomas,

includingSCLCandNEPC.16,17 In addition, high expression levels

of E2F1, SOX2, EZH2, MYCN, BRN2, and ASCL1 play essential

roles in promoting lineage plasticity and driving neuroendocrine

differentiation,making thempromising therapeutic targets in can-

cers with neuroendocrine differentiation.5,16,18–26 For instance,

genomic amplification of MYCN is observed in patients with

SCLC, approximately 20% of patients with neuroblastoma, and

40%of patientswithNEPC.12,27–29MYCN amplificationmediates

metabolic reprogramming by enhancing fatty acid uptake in neu-

roblastoma.30 MYCN binds directly at the EZH2 promoter to pro-

mote neuroblastoma progression.21 E2F1 is a key regulator of

treatment-emergent NEPC and drives NEPC lineage plasticity

by repressing the androgen receptor (AR).26 Bioinformatic anal-

ysis revealed that both primary prostate basal cells with stem-

like characteristics and NEPC cells share a similar gene network

associated with E2F targets.31 These results suggest that E2F1

plays an essential role in neuroendocrine differentiation in cancer.

Nevertheless, there is still an urgent unmet need to identify more

effective mechanism-based therapies for neuroendocrine carci-

nomas and poorly differentiated neuroblastoma.

Ubiquitin carboxy-terminal hydrolase L1 (UCHL1) is a protease

with a dual function in regulating protein stability. UCHL1 re-

moves and recycles ubiquitin from proteins being degraded to

maintain the cellular ubiquitin pool and to stabilize proteins.32,33

Additionally, UCHL1 can ubiquitinate target proteins and thus

enhance their protein degradation.34 UCHL1 is a secreted pro-

tein,35,36 making it an ideal candidate biomarker for minimally

invasive cancer detection. A potential oncogenic role of UCHL1

hasbeen reported in lymphomaandcolorectal cancer.37–39How-

ever, the functional role and therapeutic potential of UCHL1 in

neuroendocrine carcinomas and neuroblastoma have not been

reported previously.

Nuclear pore complexes regulate the nucleocytoplasmic trans-

port of macromolecules.40–42 The functional roles of nuclear pore

complexes in cancers remain poorly understood. Nucleoporin

POM121 is a member of the nuclear pore complex members
2 Cell Reports Medicine 5, 101381, February 20, 2024
and may serve as a prognostic biomarker in lung cancer, colo-

rectal cancer, and oral squamous cell carcinoma.43–45 POM121

promotes lung cancer tumorigenesis and metastasis.46 In the

context of prostate cancer, POM121 drives cancer progression

by increasing E2F1 and MYC nuclear import.47

In this study, we demonstrate that UCHL1 is highly expressed

in neuroendocrine neoplasms and detectable in the plasma from

patients with NEPC and SCLC. Our results indicate that UCHL1

could serve as a molecular biomarker for the diagnosis of neuro-

endocrine carcinomas and neuroblastoma and potentially for

predicting and monitoring responses to therapy. Our study

further reveals a functional role of UCHL1 in SCLC and NEPC.

Loss of UCHL1 significantly decreases tumor growth andmetas-

tasis. Proteomic analysis demonstrates that pathways involved

in cancer progression, such as E2F targets, MYC targets, and

mTOR signaling, are altered upon downregulation of UCHL1.

UCHL1 directly binds to p53 and POM121 to regulate tumor pro-

gression and neuroendocrine differentiation. Upon binding,

UCHL1 destabilizes p53 associated with neuroendocrine differ-

entiation and stabilizes POM121, allowing rapid import of c-MYC

and E2F1 transcriptional factors previously implicated in cancer

progression. Most importantly, our results showed that treat-

ment with a UCHL1 inhibitor significantly delays neuroendocrine

carcinoma and neuroblastoma growth and decreases the meta-

static burden of NEPC and SCLC both as a single agent and in

combination with cisplatin. These results together strongly sug-

gest that UCHL1 represents a potent therapeutic target in neuro-

endocrine carcinomas and neuroblastoma and is a molecular in-

dicator of these malignancies.

RESULTS

UCHL1 is highly expressed in neuroendocrine
neoplasms
To identify druggable targets for NEPC patients, we analyzed a

previously published proteomics dataset of metastatic NEPC

driven by the Trop2 oncogene (TD-NEPC).48 From this analysis,

we identified UCHL1 as one of the top druggable proteins with

increased levels in TD-NEPCcomparedwith non-neuroendocrine

castration-sensitive LNCaP prostate cancer (CSPC) xenograft tu-

mors (Figures 1A andS1A).48 Increasing evidence has shown that

cancers with neuroendocrine differentiation share commonalities

ingeneexpression,druggable targets, and therapeutic vulnerabil-

ities.5,6,9,49 Thus, we further evaluated UCHL1 levels in tissues

from patients with other neuroendocrine neoplasms. Immunohis-

tochemical analysis revealed elevated UCHL1 levels in human

neuroendocrine neoplasms tissues, including human NEPC,

SCLC, lung carcinoid tumors, neuroblastoma, gastrointestinal

neuroendocrine neoplasms, and pancreatic neuroendocrine neo-

plasms, as well as in NEPC patient-derived xenografts (PDXs)

compared with castration-resistant prostate adenocarcinoma

(adeno-CRPC), non-SCLC (NSCLC), other types of non-neuroen-

docrine neoplasms, and adeno-CRPC PDXs (Figures 1B–1E,

S1B, and S1C). High levels of UCHL1 protein were found in 56%

ofNEPC,80%of lungcarcinoid, 90%ofSCLC,96%ofneuroblas-

toma, and 84% of other neuroendocrine neoplasms compared

with 3%of benign prostate tissues, 5% localized prostate adeno-

carcinoma, 8% adeno-CRPC, 22% NSCLC, and 0% of other
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non-neuroendocrine neoplasms (Figures 1B–1E). Additionally,

mRNA levels of UCHL1 were elevated in NEPC and SCLC tumor

samples from PDXs and patients compared with normal prostate

tissues and adeno-CRPC and with NSCLC and normal lung tis-

sues, respectively (Figures 1F, 1G, S1D, and S1E).

High levels ofUCHL1werealsodetected in theculturemedia of

cancer cell lines with neuroendocrine differentiation, including

NEPC cells (TD-NEPC and H660), AR-negative NE-like prostate

cancer cells (DU145), SCLC cells (NJH29 and NCI-H82), and

MYCN-amplified neuroblastoma cells (IMR-32) by western blot

and sandwich enzyme-linked immunosorbent assay (ELISA)

(Figures 1H and 1I). Additionally, UCHL1 levels in NEPC PDX

mouse plasma were higher than in adeno-CRPC PDX mouse

plasma (Figure 1J). Likewise, high levels of UCHL1weredetected

in the plasma frommice bearing SCLC and neuroblastoma xeno-

grafts (FigureS1F). Importantly, weobserved thatUCHL1plasma

levels in SCLC and NEPC patients were significantly higher than

those in patients with NSCLC and localized prostate adenocarci-

noma, respectively (Figure 1K). Taken together, these results

indicate that UCHL1 has potential to be used as a tissue and

plasma molecular indicator for neuroendocrine carcinomas and

neuroblastoma and represents a rational therapeutic target for

these malignancies.

UCHL1 regulates the growth and neuroendocrine
differentiation of neuroendocrine carcinomas
Consistent with the levels of UCHL1 in tissues of patients with

neuroendocrine carcinomas, we observed high levels of UCHL1

in NEPC, AR-negative NE-like, and SCLC cell lines and tumor

xenografts (Figures S2A‒S2C). To test the role of UCHL1 in

tumor growth, we generated stable prostate cancer adenocarci-

noma cell lines (22Rv1 and C4-2) with overexpression of wild-

type (WT) UCHL1 or a catalytically inactive UCHL1 mutant

(C90S) aswell asNEPC (TD-NEPC) and SCLC (NCI-H82) cell lines

with downregulation (knockdown) or genetic loss (knockout) of
Figure 1. UCHL1 is highly expressed in neuroendocrine neoplasms

(A) A heatmap represents fold change of increased proteins in TD-NEPC (Trop2-d

(LNCaP-RFP) control tumors from a published proteomic analysis.48

(B‒E) Representative images and quantification of IHC staining for UCHL1 in pa

(NENs) (D), and neuroblastoma (E). Prostate tissues (B) include benign prostat

castration-resistant prostate cancer (adeno-CRPC; n = 25), and NEPC (n = 25). S

cell lung cancer (NSCLC; n = 36), lung carcinoid tumors (n = 15), and small cell lung

(n = 37) include gastrointestinal neuroendocrine carcinomas (GI NECs; n = 3), wel

pancreatic NETs (n = 17), poorly differentiated pancreatic NECs (n = 3), and non

(E) includes neuroblastoma (n = 27) in a tissuemicroarray (TMA) format. Scale bar,

(0 is negative andmarked as blue, 1 is low andmarked as beige, 2 is medium andm

distribution analysis was performed for comparison of two groups (two tailed).

(F) Principal-component analysis of UCHL1 based on RNA sequencing data fro

adjacent to prostate adenocarcinoma (PRAD) and from LUAD, CRPC, SCLC, an

(G) UCHL1 mRNA Z score in human prostate tissues (NEPC vs. adeno-CRPC fro

(H) Western blot showing UCHL1 protein levels in cancer cell lysates and cell cult

prostate cancer cell line and is indicated in green.

(I) Protein levels of UCHL1 in media from the indicated cancer cell lines determin

(J) UCHL1 levels in plasma from mice bearing prostate cancer PDXs. Assessmen

23.1, LuCaP 35, LuCaP 86.2, and LuCaP 96) or NEPC (LuCaP 49, LuCaP 93, LuC

mice was tested by ELISA (adeno-CRPC [n = 12] vs. NEPC [n = 12]).

(K) UCHL1 levels in plasma of patients with SCLC (n = 8) vs. NSCLC (n = 17) and lo

were compared by Student’s t test (two tailed).

*p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.001; n.s., not significant.
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UCHL1 (Figures 2A and S2D‒S2H). Notably, overexpression

of WT UCHL1 in prostate adenocarcinoma cells increased the

levels of a neuroendocrine marker, synaptophysin (SYP), while

knockout of UCHL1 in NEPC and SCLC cell lines decreased

expression levels of neuroendocrine markers and a stem cell

marker, SOX2 (Figures 2A, and S2E‒S2G). Overexpression of

WT UCHL1 enhanced cell growth, as measured by colony forma-

tion ability (Figures 2B and S2I), whereas loss of UCHL1 in NEPC

cellsdecreased their clonogenicpotential (Figures2CandS2I).As

expected, overexpression of inactive UCHL1(C90S) did not affect

SYP expression or colony formation of 22Rv1 cells (Figures 2A

and 2B). More importantly, overexpression of WT UCHL1

increased prostate adenocarcinoma tumor growth in vivo (Fig-

ure 2D). Consistently, overexpression of WT UCHL1 in adeno-

CRPC tumor xenografts increased levels of the neuroendocrine

markers CD56, SYP, and chromogranin-A (CgA), suggesting

that UCHL1 mediates neuroendocrine differentiation (Figure 2E).

Silencing or gene deletion of UCHL1 in NEPC cells significantly

decreased tumor growth (Figures 2F, 2G, and S2J) and reduced

the expression of neuroendocrine markers (Figures 2H and

S2K), demonstrating that UCHL1 regulates NEPC growth and

neuroendocrine differentiation in vivo.

UCHL1 regulates cell migration, invasion, and
metastasis of neuroendocrine carcinomas
Overexpression of WT UCHL1 in prostate adenocarcinoma cells

promoted migration and invasion, whereas loss of UCHL1 in

NEPC cells significantly reduced migration and invasion in vitro

(Figures S3A‒S3C). Based on these findings, we tested the role

of UCHL1 inmetastatic colonization at distant sites using an intra-

cardiac injection model (Figure 3A). Silencing or genetic loss of

UCHL1 inTD-NEPCcellsdramatically decreasedmetastaticcolo-

nization, as assessed by whole-body bioluminescence imaging

(BLI) and metastasis incidence (Figures 3B–3E and S3D‒S3G).
We observed a significant decrease in metastasis to the bone
riven neuroendocrine prostate cancer) tumor xenografts compared with CSPC

tient prostate tissues (B), lung cancers (C), other neuroendocrine neoplasms

e tissues (n = 37), localized prostate cancer (PC) (n = 44), adenocarcinoma

cale bars, 100 mm (top) and 40 mm (bottom). Lung tissues (C) include non-small

cancer (SCLC; n = 11). Scale bars, 20 mm (top) and 10 mm (bottom). Other NENs

l-differentiated GI neuroendocrine tumors (GI NETs; n = 14), well-differentiated

-NEN GI carcinomas (n = 15) (D). Scale bars, 20 mm (top) and 10 mm (bottom).

200 mm (top) and 25 mm (bottom). UCHL1 staining intensity is scored from 0 to 3

arked as light brown, 3 is strongly positive andmarked as dark brown). Z score

m normal tissues adjacent to lung adenocarcinoma (LUAD) or normal tissues

d NEPC patient biopsy tissues from Balanis et al.49

m Beltran et al.50 and lung tissues from Bhattacharjee et al.51).

ure media. Red indicates NEC cell lines. DU145 is an AR-negative and NE-like

ed by ELISA.

t of plasma UCHL1 level was performed on mice bearing adeno-CRPC (LuCaP

aP 145.1, and LuCaP 173.1) PDXs. For each PDX, plasma from three individual

calized PC (n = 9) vs. NEPC (n = 8), determined by ELISA. UCHL1 plasma levels
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Figure 2. UCHL1 regulates cancer cell growth in vitro and in vivo

(A) UCHL1 and SYP levels in 22Rv1-RFP, 22Rv1-UCHL1-OV (WT UCHL1), and 22Rv1-UCHL1(C90S) cells were determined by western blot (WB) (left). SOX2,

CD56, SYP, and UCHL1 levels in UCHL1 knockout pool cells were assessed by WB (right).

(B and C) Colony formation assays of 22Rv1 with or without WT UCHL1 or UCHL1(C90S) overexpression (B) and colony formation assays of TD-NEPC parental

(no transfection) cells, CTL (transfection with control non-targeting sgRNA), and UCHL1 knockout (transfection with multi-sgRNA targeting UCHL1) single-cell

selection clones (C). Scale bar, 1 cm. The percentage of colony area per well was quantified using ImageJ. All experiments were performed in triplicate. Error bars,

SD.

(D) Subcutaneous tumor growth (left) and tumor weight (right) of 22Rv1-RFP (n = 10) and 22Rv1-UCHL1-OV (n = 10). Error bars represent standard error of the

mean (SEM).

(E) IHC staining of UCHL1, androgen receptor (AR) and SYP, CgA, and CD56 in 22Rv1 xenografts. Scale bar, 10 mm.

(F) Subcutaneous tumor growth of TD-NEPC parental (no transduction), CTL 1 and 2, andUCHL1 knockout 1, 2, and 3 single-cell selection clone xenografts. Error

bars represent SEM.

(G) Harvested tumors (left) and tumor weights (right) at the endpoint (scale bar, 1 cm).

(H) IHC staining for UCHL1, SYP, CgA, and CD56 in TD-NEPC parental, CTL, and UCHL1 knockout (KO) xenografts. Scale bars, 10 mm.

*p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.001, determined by Student’s t test.
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and liver upon UCHL1 knockdown and knockout (Figures 3C–3E,

S3E, and S3F). These findings are consistent with the metastatic

progression in clinical prostate cancer, where bone is the most

frequent site of metastasis, and liver metastasis is associated

with worse outcomes and neuroendocrine differentiation in pa-

tients.52 Similarly, the number of metastatic nodules in the lungs

decreased upon UCHL1 knockdown compared with control cells

(Figure S3G). In concordance, SCLC cells with UCHL1 knock-

down exhibited a decrease in metastatic colonization andmetas-

tasis incidences (Figures 3F–3H). Liver and lymph nodes are two

commonmetastatic sites of SCLC, and we observedmuch fewer

and smaller metastatic nodules in liver and lymph nodes in the

UCHL1 knockdown SCLC group compared with the controls

(Figures 3G and 3H).

We further tested the role of UCHL1 in NEPCmetastasis utiliz-

ing a spontaneous metastasis model (Figure S3H). Consistently,

we found adecrease inmetastatic incidence and size ofmetasta-

tic nodules in liver, lungs, and lymph nodes in the UCHL1 knock-

down group compared with the control group (Figures S3I‒S3L).
Collectively, these data demonstrate an essential role of UCHL1

in regulating metastasis and metastatic colonization of NEPC

and SCLC.

Modulation of UCHL1 mediates changes in pathways
associated with neuroendocrine differentiation
To delineate themolecular mechanism underlying the function of

UCHL1 in neuroendocrine carcinomas, we evaluated changes in

protein levels mediated by knockdown of UCHL1 in TD-NEPC

xenografts (Figures 4A and 4B). Pathway analysis and gene set

enrichment analysis (GSEA) of proteins with decreased expres-

sion upon UCHL1 knockdown demonstrated that MYC targets,

oxidative phosphorylation, E2F targets, and mTOR signaling

were the most downregulated pathways (Figures 4B–4D). E2F1

was highly expressed in NEPC and SCLC compared with normal

prostate and adeno-CRPC and with normal lung tissues and

NSCLC, respectively (Figure S4A). E2F1 is one of the key factors

driving neuroendocrine differentiation.26,53 These results demon-

strate that changes in UCHL1 levels modulate pathways impli-

cated in neuroendocrine differentiation and that UCHL1 is asso-

ciated with neuroendocrine differentiation and E2F signaling. We

further explored the levels of 85 proteins with decreased levels

upon UCHL1 knockdown in multiple cancers with neuroendo-

crine differentiation datasets (Figure 4E). The levels of 20 of 85
Figure 3. UCHL1 regulates NEPC and SCLC metastasis in vivo

(A) Cartoon depicting the experimental design, generated using BioRender (http

(B)Whole-body BLI of the intracardiac injection metastasis model generatedwith

and TD-NEPC-UCHL1 KO 2 (n = 8) cells on day 14 after injection. The biolumine

(C) Representative fluorescence images of metastatic nodules in bone (scale bar,

over the total number of animals (right). The Z score test for two population prop

(D) Representative fluorescence images of metastatic nodules in excised liver (sc

animal number was quantified (right).

(E) The number and size of metastases in liver from (D) were quantified. Error ba

(F) BLI of mice injected with SCLC shCtl, shUCHL1#1, and shUCHL1#2 cells via in

is shown for day 21 on the right.

(G) Representative GFP fluorescence images of lymph nodes (LN) (left). The perc

(H) Representative GFP fluorescence images of liver excised from animals in (F) (s

GFP focus count (right).

*p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.001, determined by Student’s t test.
protein targets were higher in NEPC tissues than in adeno-

CRPC tissues (Figure 4E, top). Likewise, analyses of the Cancer

Cell Line Encyclopedia (CCLE) datasets showed that the expres-

sion levels of 32 of 85 targets associatedwith UCHL1were signif-

icantly higher inSCLC than inNSCLC (Figure 4E, center). Gliomas

have often been used as a non-neuroendocrine-type comparator

for neuroblastoma,9,54 and our results demonstrated that the

expression levels of 40 of 85 targets associated with UCHL1

were higher in neuroblastoma compared with glioma (Figure 4E,

bottom).

MYC targets,protein secretion, andglycolysiswere identifiedas

the top three enriched pathways among proteins with increased

levels upon UCHL1 knockdown (Figures S4B and S4C). Pan-

neuroendocrine carcinoma analysis in CCLE datasets demon-

strated that 15 of 86 proteins with increased levels upon UCHL1

knockdown were significantly lower in SCLC compared with

NSCLC and that 17 of 86 upregulated proteins were decreased

in neuroblastoma relative to glioma (Figure S4D). Furthermore,

10 of 86 proteins with increased levels after UCHL1 knockdown

were decreased in both SCLC and neuroblastoma relative to

NSCLC and glioma from CCLE datasets (Figure S4E). Consistent

with results obtained from the downregulation of UCHL1, proteo-

mic analysis of H660 NEPC xenografts treated with a UCHL1

inhibitor, LDN-57444, significantly decreased levels of MYC tar-

gets, E2F targets, and mTOR signaling compared with controls

(FiguresS4F‒S4I). These results furtherdemonstrate thatchanges

in UCHL1 levels modulate neuroendocrine differentiation and

pathways associated and implicated in neuroendocrine carci-

nomas and neuroblastoma.

String pathways for 86 proteins with decreased levels upon

UCHL1 knockdown revealed that the top pathways of the

UniProt keywords were related to the nuclear pore complex, neu-

rodegeneration, and proteasome pathways (Figure 4F). Nucleo-

porin POM121 belongs to the nuclear pore complex and has

been shown to drive prostate cancer aggressiveness.47 Thymo-

poietin (TMPO), a nuclearmembraneprotein, is one of the E2F tar-

gets that is associated with neuroendocrine signatures.31,56 Loss

of p53 is another common genetic alteration in neuroendocrine

carcinomas and has been shown to be potentially regulated by

UCHL1 in nasopharyngeal carcinoma.16,34,50,57 Given that, we

tested whether UCHL1 regulates neuroendocrine differentiation

viadecreasingp53 and increasing thePOM121-mediatednuclear

transport of E2F1 and c-MYC. First, wemeasured the levels of the
s://biorender.com).

TD-NEPC-CTL 1 (n = 7), TD-NEPC-CTL 2 (n = 8), TD-NEPC-UCHL1 KO 1 (n = 9),

scence signal was quantified (right).

1 mm). Shown are the percentage and number of animals with bonemetastasis

ortions was performed for the comparison of two groups.

ale bar, 1 mm). The percentage of liver metastasis-positive animals over total

rs depict SD.

tracardiac injection. Whole-body bioluminescence intensity was quantified and

entage of mice with LN metastases was quantified (right). Scale bars, 2 mm.

cale bar, 2 mm). Shown are the number and size of liver metastases based on
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top two downregulated proteins upon UCHL1 knockdown,

POM121 and TMPO, as well as the neuroendocrine markers

c-MYC, E2F1, and p53 upon modulation of UCHL1 (Figures 4G–

4J, S4J, and S4N). POM121, TMPO, E2F1, c-MYC, and neuroen-

docrinemarkerswereall decreaseduponknockdownor inhibition

of UCHL1 (Figures 4G, 4I, 4J, S4J, and S4K). Likewise, we

observed an increase in POM121, TMPO, E2F1, c-MYC, and

SYP upon overexpression of WT UCHL1 (Figures 4H, S4L, and

S4M). Conversely, we observed an increase in p53 levels in

UCHL1 knockout cells and a decrease in p53 levels in WT

UCHL1-overexpressing cells (Figures 4H and S4N). Because

POM121 mediates the nucleocytoplasmic transport of proteins,

we evaluated levels of cytoplasmic and nuclear c-MYC and

E2F1 in UCHL1 knockout cells and cells treated with LDN-

57444. Loss or inhibition of UCHL1 decreased the nuclear locali-

zation of c-MYCand E2F1 in NEPC (Figure 4K). Interestingly, inhi-

bitionofUCHL1 inneuroendocrinecarcinomacell linesdecreased

the levels ofMYCN, a key factor that drives neuroendocrine differ-

entiation (Figures4KandS4K).Next,we further validated themost

decreased MYC and E2F direct targets from our proteomics

analysis in UCHL1 knockout cells and neuroendocrine carcinoma

cell lines treated with LDN-57444. Loss or inhibition of UCHL1 in

neuroendocrine carcinomas and neuroblastoma significantly

decreased MYC targets (COX5A, LDHA, and CCT5) and E2F tar-

gets (HMGB3, LBR, and HMGB2) at the protein andmRNA levels

(Figures 4L, S5A, and S5B). Altogether, these results indicate that

UCHL1 regulates p53, POM121, and POM121-mediated nuclear

localization of c-MYC,E2F1, and their downstream targets in can-

cers with neuroendocrine differentiation.

UCHL1 binds to POM121 and p53 and regulates their
ubiquitination and stability
To further delineate the molecular mechanism through which

UCHL1 regulates POM121 and p53 levels, we evaluatedwhether

UCHL1 interacts with POM121 and p53. Immunoprecipitation

followed by western blot in NEPC and SCLC demonstrated

that UCHL1 was bound to POM121 and p53 (Figures 5A and

S5C). Moreover, we detected the interaction of POM121 with

UCHL1 in vivo in NEPC PDX tissues by a proximity ligation assay
Figure 4. UCHL1 modulates pathways associated with neuroendocrin

(A) Volcano plot of the global protein changes in TD-NEPC UCHL1 knockdown tum

POM121 are indicated. p < 0.01 and fold change (log2) less than �1.5 or greate

levels, and red dots indicate proteins with increased levels after UCHL1 knockdo

(B) Heatmap displaying fold change of the 86 proteins with decreased levels in

POM121, and E2F targets are indicated.

(C) Significantly enriched pathways of 86 proteins with decreased levels upon UC

represents the �log10 (p value).

(D) GSEA of the decreased proteins upon UCHL1 knockdown from the proteom

(E) Pan-NEC analysis of the 86 downregulated targets upon UCHL1 knockdown

(F) String UniProt keywords pathway analysis of proteins with decreased levels f

(G) The indicated protein levels in UCHL1 KO cells measured by immunofluoresc

(H) The indicated protein levels in 22Rv1-WT UCHL1-overexpressing cells were

(I) The indicated protein levels in LDN-57444 (LDN)-treated TD-NEPC cells were a

(J) The quantification of the WB from (I).

(K) WB of E2F1 and c-MYC levels in the cytoplasm and nucleoplasm of TD-NEPC

and WB of E2F1 and c-MYC levels in the cytoplasm and nucleoplasm of H660 c

(L) mRNA levels of the topmost decreased MYC and E2F targets indicated in

LDN(10 mM) or vehicle (Veh) for 72 h before harvesting.

**p < 0.01, ***p < 0.005, and ****p < 0.001, determined by Student’s t test. Error
(PLA) (Figure 5B). A biolayer interferometry assay demonstrated

that p53 and UCHL1 had high-affinity binding with a KD value of

2.5 ± 1.7 nM in vitro (Figure 5C). Immunofluorescence staining

and PLA revealed that UCHL1 co-localized with and was bound

to p53 in TD-NEPC cells and NJH29 xenografts, respectively

(Figures 5D, S5D, and S5E). These data revealed that UCHL1 in-

teracts directly with POM121 and p53 in neuroendocrine

carcinomas.

UCHL1 is a dual-function protein that can ubiquitinate to

destabilize or deubiquitinate to stabilize targeted proteins.34,58

The catalytically inactive mutant (C90S) of UCHL1 is critical for

both hydrolase and ligase activity of UCHL1.58–60 First, we inter-

rogated the effect of UCHL1 on the stability of POM121 and p53.

Using a cycloheximide (CHX) chase assay, we found that loss of

UCHL1 decreased the half-life of POM121 relative to control

cells (Figure 5E). In accordance with these results, overexpres-

sion of WT UCHL1 abrogated the ubiquitination of POM121,

while inhibition of UCHL1 significantly enhanced POM121 ubiq-

uitination (Figures 5F and 5G). Indeed, overexpression of UCHL1

with the catalytically inactive mutant (C90S) had no effect on the

ubiquitination of POM121, further supporting the hypothesis that

UCHL1 regulates POM121 stability (Figure 5F). In contrast to

POM121, loss of UCHL1 extended the half-life of p53, while

overexpression of WT UCHL1 increased the ubiquitination of

p53, which promoted p53 degradation, thus remarkably short-

ening the half-life of p53 (Figures 5H and S5F‒S5H). This effect

was rescued by overexpression of UCHL1(C90S) and treatment

with MG132, a proteasome inhibitor (Figures S5G and S5H).

Taken together, our results indicate that UCHL1 deubiquitinates

POM121 to increase its stability, while UCHL1 ubiquitinates p53

to promote p53 degradation. These results suggest that UCHL1

may drive neuroendocrine differentiation by destabilizing p53

and stabilizing POM121, which increases the nuclear localization

of c-MYC and E2F1.

Next, we evaluated the protein levels of POM121 in prostate

cancer samples. Similar to UCHL1 expression, we found that

80% of NEPC patient-derived xenograft tissues had high levels

of POM121 compared with 10% of adeno-CRPC PDX tissues,

0% of human localized prostate cancer (PC), and 0% of human
e differentiation

or xenografts compared with TD-NEPC control tumor xenografts. UCHL1 and

r than 1.5 were chosen as cutoffs. Blue dots indicate proteins with decreased

wn.

UCHL1 knockdown xenografts compared with control xenografts. UCHL1,

HL1 knockdown from proteomics analysis (MSigDB Hallmark 2020). The x axis

ics analysis.

in the Beltran et al.50 and CCLE datasets.50,55

rom (B). Top enriched pathways were indicated.

ence imaging. Scale bar, 20 mm.

assessed by WB.

ssessed by WB. Cells were treated with LDN (0, 5, 10, 20, and 40 mM) for 72 h.

control and UCHL1 KO cells or TD-NEPC cells treated with vehicle or LDN (left)

ells treated with vehicle or LDN (right).

the proteomics analysis. TD-NEPC cells and H660 cells were treated with

bars depict SD.
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benign prostate tissues (Figure 5I). Likewise, POM121was highly

expressed in tissues from patients with NEPC relative to tissues

from patients with localized PC, suggesting the relevance of

UCHL1-mediated regulation of POM121 in clinical settings (Fig-

ure S5I). In addition, nuclear pore complexes regulate nuclear-

cytoplasmic transport to drive cancer progression. Interestingly,

treatment with a potent nuclear transport inhibitor, KPT-330,

decreased E2F1, c-MYC, and neuroendocrine marker levels,

which is similar to the effects of the UCHL1 inhibitor (Figures 4I,

4K, and S5J).

To test whether UCHL1 regulates tumor growth, progression,

and neuroendocrine differentiation via POM121, we performed

rescue experiments with overexpression of POM121 in UCHL1

control and UCHL1 knockout NEPC cells. We demonstrated

that overexpression of POM121 partially rescued the decrease

in expression of neuroendocrine markers and E2F1 levels medi-

ated by loss of UCHL1 (Figure 5J). More importantly, overex-

pression of POM121 partially rescued the decrease of neuroen-

docrine carcinoma cell growth and invasion ability upon UCHL1

knockout in vitro (Figures 5K and 5L). Our results suggest that

UCHL1 regulates neuroendocrine differentiation, cell prolifera-

tion, and cell invasion partially through POM121.

Treatment with UCHL1 inhibitors alone or in
combination with cisplatin delays neuroendocrine
carcinoma growth
Next, we tested the therapeutic potential of blocking UCHL1 in

pre-clinicalmodelsofneuroendocrinecarcinomasandneuroblas-

toma. We utilized two UCHL1-specific inhibitors, LDN-5744461

and IMP-1710.62 Highly effective growth inhibition was observed

in NEPC (H660 and TD-NEPC), SCLC (NCI-H82), and neuroblas-

toma (IMR-32) cell lines upon treatment with UCHL1-specific

inhibitors, LDN-57444 and IMP-1710 (Figures S6A‒S6D). As
Figure 5. UCHL1 binds p53 and POM121 to regulate their stabilities

(A) Endogenous protein interactions were examined in TD-NEPC cells and NJH2

anti-UCHL1 antibody and analyzed by WB with antibodies to detect UCHL1, PO

(B) POM121 and UCHL1 interaction was examined on CRPC (n = 3) and NEPC (n =

3 images of each PDX model. Data are presented with SD.

(C) The binding affinity of p53 with UCHL1 was assessed by biolayer interferometr

incubated with serially diluted p53. The sensorgram was fitted using a 1:1 binding

association and dissociation yielded by the fitted curve.

(D) PLA of p53 with UCHL1 in NJH29 xenografts. Scale bar, 5 mm.

(E) The half-life of POM121 was determined in UCHL1 KO cells by cycloheximide

level (right).

(F) Ubiquitination of POM121 upon UCHL1modulation. HEK293T cells were transf

5 h before harvesting. POM121 was immunoprecipitated with anti-V5-antibody a

(G) Ubiquitination of POM121 upon LDN treatment. TD-NEPC cells were treatedw

anti-POM121 antibody and immunoblotted with anti-Ub antibody.

(H) Ubiquitination of p53 upon overexpression of WT UCHL1(WT). HEK293T cells

(10 mM) for 5 h before harvesting. p53 was immunoprecipitated with anti-p53 an

(I) IHC staining of POM121 in a TMA containing normal (n = 22) vs. localized PC (n

bars, 20 mm. POM121 was scored from 0 to 3. Percentages of 0, 1, 2, and 3 sc

performed for comparison of two groups (two tailed).

(J) WB of the indicated protein levels in TD-NEPC CTL and TD-NEPC UCHL1 KO

(K) Colony formation assay of TD-NEPC CTL and TD-NEPCUCHL1 KO cells with o

quantified using ImageJ and normalized to the TD-NEPC CTL-EV clone.

(L) 3D Matrigel drop assay of TD-NEPC CTL and TD-NEPC UCHL1 KO cells with

drop was normalized to the TD-NEPC CTL-EV clone. Scale bars, 500 mm. The in

For (K) and (L), all experiments were performed in triplicate. Error bars represen

Student’s t test.
expected, prostate adenocarcinoma (LNCaP) and NSCLC cell

lines that are negative for UCHL1 (H358 andH1650) were not sen-

sitive to LDN-57444 and IMP-1710, highlighting the specificity of

the inhibitors (Figures S6A and S6C). Treatment with LDN-57444

and IMP-1710 significantly decreased the colony formation ability

of TD-NEPC cells compared with vehicle in vitro (Figures S6B

and S6D).

To further support the translational potential of UCHL1 inhibi-

tion, we tested the therapeutic efficacy of LDN-57444 and IMP-

1710 in vivo (Figures 6A–6F and S6E‒S6G). We found that LDN-

57444 treatment significantly delayed the tumor growth of

NEPC, SCLC, and neuroblastoma cell line xenografts and NEPC

and SCLC PDX models in vivo without any adverse effects on

body weight or histology of liver and kidney tissues (Figures 6B–

6E, and S7A‒S7D). Likewise, treatment with IMP-1710 delayed

NEPC tumor growth in vivo (Figures S6E‒S6G). Consistent with

the specificity observed in vitro, LDN-57444 had no effect on the

tumor growth of a UCHL1-negative NSCLC xenograft model (Fig-

ure 6F). Furthermore, treatment with LDN-57444 significantly

reduced the expression of the neuroendocrine markers CD56,

SYP, and CgA while also reducing aggressiveness and prolifera-

tion inneuroendocrinecarcinomasandneuroblastoma,measured

by Ki67 labeling index (Figures 6G and S7E‒S7G). Intriguingly,

UCHL1 plasma levels were decreased in mice treated with LDN-

57444 compared with the vehicle-treated group, suggesting clin-

ical potential of plasma UCHL1 as a minimally invasive molecular

indicator for predicting and monitoring treatment response in

neuroendocrine carcinomas (Figure S7H).

Platinum-based chemotherapy is the standard of care for

SCLC and NEPC patients.14,63 Specifically, cisplatin is one of

the most commonly used platinum-based therapies for NEPC,

SCLC, and poorly differentiated neuroblastoma.14,63 To test

whether UCHL1 inhibition enhances the efficacy of cisplatin,
9 cells by immunoprecipitation (IP) with anti-rabbit immunoglobulin G (IgG) or

M121, p53, E2F1, and actin.

3) LuCaP PDX tissues by PLA in situ assay. Positive signal was quantified from

y assay. His-tagged UCHL1 (200 nM) was loaded on Octet NTA biosensors and

model (dashed line in red), and the KD value was calculated based on rates of

(CHX; 10 mM) assay. The level of POM121 was normalized based on GAPDH

ectedwith the indicated constructs for 48 h and treated withMG132 (10 mM) for

nd immunoblotted with anti-ubiquitin (Ub) antibody.

ith LDN (0, 20, and 40 mM). Endogenous POM121was immunoprecipitated with

were transfected with the indicated constructs for 48 h and treated with MG132

tibody and immunoblotted with anti-Ub antibody.

= 22) and the LuCaP PDX TMA including CRPC (n = 21) and NEPC (n = 5). Scale

ores in each group were calculated (right). Z score distribution analysis was

cells with or without POM121 overexpression.

r without POM121 overexpression. The percentage of colony area per well was

or without POM121 overexpression. The percentage of invaded area of each

vasive area was quantified.

t SD. For all, *p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.001, determined by
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we tested the synergistic interactions between cisplatin and the

UCHL1 inhibitors LDN-57444 and IMP-1710 in neuroendocrine

carcinoma cell lines in vitro. Our results showed that both

LDN-57444 and IMP-1710 synergized with cisplatin with a coef-

ficient of drug interaction (CDI) score of less than 1 in neuroendo-

crine carcinoma cell lines (Figures S8A‒S8E). Likewise, genetic

loss of UCHL1 increased the therapeutic effect of cisplatin in

NEPC (Figure S8F). Based on these results, we evaluated the

therapeutic effects of LDN-57444 in combination with cisplatin

onNEPCPDX (LuCaP 173.1) and SCLCPDX (NJH29) in vivo (Fig-

ure 6H). The combination of LDN-57444 with cisplatin signifi-

cantly slows the growth of neuroendocrine carcinomas in vivo

(Figures 6I and 6J). No liver or kidney toxicity was observed

with these combination therapies, as measured by animal

body weight, liver enzyme panel analysis, and histopathological

analysis (Figures 6K and S9A‒S9C). Treatment with LDN-57444

in combination with cisplatin significantly decreased the prolifer-

ation rate measured by Ki67 compared with single-arm treat-

ment or vehicle treatment in neuroendocrine carcinomas (Figure

S9D). Our data suggest that the UCHL1 inhibitors LDN-57444

and IMP1710 are effective drugs for treating SCLC, NEPC, and

neuroblastoma in pre-clinical settings both as single agents

and when combined with cisplatin.

Treatment with a UCHL1 inhibitor suppresses
metastasis of neuroendocrine carcinomas
Based on our in vitro data demonstrating that LDN-57444 was

very effective in suppressing the invasion of TD-NEPC cells (Fig-

ure S9E), we tested whether LDN-57444 decreases the size and

number of metastases in an intracardiac injection model in vivo

(Figure 7A). Treatment with LDN-57444 significantly decreased

the metastatic burden of NEPC in the intracardiac injection

model of metastatic colonization (Figures 7B–7E). Inhibition of

UCHL1 reduced the incidence of bone metastases (3 of 7

mice) in mice bearing NEPC compared with those treated with

vehicle (6 of 7 mice) (Figures 7C and 7E). Even though treatment

with LDN-57444 did not decrease liver metastasis incidence in

NEPC, there were significantly fewer and smaller liver metastatic

nodules in the LDN-57444-treated group compared with the

vehicle-treated group in the NEPC model (Figures 7D and S7F).

Additionally, treatment with LDN-57444 decreased the meta-

static burden in mice bearing SCLC compared with the vehicle-
Figure 6. UCHL1 inhibitor delays NEC and neuroblastoma growth in vi

(A) Schematic of the experimental design.

(B) Growth curves of subcutaneous NEPC PDXs (LuCaP 173.1 and LuCaP 93) trea

experimental group).

(C) Growth curves of two NEPC (H660 and TD-NEPC) xenografts treated with Ve

(D) Growth curves of two SCLC (PDX-NJH29 [n = 7–9 per experimental group] an

(E) Growth curves of neuroblastoma xenograft (IMR-32) treated with Veh (n = 7)

(F) Growth curves of NSCLC (UCHL1 negative, H358) treated with Veh (n = 10) o

For all, error bars depict SEM. Tumors were harvested when the average tumor

(G) IHC staining for the indicated protein levels in LuCaP 173.1 and LuCaP 93 PD

173.1 and LuCap 93 xenografts was graphed. Scale bars, 20 mm. Data are repre

(H) Schematic of the experimental design of the combination therapy (BioRende

(I) Growth curve of LuCaP 173.1 PDX treated with Veh, LDN (5 mg/kg, daily, i.p.)

(J) Growth curve of NJH29 PDX treated with Veh, LDN, Cis, and LDN with Cis.

For all, *p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.001, determined by Student’

(K) Mouse body weight from the experiment in (I).
treated group (Figure 7F). Specifically, treatment with LDN-

57444 reduced the number and size of the SCLC metastatic

nodules in the liver and suppressed lymph node metastasis (6 of

10 mice) in comparison with vehicle treatment (8 of 8 mice)

(Figures7Gand7H). Inaddition to the intracardiac injectionmodel,

we also tested the therapeutic efficacy of UCHL1 inhibition in pre-

venting spontaneous metastasis in an SCLC xenograft model

(Figures S9G‒S9I). Our data demonstrate consistent therapeutic

efficacy because treatment with LDN-57444 decreased the

incidence of liver and lymph node metastasis and reduced the

size of liver and lymph node metastatic nodules compared with

the vehicle-treated group in mice bearing SCLC (Figures S9H

and S9I).

Taken together, our results indicate that inhibition of UCHL1

represents a promising therapeutic strategy for targeting tumor

growth and metastasis across cancers with neuroendocrine dif-

ferentiation, including NEPC, SCLC, and poorly differentiated

neuroblastoma, and that UCHL1 regulates neuroendocrine dif-

ferentiation. Further, inhibition of UCHL1 alone or in combination

with platinum agents represents an effective therapeutic strat-

egy for NEPC and SCLC in pre-clinical settings with potential ap-

plications in other neuroendocrine carcinomas.

DISCUSSION

Clinically, the gold standard of diagnosing cancers with neuroen-

docrine differentiation relies on one or multiple sets of invasive

tissue biopsies and pathological evaluation.21 Recent cancer

research efforts have focused on identifying minimally invasive

methods for diagnosis, monitoring disease progression, and

treatment response. Circulating tumor DNA and circulating tumor

cells (CTCs) have improved the sensitivity and specificity of diag-

nosingNEPCpatients.50 In this study,we report that plasma levels

of UCHL1 are elevated in SCLC patients and NEPC patients

compared with NSCLC patients and localized PC patients,

respectively. These resultsprovide insights into thepotential utility

of UCHL1 as a minimally invasive molecular indicator for patients

with suspected neuroendocrine carcinomas. UCHL1 plasma

levels decrease after LDN-57444 treatment, suggesting the appli-

cation of plasma UCHL1 as a treatment monitoring indicator.

Increasing evidence shows that the nuclear pore complex reg-

ulates the nucleocytoplasmic transportation of key molecular
vo

ted with Veh or LDN (5 mg/kg, daily), injected intraperitoneally (i.p.) (n = 6–7 per

h or LDN (n = 7–10 per experimental group).

d NCI-H82 [n = 7 per experimental group]) xenografts treated with Veh or LDN.

or LDN (n = 6).

r LDN (n = 10).

volume of the Veh group reached �400 mm3.

Xs treated with Veh or LDN. Ki67 quantification of Veh- or LDN-treated LuCaP

sented as mean ± SD.

r).

, cisplatin (Cis; 5 mg/kg, every 7 days, intravenously [i.v.]), and LDN with Cis.

s t test (two tailed) at the endpoint.
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Figure 7. Inhibition of UCHL1 decreases NEPC and SCLC metastasis in vivo

(A) Schematic of the intracardiac injection metastasis model for treatment with LDN. The image was generated using BioRender (https://biorender.com).

(B) BLI imaging of the TD-NEPC intracardiac injection metastasis model treated with Veh or LDN on day 14 post-treatment (n = 7). The bioluminescence signal

was quantified by fold change compared with day 0 (right).

(C) Percentage and number of metastasis-positive animals/total animal number by organ site.

(D) Representative RFP fluorescence imagines of liver (scale bar, 2 mm). The number of liver metastases was quantified by counting the RFP foci (left).

(E) Representative RFP fluorescence images of bone (scale bar, 2 mm).

(F) BLI of the Veh- or LDN-treated intracardiac injection model generated with NCI-H82 cells. Bioluminescence intensity was quantified by fold change compared

with day 0.

(G) GFP fluorescence images of liver (left). Scale bar, 2 mm. The number and size of the liver metastases were quantified by GFP signals (right).

(H) GFP fluorescence images of LNs with percentage of the mice with LN metastases. Scale bar, 2 mm.

*p < 0.05, **p < 0.01, assessed by Student’s t test.
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factors to drive cancer progression.47,64–66 Inhibition of the nu-

clear pore complex induces cancer cell death.64 POM121 is high-

ly expressed inmultiple cancers anddirectly interactswith impor-

tin-b, a nuclear import machinery component, to regulate two

oncogenic transcription factors, E2F1 and c-MYC, in advanced

PC.47 Our study identifies that UCHL1 regulates POM121 and

that loss of UCHL1 or inhibition of UCHL1 decreases POM121-

mediated nuclear localization of E2F1. Overexpression of

POM121 in UCHL1 knockout cells rescues E2F1 level caused

by the loss of UCHL1. Collectively, inhibition of UCHL1 could

potentially be a potent therapeutic strategy to reverse E2F1-

driven neuroendocrine differentiation and suppress the nuclear

pore complexes.

KPT-330 is a potent nuclear transport inhibitor that has been

investigated in clinical trials for cancer patients.67,68 However,

the clinical application of KPT-330 faces challenges due to low

tolerability and high toxicity associated with changes in global

nuclear import/export.68,69 Our study demonstrates that treat-

ment with LDN-57444 or KPT-330 decreases E2F1 and c-MYC

levels in neuroendocrine carcinomas, which demonstrates the

potential of using UCHL1 inhibitors as a replacement for nuclear

transport inhibitors for neuroendocrine carcinoma patients.

In addition to its effect on E2F1 and c-MYC, UCHL1 also mod-

ulates p53 levels in neuroendocrine carcinomas. Inactivation of

p53 is observed in approximately 67% of NEPC patients

compared with 31% of adeno-CRPC patients.50 Concurrent

loss of RB1 and p53 is required for normal prostate epithelial cells

to transform toNEPCand isobserved inalmostall screenedSCLC

patients.5,70 Our study suggests that the UCHL1-p53 axis repre-

sents anadditionalmechanism throughwhichUCHL1maypoten-

tially regulate neuroendocrine carcinomas and warrants further

investigation. The regulation of p53 ubiquitination by UCHL1

could be potentially indirect and disease specific because it has

been reported that UCHL1 could stabilize p53 in the context of

nasopharyngeal carcinoma.34

The identification of effective therapeutic targets is critical for

improving the survival of patients with neuroendocrine carci-

nomas and poorly differentiated neuroblastoma, who have poor

outcomes and limited benefits fromcurrent therapies. Combining

a UCHL1 inhibitor with platinum-based chemotherapies may

improve the therapeutic response in SCLC cell lines in vitro.71

Our results further support the translational potential of combina-

tion therapy of cisplatin and UCHL1 inhibition to improve the

outcome of neuroendocrine carcinoma patients. The future trial

designs for this combination could include a selection of patients

with high UCHL1 expression in their cancer tissues.

In conclusion, our study demonstrates that UCHL1 is a molec-

ular indicator for cancers with neuroendocrine differentiation and

that UCHL1 regulates the growth and metastasis of SCLC and

NEPC. The mechanisms of action of UCHL1 in driving the pro-

gression of these malignancies include deubiquitination and

stabilization nucleoporin POM121, resulting in increased nuclear

localization of E2F1. Conversely, UCHL1 binds p53 and pro-

motes p53 degradation. Importantly, UCHL1 is a neuroendocrine

carcinoma- and neuroblastoma-directed therapeutic target and

candidate plasma andmolecular tissue indicator for thesemalig-

nancies. As such, testing of UCHL1 inhibitors andplasmaUCHL1

as a companion therapeutic biomarker in clinical settings holds
immense promise for patients with NEPC, SCLC, poorly differen-

tiated neuroblastoma, and other neuroendocrine carcinomas.

Limitations of the study
Our study has a couple of potential limitations.While we demon-

strate that UCHL1 is a potential minimally invasive biomarker

for diagnosing andmonitoring responses to therapies for neuro-

endocrine carcinomas, the findings warrant further validation

studies for UCHL1 in plasma in a large patient cohort. In addi-

tion, while we demonstrate that UCHL1 inhibitors significantly

delay tumor growth, the durability and survival benefits from

UCHL1 inhibition has yet to be determined. Furthermore, the

role of UCHL1 in other neuroendocrine carcinomas has yet to

be validated, and further studies are needed to test the contri-

bution of UCHL1 to the heterogeneity of neuroendocrine carci-

noma from other different sites.
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33. Liu, S., González-Prieto, R., Zhang, M., Geurink, P.P., Kooij, R., Iyengar,

P.V., van Dinther, M., Bos, E., Zhang, X., Le Dévédec, S.E., et al. (2020).
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Antibodies

Mouse anti-Human-Ki67 Santa Cruz Biotechnology Cat#sc-23900

Mouse anti-Human-AR Santa Cruz Biotechnology Cat#sc-7305

Mouse anti-Human- Actin Santa Cruz Biotechnology Cat#sc-8432

Mouse anti-Human-UCHL1 Santa Cruz Biotechnology Cat#sc-271639

Mouse anti-Human-SYP Santa Cruz Biotechnology Cat#sc-17750

Mouse anti-Human-CHGA Santa Cruz Biotechnology Cat#sc-393941

Mouse anti-Human-GAPDH Santa Cruz Biotechnology Cat#sc-47724

Mouse anti-Human-NCAM Santa Cruz Biotechnology Cat#sc-7326

Mouse anti-Human-p53 Santa Cruz Biotechnology Cat#sc-126

Mouse anti-Human-E2F1 Santa Cruz Biotechnology Cat#sc-251

Mouse anti-Human-SOX2 Santa Cruz Biotechnology Cat#sc-365823

Mouse anti-Human-Lamin A Santa Cruz Biotechnology Cat#sc-71481

Mouse anti-Human-PCNA Santa Cruz Biotechnology Cat#sc-56

Mouse anti-Human-Ubiquitin Santa Cruz Biotechnology Cat#sc-8017

Mouse anti-Human-aTubulin Santa Cruz Biotechnology Cat#sc-23948

Mouse anti-Human-LDHA Santa Cruz Biotechnology Cat#sc-137243

Mouse anti-Human-MYCN Santa Cruz Biotechnology Cat#sc-53993

Rabbit anti-Human-TMPO ABclonal Cat#A2534

Rabbit anti-Human-CCT5 ABclonal Cat#A6549

Rabbit anti-Human-TUFM ABclonal Cat# A6423

Rabbit anti-Human-HMGB3 ABclonal Cat# A15064

HRP-conjugated mouse antibody Fisher Scientific Cat#PI31432

HRP-conjugated rabbit antibody Fisher Scientific Cat#PI31462

Rabbit anti- Human-POM121 GeneTex Cat#GTX102128

Rabbit anti- Human-p53 Cell signaling Cat#2527

Rabbit anti- Human-Ubiquitin Cell signaling Cat#3933S

Mouse anti-Human-V5-Tag Invitrogen Cat#E10/V4RR

Alexa Flour 647-conjugated Goat anti-mouse Jackson ImmunoResearch Cat#715-605-150

Alexa Flour 488-conjugated Goat anti-mouse Jackson ImmunoResearch Cat#115-545-003

Alexa Flour 488-conjugated Goat anti-rabbit Jackson ImmunoResearch Cat#111-545-144

Rabbit anti-Human-PGP9.5 Abcam Cat#ab27053

Rabbit anti-Human-E2F1 Abcam Cat#ab288369

Rabbit anti-Human-c-Myc Abcam Cat#ab32072

Bacterial and virus strains

FUCGW University of California Los Angeles Owen Witte

FUCRW University of California Los Angeles Owen Witte

HA-UCHL1(WT)-FUCRW This paper N/A

HA-UCHL1(C90S)-FUCRW This paper N/A

pHAGE6-POM121-V5 This paper N/A

pHIV-LucZsGreen DeRose et al.72 Addgene plasmid # 39196; http://n2t.net/

addgene:39196; RRID: Addgene_39196

pHAGE6 University of California Los Angeles Owen Witte

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Biological samples

The LuCaP prostate cancer patient-derived

xenografts tissue microarrays

University of Washington Eva Corey

Neuroendocrine neoplasm tissues Stanford University Brooke E. Howitt; Christian A. Kunder

Neuroblastoma tissue microarrays Biomax Cat#NB642a

Prostate cancer tissue Stanford University; Duke University James D. Brooks; Jiaoti Huang

Patient-derived xenografts (PDX)-NJH29 Stanford University Julian Sage

Prostate cancer patient plasma UT Health San Antonio; University

of California, Los Angeles

Michael A. Liss; Arnold I. Chin

Lung cancer patient plasma Stanford University Millie Das

Chemicals, peptides, and recombinant proteins

LDN-57444 TargetMol Cat#T1924

Cisplatin TargetMol Cat#T1564

IMP-1710 Cayman Chemical Cat#31391

KPT-330 Selleck Chemicals Cat#S7252

Recombinant Human UCH-L1/PGP9.5

Protein with His-tag

R&D Systems Cat#6007-CY

Recombinant human p53 Bio-techne Cat#SP-454

Critical commercial assays

CellTiter-Blue Cell Viability Assay Promega Cat#G8081

CorningTM BioCoatTM MatrigelTM

Invasion Chamber - MatrigelTM
Fisher Scientific Cat#08-774-122

CostarTM TranswellTM Permeable Supports Fisher Scientific Cat#07-200-150

In Situ Proximity Ligation Assay Sigma-Aldrich Cat#DUO92101

NI-NTA Biosensors FortéBio Cat#18-5101

UCH-L1/PGP9.5 DuoSet ELISA reagents R&D Systems Cat#DY6007

ProtoScript II First Strand cDNA Synthesis Kit New England Biolabs Cat#E6560S

SsoAdvanced Universal SYBR Green Supermix Bio-Rad Cat#1725271

CostarTM TranswellTM Permeable Supports Fisher Scientific Cat#07-200-150

Deposited data

Proteomics PRIDE PRIDE: PXD044864

Experimental models: Cell lines

22Rv1 ATCC CRL-2505

DU145 ATCC HTB-81

C4-2 ATCC CRL-3314

PC3 ATCC CRL-1435

NCI-H660 ATCC CRL-5813

LNCaP ATCC CRL-1740

H358 ATCC CRL-5807

NCI-H82 ATCC HTB-175

H1650 ATCC CRL-5883

IMR-32 ATCC CCL-127

NJH29 Jahchan et al.73 N/A

TD-NEPC Hsu et al.48 N/A

Experimental models: Organisms/strains

NOD-SCID-IL2Rg–null (Male and Female) Jackson Laboratory NOD-SCID-IL2Rg–null

Oligonucleotides

UCHL1 [shRNA#1] Millipore Sigma TRCN0000007274

UCHL1 [shRNA#2] Millipore Sigma TRCN0000007276
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REAGENT or RESOURCE SOURCE IDENTIFIER

Control nontargeting sgRNA Synthego sku: 063-1010-000-000

multi-sgRNA targeting UCHL1 Synthego sku: GKO-HS1-000-0-1.5n-0-0

control [shRNA] Sarbassov et al.74 Addgene plasmid #1864; http://n2t.net/

addgene:1864; RRID: Addgene_1864

Primer sequences for qPCR This paper Table S1

Recombinant DNA

Plasmid: Ubiquitin-His-Tag This paper N/A

Plasmid: FUCRW-UCHL1(C90S) This paper N/A

Plasmid: pHAGE6-POM121-V5-Tag This paper N/A

Plasmid: FUCRW-UCHL1-WT This paper N/A

Software and algorithms

ImageJ ImageJ https://imagej.net/Downloads

Byonic 2.11.0 Protein Metrics N/A

Prism (version 9.2) Graphpad https://www.graphpad.com/

scientific-software/prism/

Other

Biorender https://biorender.com/
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Lead contact
Further information and requests for resources should be directed to and will be fulfilled by the lead contact, Tanya Stoyanova

(tstoyanova@mednet.ucla.edu).

Materials availability
All reagents generated in this study are available from the lead contact with a completed materials transfer agreement.

Data and code availability
Proteomic data have been deposited at PRIDE and are publicly available with the identifier PXD044864. This study did not generate

any custom computer code. Any additional information required to reanalyze the data reported in this paper is available from the lead

contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Patient tissue samples
The LuCaP prostate cancer Patient Derived Xenograft (PDX) tissue microarrays (TMAs) have been described previously.75 The

LuCaP PDX TMA for UCHL1 staining includes 21 adeno-CRPC PDXs and 4 NEPC PDXs with three cores per PDX. The PDX TMA

for POM121 staining includes 21 adeno-CRPC PDXs and 5 NEPC PDXs. The neuroblastoma TMA was purchased from Biomax

(NB642a, US Biomax Inc.). Staining intensity of UCHL1 was subjected to blind scoring in the 27 cases of neuroblastoma with

duplicate cores per case. Benign prostate and localized prostate cancer TMAs were built in the Department of Urology at Stan-

ford University and all samples were collected under the approved Institutional Review Board (IRB) protocol (IRB: 5628). Adeno-

CRPC patients (n = 25) and NEPC patients (n = 18) TMAs were obtained from Duke University (IRB: Pro00070193). 7 NEPC, 36

NSCLC, 11 SCLC, 15 lung carcinoid tumors, 3 gastrointestinal neuroendocrine carcinomas, 14 well-differentiated gastrointes-

tinal neuroendocrine tumors, 17 pancreatic neuroendocrine tumors, 3 poorly differentiated pancreatic neuroendocrine carci-

nomas patient samples were purchased from the Stanford Cancer Institute (SCI) Tissue Bank with informed consent from

each patient under approved IRB (11977). The diagnoses of the samples were validated by pathologists. All methods were car-

ried out in accordance with the relevant guidelines and regulations of the Regional Ethics Committee and ethical guidelines and

regulations. All committees approved the studies and confirmed that informed consent was obtained from all subjects. The in-

tensity of UCHL1 and POM121 staining was scored from 0 to 3 (0 = negative; 1 = low; 2 = medium; 3 = strong).

Patient plasma samples
17 NSCLC patient plasma samples and 1 SCLC patient plasma sample were purchased from SCI Tissue Bank with matched formalin

fixed paraffin embedded (FFPE) tissue under an IRB-approved protocol and with patient informed consent (IRB: 11977). 7 SCLC
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patient plasma samples were collected at the Department of Medicine, VA Palo Alto Health Care System (IRB:45112). Plasma sam-

ples from 9 localized prostate cancer patients were used as controls to compare UCHL1 plasma levels in 8 NEPC patients. Plasma

from 9 localized prostate cancer patients was collected at Department of Urology, UT Health San Antonio under an approved pro-

tocol (IRB: HSC20050234H). Plasma from 8 NEPC patients was collected at Department of Urology, University of California, Los An-

geles under an approved protocol (IRB: 18–000435). All committees approved the studies and confirmed that informed consent was

obtained from all subjects.

Clinical datasets
All mRNA levels were obtained from datasets from cBioPortal (www.cbioportal.org/), Oncomine (www.oncomine.org/), and Balanis,

CancerCell, 2019dataset (systems.crump.ucla.edu/).49mRNA levels ofUCHL1 andE2F1 in normal tissue adjacent to lungor prostate

adenocarcinoma, lung adenocarcinoma, CRPC, SCLC, and NEPC were obtained from Balanis, Cancer Cell, 201949 and Varimax-

rotated PCA (PCAv) plots were generated using systems.crump.ucla.edu/. mRNA levels in neuroendocrine carcinomas compared

to non-neuroendocrine carcinomas were assessed from the Cancer Cell Line Encyclopedia (CCLE), Beltran, Nat Med. 2016, Abida,

PNAS. 2019, Rohrbeck, J Transl Med. 2008, Bhattacharjee, PNAS. 2001, and Garber, PNAS. 2001.50,51,55,76–78 mRNA levels of

UCHL1, SYP, and CgA were acquired from PDX tumors reported in Nguyen, Prostate, 2017.75

Animal studies
All animal experimental procedures performed in this study were approved by Stanford Administrative Panel on Laboratory Animal

Care (APLAC), IACUC, and the Animal Research Committee (ARC) of University of California, Los Angeles. 6-8-week-old NSG (NOD-

SCID-IL2Rg-null) male and female mice (Jackson Laboratory) were used for all animal experiments. Mice were housed at tempera-

tures of 65–75�F with 40–60% humidity.

Cell lines and cell culture
LNCaP, 22Rv1, C4-2, PC-3, DU145, NCI-H660, NCI-H82, IMR-32, H1650, and H358 were purchased from the American Type Cul-

ture Collection (ATCC;Manassas, VA). LNCaP-RFP, TD-NEPC, andNJH29were generated as previously described.48,73 NJH29 PDX

cells were kindly gifted from Julien Sage’s laboratory at Stanford University.73 NJH29, NCI-H82, H1650, andH358weremaintained in

DMEM medium. LNCaP, 22Rv1, C4-2, PC-3, DU145, TD-NEPC, and IMR-32 cells were maintained in RPMI medium. Both DMEM

and RPMI medium were supplemented with 10% FBS, 4 mM L-glutamine, and 1% penicillin/streptomycin. NCI-H660 was cultured

in HITES medium containing RPMI, 5% FBS, 10 nM hydrocortisone, 10 nM beta-estradiol (Sigma), 0.005 mg/mL insulin, and 4 mM

L-glutamine.

METHOD DETAILS

Generation of control, overexpression, and shRNA knock-down cell lines
FUCGWand FUCRW3rd generation lentiviral plasmidswere kind gifts fromDr. OwenWitte’s laboratory at University of California Los

Angeles. UCHL1 cDNA was obtained from Addgene (Flag-HA-UCHL1 was a gift from Wade Harper (Addgene plasmid # 22563;

http://n2t.net/addgene:22563; RRID: Addgene_22563) and wild type HA-UCHL1 was cloned into FUCRW lentiviral plasmid. Subse-

quently, UCHL1 (C90S) was created through Gibson Assembly site-directed mutagenesis and cloned into FUCRW lentiviral plasmid

with HA-tag. The lentivirus was generated as described previously.48 22Rv1 and C4-2 cells were infected with RFP (FUCRW), RFP

and wild-type UCHL1 (FUCRW-UCHL1-OV), or RFP and UCHL1 mutation (FUCRW-UCHL1(C90S)) lentivirus. RFP signal was

confirmed after 72 h post-infection. The TD-NEPC-Luc cells expressing luciferase were generated as described previously.48

NCI-H82 cells were infected with pHIV-LucZsGreen virus (a gift from Bryan Welm (Addgene plasmid # 39196; http://n2t.net/

addgene:39196; RRID: Addgene_39196)) and GFP (FUCGW) virus to generate NCI-H82-GFP-Luc cells. TD-NEPC-RFP-Luc and

NCI-H82-GFP-Luc cells were infected with lentiviruses carrying shControl (shCtl) RNA and two independent UCHL1 shRNAs. Vali-

dated small hairpin RNA targeting UCHL1 sequences were purchased from Millipore Sigma (St. Louis, MO). shUCHL1 #1:

TRCN0000007274; Sequence: 50CCGGCGGGTAGATGACAAGGTGAATCTCGAGATTCACCTTGTCATCTACCCGTTTTT-3’; shU

CHL1 #2: TRCN0000007276: Sequence: 50CCGGCCAGCATGAGAACTTCAGGAACTCGAGTTCCTGAAGTTCTCATGCTGGTTTTT-

3’. The control shRNA is fromAddgene (gift fromDavid Sabatini, Addgene plasmid #1864; http://n2t.net/addgene:1864; RRID: Addg-

ene_1864) (CCTAAGGTTAAGTCGCCCTCGCTCGAGCGAGGGCGACTTAACCTTAGG). Cells were selected in puromycin (0.5ug/

mL) for 14 days, and Western Blot was used to assess protein levels of UCHL1.

Generation of control and UCHL1 CRISPR-Cas9 knock-out cell lines
Gene deletion of UCHL1 in TD-NEPC and NCI-H82 cells was achieved by CRISPR Cas9 system according to the manufacturer’s

protocol. Control nontargeting sgRNA (sku: 063-1010-000-000) and multi-sgRNA targeting UCHL1 (sku: GKO-HS1-000-0-1.5n-

0-0) were purchased from Synthego (Synthego Corporation Biotechnology, Menlo Park, California, United States). Briefly, sgRNA

and Cas9 were diluted into working concentration (3 mM). 25 mL Opti-MEM reduced serum medium, 3.9 pmol sgRNA, 3 pmol

Cas9, and Lipofectamine Cas9 plus reagent (Thermo Scientific, CMAX00003) were added to assemble the ribonucleoprotein

(RNP) complexes. The RNP complexes were incubated at room temperature for 10 min. Lipofectamine CRISPRMAX transfection
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reagent was diluted with Opti-MEM reduced serum medium and incubated for 5 min at room temperature, then directly added into

the RNP complexes tube and incubated for 10 min at room temperature. 1 3 105 cells were resuspended in 500 mL media before

transfection. 50 mL of the CRISPR mixed reagent was added into the cells, and cells were seeded into 24-well plates. The plates

were incubated for 2 days at 37�C, 5% CO2 incubator, and cells were expanded for assessment.

Generation of POM121 overexpression cell lines
POM121 cDNA was synthesized from IDT Hifi gBlock and cloned into pHAGE6 3rd generation lentiviral plasmid. TD-NEPC UCHL1

control and knockout cells were infected with pHAGE6 empty plasmid and pHAGE6-POM121-V5-OV.

Viability assay
53 103 LNCaP, TD-NEPC,NCI-H660, H1650, H358, IMR-32, andNCI-H82 cells were seeded perwell in 96-well plates. After 12 h, the

cells were treated with vehicle or LDN-57444 (2.5, 5, 10, 20 mM) for 72 h. For testing the synergistic effect of the combination therapy,

53 103 TD-NEPC and NJH29 cell lines were seeded per well in 96-well plates. The cells were treated with vehicle, LDN-57444/IMP-

1710, cisplatin, or LDN-57444/IMP-1710with cisplatin respectively for 72 h. For testing the synergistic effect in TD-NEPCCTL andKO

cells, 53 103 TD-NEPCCTLor TD-NEPCKOcells were seeded and incubatedwith cisplatin (0, 1, 2 mM) for 72 h. Cell titer blue reagent

(Promega, Madison, WI) was added to the plates, and the plates were incubated for 3 h in darkness at 37�C. The plates were read at

560/590 nm wavelength on Tecan Microplate Reader. All experiments were performed in triplicate.

Colony formation assay
53 102 C4-2 (RFP or UCHL1-OV), TD-NEPC (shCtl, shUCHL1#1, shUCHL1#2, CTL 1, CTL 2, UCHL1 KO 1, UCHL1 KO 2, CTL-Empty

vector, CTL-POM121-V5-OV, UCHL1 KO-Empty vector, and UCHL1 KO POM121-V5-OV) or 2 3 103 22Rv1 (RFP, UCHL1-OV, and

UCHL1(C90S)) cells were plated per well in 6-well plates. Medium was refreshed every three days, and colonies were cultured for

9 days. For single drug treatment, 5 3 102 TD-NEPC cells were seeded per well in 6-well plates. After the cells attached, the cells

were treated with vehicle or LDN-57444 (5 or 10 mM) or IMP-1710 (0.25 or 0.5 mM) for 9 days and the media with inhibitors was re-

freshed every three days. For combination therapy, 5 3 102 TD-NEPC cells were seeded and treated with vehicle, IMP-1710

(0.125 mM), cisplatin (0.5 mM), and IMP-1710with cisplatin. After 9 days, colonieswere fixedwith coldmethanol for 30min and stained

with 0.01% crystal violet for 20 min. Plates were scanned and quantified based on the percentage of colony-covered area per well.

Experiments were performed in triplicate and presented as mean ± SD.

Migration and invasion assays
5 3 104 22Rv1 (RFP or UCHL1-OV) or C4-2 (RFP or UCHL1-OV) were seeded in serum-free medium in 24-well transwell inserts

(Transwell Permeable Polyester Membrane Inserts or Matrigel-coated Boyden chamber PET membrane, Corning). The inserts

were incubated in medium with 10% FBS in 24-well plates for 22 h. The cells that passed through the membrane were fixed, stained

with 0.01% crystal violet solution and manually counted. Experiments were performed in triplicate and presented as mean ± SD.

3D matrigel drop assay
3DMatrigel drop assay was performed as previously described.79 53 104 TD-NEPC (shCtl, shUCHL1#1, shUCHL1#2, CTL 1, CTL 2,

UCHL1 KO 1, and UCHL1 KO 2, CTL-Empty vector, CTL-POM121-V5-OV, UCHL1 KO-Empty vector, and UCHL1 KO POM121-V5-

OV) cells in 10 mLMatrigel were seeded as a single droplets in the center of each well in 24-well plates and incubated with medium for

6 days. Medium exchange performed every three days. For drug treatment, 53 104 TD-NEPC cells with 100%Matrigel were plated

into a drop like shape in themiddle of a well in 24-well plates as described previously.48 Themedium containing either vehicle or LDN-

57444 (2.5, 5 mM)was added into the plates, andmediumwas changed every three days. The plates were scanned onDay 6 byCeligo

and the invaded area was quantified by ImageJ. Experiments were performed in triplicate, and presented as mean ± SD.

RNA-extraction and real-time qPCR assay
Total RNAs were isolated with TRIzol Reagent (Invitrogen, Carlsbad, CA), and 750 ng total RNAs were reverse transcribed into cDNA

(ProtoScript II First Strand cDNASynthesis Kit, NewEngland Biolabs (NEB), E6560S). Relative transcript levels were analyzed by real-

time PCR using SYBR Green (SsoAdvanced Universal SYBR Green Supermix, Bio-Rad, Cat#1725271) and calculated by the

comparative Ct method normalized against human b-ACTIN. Primers are listed in the Table S1.

Histology, immunohistochemistry, and immunofluorescence staining
FFPE tissue sections were incubated at 65�C for 1 h, deparaffinized, and rehydrated in 100%, 95%, and 70% ethanol. For H&E stain-

ing, slides were washed in water for 10min, stained with hematoxylin for 30 s, and eosin for 1min. For immunohistochemical staining,

tissue slides were heated in antigen retrieval buffer (10 mM citrate buffer (pH = 6.0)) at 95�C for 30 min and then incubated with 3%

hydrogen peroxide for 5 min. Tissue sections were blocked with either 2.5% horse serum or 2.5% goat serum at room temperature

for 1 h, and then incubated with primary antibody (Santa Crux Biotechnology-anti-UCHL1 sc-271639 (1:100), anti-AR sc-7305

(1:100), anti-Ki67 sc-23900 (1:100), anti-SYP sc-17750 (1:100), anti-CgA sc-393941 (1:100), and anti-NCAM sc-7326 (1:100);

GeneTex-anti-POM121 GTX102128 (1:200)) in blocking buffer overnight at 4�C. Slides were incubated with ImmPRESS HRP
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secondary Antibody (MP-7452-50 or LS-J1066-50, Vector Laboratories) at room temperature for 1 h and developed using DAB kit in

accordance with manufacturer’s instructions (Dako).

For immunofluorescence staining, TD-NEPC (CTL and UCHL1 KO) or 22Rv1 (RFP and UCHL1-OV) cells were cultured in glass-

bottom dishes, fixed with 4% paraformaldehyde, permeabilized, and blocked with 5% BSA in PBST (1X PBS, 0.3% Triton X-100)

for 1 h at room temperature. After blocking, the cells were then incubated with primary antibodies at 1:100 dilution (Santa Cruz

Biotechnology-anti-UCHL1, sc-271639; anti-CD56, sc-7326; anti-SYP, sc-17750; anti-p53, sc-126. Cell Signaling: anti-p53,

#2527. Abcam: E2F1, ab288369; c-Myc, ab32072. GeneTex-anti-POM121, GTX102128. ABclonal-TMPO, A2534) overnight at

4�C. Alexa Flour 488-conjugated secondary antibodies (115-545-003 and 111-545-144, Jackson ImmunoResearch, 1:200) or Alexa

Flour 647-conjugated Goat anti-mouse (715-605-150, Jackson ImmunoResearch, 1:200) were used for staining of target proteins at

room temperature for 2 h. The stained cells were washed thoroughly, and nuclei were labeled with Hoechst 33342 (5 mg/mL for

15 min). The images were captured by Leica DMi8 confocal microscope.

In Situ Proximity Ligation Assay was performed by using the Duolink In Situ Red Starter Kit Mouse/Rabbit (Sigma-Aldrich,

DUO92101) according to the manufacturer’s instructions. For POM121 with UCHL1, the sections from 3 CRPC and 3 NEPC tissues

were stained with primary antibodies against UCHL1 (Santa Cruz Biotechnology-anti-UCHL1, sc-271639) and POM121 (GeneTex-

anti-POM121, GTX102128). For p53 with UCHL1, the sections from SCLC PDX (NJH29) were stained with primary antibodies against

UCHL1 (Santa Cruz Biotechnology-anti-UCHL1, sc-271639) and p53 (Cell signaling, #2527). Incubation with a single primary anti-

body was used as a negative control. The red fluorescence images were taken with Leica DMi8 confocal microscope. The positive

RFP signals were quantified by manually counting and normalized per cell for UCHL1 and POM121 PLA.

Western blotting
Cells were lysed in RIPA lysis buffer with protease and phosphatase inhibitors (Thermo Fisher Scientific) for 1 h. For subcellular

nuclear cytoplasm protein fractionation, Pierce NE-PER nuclear and cytoplasmic extraction reagent kit (Thermo Scientific, 78833)

was used following the protocol of the manufacturer. Protein was loaded in each well of 8–16% SDS-PAGE gel (Invitrogen

XP08165BOX) and transferred onto a 0.22 mm nitrocellulose membrane (GVS Life Sciences, 1212632). After blocking with 5%

non-fat milk at room temperature for 1 h, the membrane was incubated with primary antibody (Santa Cruz Biotechnology-anti-

UCHL1 (1:1000) sc-271639, anti-MYCN (1:1000) sc-53993, anti-SYP (1:1000) sc-17750, anti-NCAM (1:500) sc-7326, anti-SOX2

(1:1000) sc-365823, anti-p53 (1:1000) sc-126, anti-E2F1 (1:1000) sc-251, anti-Lamin A (1:1000) sc-71481, anti-aTubulin (1:1000)

sc-23948, anti-GAPDH (1:2000) sc-47724, anti-Actin (1:2000) sc-8432, anti-PCNA (1:1000) sc-56, anti-Ubiquitin (1:1000) sc-

8017, and anti-LDHA (1:1000) sc-137243. AB clonal-anti-TMPO (1:2000) A2534, anti-CCT5 (1:1000) A6549, anti-TUFM (1:1000)

A6423, and anti-HMGB3 (1:1000) A15064. GeneTex-anti-POM121 (1:1000) GTX102128), Cell Signaling-anti-Ubiquitin (1:1000)

3933S; anti-p53 (1:1000) Cat#2527 and Abcam-anti-c-MYC (1:1000), ab32072; anti- PGP9.5 (1:1000), ab27053) overnight at

4�C. Then the membrane was washed and incubated with HRP-conjugated secondary antibodies (1:5000, PI31432 and

PI31462, Fisher Scientific) and developed with ECL Western Blotting Substrate (Thermo Fisher Scientific). Western Blot quantifi-

cation was performed using ImageJ as previously described.80

Immunoprecipitation
TD-NEPC cells or NJH29 cells were lysed in RIPA lysis buffer with protease and phosphatase inhibitors and universal nuclease for cell

lysis (Thermo Fisher Scientific) on ice for 30 min and 30 min at room temperature. The lysates were centrifuged at 13,000 rpm at 4�C
for 15 min 2 mg of protein was used and incubated with 2 mg of mouse/rabbit IgG (Santa Cruz Biotechnology SC2025/Thermo Fisher

Scientific, NC9499071), anti-UCHL1 (Anti-PGP9.5 antibody, ab27053) antibody, anti-POM121 (GeneTex, GTX102128), anti-p53 (Cell

signaling, #2527) respectively overnight at 4�C. 200 mL of Protein A/G Plus Agarose beads (Fisher Scientific, PI20423) were added

and incubated for 3 h at 4�C, followed by centrifugation at 3000 rpm for 5 min at 4�C. Beads were washed twice with washing buffer I

(50mM tris-HCL (pH 7.5), 500mM sodium chloride, 0.1%NP-40, and 0.05% sodium deoxycholate) and one timewith washing buffer

II (50 mM tris-HCL (pH 7.5), 0.1% NP-40, and 0.05% sodium deoxycholate). Bound proteins were eluted with 4 x SDS buffer in lysis

buffer and boiled for 5 min at 95�C, followed by Western Blot analysis.

For the ubiquitination assays testing the role of UCHL1 on POM121 ubiquitin status, 293T cells were simultaneously transfected

with three plasmids: 1) POM121-V5 (as described above); 2) pLenti puro His-Ubiquitin plasmid (Modified from pLenti puro HA-

Ubiquitin plasmid by replacing HA tag with 6 x His tag. pLenti puro HA-Ubiquitin was a gift from Melina Fan (Addgene plasmid #

74218; http://n2t.net/addgene:74218; RRID:Addgene_74218); and 3) FUCRW, FUCRW expressing wild-type HA-UCHL1 (WT), or

FUCRW expressing HA-UCHL1 (C90S) plasmid (as described above). For ubiquitination assay testing the role of UCHL1 on p53,

293-T cells were transfected with three plasmids: 1) pLX313-TP53-WT plasmid (pLX313-TP53-WT was a gift from William Hahn &

David Root (Addgene plasmid # 118014; http://n2t.net/addgene:118014; RRID:Addgene_118014)); 2) pLenti puro His-Ubiquitin

plasmid (described above); and 3) FUCRW or wild-type HA-UCHL1 plasmid. After 48 h, cells were treated with MG132 (10 mM)

for 5 h and then harvested. Cells were lysed and immunoprecipitated with anti-V5-Tag Monoclonal Antibody (Invitrogen, E10/

V4RR) for POM121 or immunoprecipitated with anti-p53 (cell signaling, #2527) for p53, followed by Western Blot analysis. For the

ubiquitination assay in TD-NEPC treated with LDN-57444, cells were treated with LDN-57444 for 24 h, followed by treatment with

MG132 (10 mM) for 5 h and harvested. Endogenous POM121 was immunoprecipitated with 2 mg of anti-POM121 (GeneTex,

GTX102128) antibody and followed by Western Blot analysis.
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Bio-layer interferometry
The binding affinity of UCHL1 and p53was tested onOctet RED384 platform usingNI-NTABiosensors (FortéBio, 18–5101) according

to the manufacture’s protocol. Briefly, 200 nM recombinant Human UCH-L1/PGP9.5 Protein with His-tag (R&D, 6007-CY) was pre-

pared in the kinetic buffer (PBS with 0.1% BSA and 0.1% Tween 20). Recombinant human p53 with a serial of concentrations

(0, 18.75, 37.5, 75, 150, 300, 600 nM, SP-454, Bio-techne) was tested. Biosensors were first hydrated in the kinetic buffer for

10 min and then run at baseline in the kinetic buffer for 45 s. The sensors were loaded with recombinant Human UCHL1 or kinetic

buffer (as control sensor) for 300 s and washed in the kinetic buffer for 60 s. The probes were run at baseline in the kinetic buffer

for 200 s and incubated with recombinant human p53 for 900 s, followed by dissociation in the kinetic buffer for 3600 s. The binding

affinity was analyzed by FortéBio Data Analysis software (version 9.0). The well with the control sensor was designated as the refer-

ence well, and the signal from the reference well was subtracted from every other sensor’s signal.

Sandwich enzyme-linked immunosorbent assay (ELISA)
UCHL1 levels in plasma samples were determined by sandwich ELISA by using a commercially available antibody set (UCH-L1/

PGP9.5 DuoSet ELISA reagents, DY6007, R&D Systems). Briefly, mouse Anti-human UCHL1 capture antibody (DY6007, 1:120,

R&D Systems) diluted in 0.2 M sodium bicarbonate (pH 9.4) was coated in 96-well, half-well plates (#3690, Corning) overnight at

4�C. After washing with 0.05% Tween 20 in PBS (PBS-T) three times, the plates were blocked with 5% BSA in PBS overnight at

4�C. Then, plasma samples (50 mL) were incubated at room temperature for 2 h followed by three washes with PBS-T. The plates

were incubated with biotinylated sheep Anti-Human UCHL1 detection antibody (DY6007, 1:60, R&D Systems) at room temperature

for 2 h after washing three times. Next, the plates were incubatedwith Streptavidin-HRP-biotin (DY6007, 1:40, R&DSystems) at room

temperature for 30 min, and then washed three times with PBS-T. Ultra TMB-ELISA substrate (#34028, manufacturer’s protocol,

Thermo Scientific) was used to detect the bound proteins, and the signals were analyzed by a Promega plate reader at 450 nm.

The standard curve for UCHL1 concentrations were determined using 0.078–2.5 ng/uL recombinant human UCHL1 (DY6007,

R&D Systems).

Sample preparation for LC/MS-MS analysis
Xenograft tumor samples were lysed with 800 mL 1.5% sodium dodecyl sulfate (SDS) (Thermo Fisher Scientific) containing 1X pro-

tease inhibitor (Sigma-Aldrich) followed by sonication with a Branson probe sonicator (Fisher Scientific) for three-15 s cycles with an

amplitude set to 40%. Extracted proteins were quantified by a Bicinchoninic acid protein assay (Thermo Fisher Scientific). Twenty-

five micrograms of protein were used to perform shotgun proteomics by reducing the disulfide bonds on cysteine residues with 5 mL

of 200 mM Tris (2carboxyethyl) phosphine (TCEP) (Sigma-Aldrich) in 100 mL of 50 mM ammonium bicarbonate (Sigma-Aldrich) and

incubated at 65�C for 1.5 h. Then, free thiol groups were capped with 7.5 mL 200 mM iodoacetamide (Acros Organics) and incubated

for 45min at room temperature in the dark. Proteins were precipitated with 6x volume of cold acetone and stored at�20�C overnight.

Samples were centrifuged at 14,000 g for 10 min at 4�C and protein pellets were collected. Proteins were reconstituted with 50 mL of

50 mM ammonium bicarbonate for trypsin digestion. Each sample received 1.5 mg of sequencing grade modified trypsin enzyme

(Thermo Fisher Scientific) followed by an incubation at 37�C overnight. The resulting tryptic peptides were dried using a speed vac-

uum and reconstituted with 50 mL of 0.1% formic acid (Fisher Scientific) in HPLC MS grade water (Fisher Scientific) for LC/MS-MS

analysis as previously described.48

Xenograft models
13 106 cancer cells were resuspended with 80%Matrigel in medium and subcutaneously implanted into NSGmice. Tumor volumes

were measured every three days and calculated by the equation (length x width x height)/2. Tumors were harvested for histological

analysis.

For LDN-57444 drug treatment, mice were randomized into vehicle (DMSO) or LDN-57444 (TargetMol, T1924, 5 mg/kg in corn oil,

i.p. daily) group when the average tumor volume reached 30–50 mm3. For IMP-1710 treatment, mice were randomized into vehicle

(DMSO) or IMP-1710 (Cayman Chemical, No. 31391, 2.5mg/kg in PBS, i.v. every three days) groups when the average tumor volume

reached 50mm3. Tumor volumes andmouseweight weremeasured every three days and calculated. Tumors (H660, TD-NEPC, NCI-

H82, and IMR-32) were harvested when the average tumor volumes of the vehicle group reached �400 mm3, and tumors of NCI-

H358 xenografts were harvested when the average tumor volume of one experimental group reached �230 mm3. Tumors were

weighed at the endpoint and fixed for histology. At the experimental endpoint, whole blood was collected and centrifuged at

2000 rpm for 8 min to isolate plasma.

For combination therapy, when the average tumor volume reached 40 mm3, mice were randomized into the following four groups:

vehicle (DMSO), cisplatin (TargetMol, T1564, 5 mg/kg in PBS, i.v. every 7 days), LDN-57444 (TargetMol, T1924, 5 mg/kg in corn oil,

i.p. daily), and the combination of LDN-57444with cisplatin. At the experimental endpoint, whole bloodwas collected and centrifuged

at 2000 rpm for 8 min to isolate plasma. The toxicity of the combination therapies was evaluated by liver enzyme analysis. Samples

were tested at the Stanford School of Medicine Diagnostic Laboratory in the Department of Comparative Medicine. Liver enzymes

including Aspartate Transaminase (AST), Alanine Aminotransferase (ALT), Alkaline Phosphatase (ALP), and Total Bilirubin were

tested. 3 mice were analyzed from each group.
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Patient-derived xenograft models
LuCaP 93 and LuCaP 173.1 fresh PDX tumors were sliced to �25 mg under sterile conditions prior to transplantation into the rear

flank of NSG male mice. For NJH29 PDX, 1 3 106 cells were resuspended with 80% of Matrigel in medium and subcutaneously im-

planted into NSG mice. When tumors reached average tumor volumes of 40–50 mm3, the mice were randomized into treatment

groups. Tumor volumes and mouse weights were measured every three days. Tumors (PDX-LuCaP 93, PDX-LuCaP 173.1, and

NJH29 PDX) were harvested and weighed at the endpoint followed by fixation for histology.

Intracardiac injection metastasis model
Intracardiac injections were performed as previously described.81 Briefly, 1 3 105 TD-NEPC-RFP-Luc (shCtl, shUCHL1#1,

shUCHL1#2, CTL 1, CTL 2, UCHL1 KO 1, and UCHL1 KO 2), or H82-GFP-Luc (shCtl, shUCHL1#1, and shUCHL1#2) cells were in-

jected into left ventricles of the heart of the mice. Mice were imaged by whole-body BLI at the endpoint (TD-NEPC, Day 14 and H82,

Day 18). For treatment, 1 3 105 TD-NEPC-RFP-Luc or H82-GFP-Luc cells were injected into mice via intracardiac injection. Mice

were randomized into vehicle or LDN-57444 group based on even bioluminescence signals assessed by BLI at Day 3 post injection.

Mice were treated with vehicle or LDN-57444 (5mg/kg in corn oil, i.p. daily) for 12 days (TD-NEPC) or 15 days (NCI-H82) respectively.

For whole body BLI, mice were injected with D-Luciferin (5 mg/kg) via intraperitoneal injection. Mice were imaged after 5 min by Lago

optical imaging system. Diverse organs including lungs, liver, kidneys, LN, and bones were harvested and fixed with 10% formalin for

histopathologic assessment. Metastatic nodules were quantified based on fluorescence intensity.

Spontaneous metastasis model
23 106 TD-NEPC-RFP-Luc (shCtl, shUCHL1#1, shUCHL1#2), or H82-GFP-Luc cells were implanted subcutaneously into NSGmice.

For UCHL1 knockdown, primary subcutaneous tumors were resected after they reached tumor volumes of 400mm3. For LDN-57444

treatment,when theaverage tumor volumes reached100mm3,micewere randomized into twogroupsand treatedwith vehicle (n=10)

or LDN-57444 (n = 10). Subcutaneous tumorswere resected after they reached volumes of 400mm3. For the spontaneousmetastasis

model,metastaseswereevaluated threeweekspost-surgical resection of theprimary tumorbyBLI andfluorescence imaging. Tissues

were collected, and metastatic nodules were quantified by high-resolution, quantitative fluorescence images. Histopathology ana-

lyses of metastases in diverse organs were performed as described above.

Statistics
Student’s t test was performed for comparison of two groups unless otherwise noted. All tests were two-sided, and p values of 0.05

or less were considered statistically significant. **** = p < 0.001, *** = p < 0.005, ** = p < 0.01 * = p < 0.05, and n.s = not significant. The

statistical significance of differences of the UCHL1 and POM121 intensity in TMAs were calculated through a normal distribution N

(0,1) of z-scores. UCHL1 plasma levels are analyzed by the Mann-Whitney U test for comparison of two groups.

Statistical analysis of proteomic data
For each condition biological replicates were performed as follows: H660 xenografts control (n = 3), LDN-57444 treatment (n = 3), and

TD-NEPC xenografts UCHL1 knockdown (n = 4), and shControl (n = 2). Triplicate LC-MS runs were performed for each sample. The

resulting raw data files were searched using Byonic 2.11.0 (Protein Metrics). Performing serial searches against the reference human

proteome (2020; 20,626 entries) and reference mouse proteome (2019; 17,027 entries). Parameters included trypsin digestion with a

maximum of two missed cleavages and precursor mass tolerance of 10 ppm. Fixed cysteine carbamidomethylation and variable

methionine oxidation and asparagine deamination were also specified. Peptides were filtered to remove those with a >1% false dis-

covery rate (FDR). Finally, peptides which overlapped in human and mouse searches were removed for a conservative analysis of

human-specific identified proteins using an in-house R script. Quantitative valueswere extracted fromMS1 spectra from all identified

peptides using an in-house R script based on MSnbase package,82 and abundance changes analyzed using Generic Integration

Algorithm. Calculation of statistical weight was performed at the spectrum level using WSPP model.83 Final statistical analysis

was performed using Student’s T-test.

Gene set enrichment analysis (GSEA)

Pre-ranked lists of protein identification with two or more peptides with their corresponding Z score difference between control and

LDN-57444 treatment, or control and shUCHL1 at the protein level were subjected to GSEA usingMSigDB 7.4 released onMar 2021.

The default parameters were used except that all pathways with four or less proteins were removed.
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