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Abstract

Loss of ubiquitin carboxyl-terminal hydrolase L1 (UCHL1) expression by CpG Key Words

promoter hypermethylation is associated with metastasis in gastroenteropancreatic » UCHL1

neuroendocrine tumors; however, the mechanism of how UCHL1 loss contributes to » pancreatic neuroendocrine
metastatic potential remains unclear. In this study, we first confirmed that the loss tumors

of UCHL1 expression on immunohistochemistry was significantly associated with > cell cycle

metastatic tumors in a translational pancreatic neuroendocrine tumor (PNET) cohort, > metastasis

with a sensitivity and specificity of 78% and 89%, respectively. To study the mechanism
driving this aggressive phenotype, BON and QGP-1 metastatic PNET cell lines, which do
not produce UCHL1, were stably transfected to re-express UCHL1. In vitro assays, RNA
sequencing and reverse phase protein array (RPPA) analyses were performed comparing
empty-vector negative controls and UCHL1-expressing cell lines. UCHL1 re-expression is
associated with lower anchorage-independent colony growth in BON cells, lower colony
formation in QGP cells and a higher percentage of cells in the G0/G1 cell-cycle phase in
BON and QGP cells. On RPPA proteomic analysis, there was an upregulation of cell-cycle
regulatory proteins CHK2 (1.2-fold change, P=0.004) and P21 (1.2-fold change, P=0.023)
in BON cells expressing UCHL1; western blot confirmed upregulation of phosphorylated
CHK2 and P21. There were no transcriptomic differences detected on RNA sequencing
between empty-vector negative controls and UCHL1-expressing cell lines. In conclusion,
UCHL1 loss correlates with metastatic potential in PNETs and its re-expression induces

a less aggressive phenotype in vitro, in part by inducing cell-cycle arrest through
posttranslational regulation of phosphorylated CHK2. UCHL1 expression should be

considered as a functional biomarker in detecting PNETs capable of metastasis. Endocrine-Related Cancer
(2019) 26, 411-423
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Introduction

Pancreatic neuroendocrine tumors (PNETs) are rare
tumors comprising only 2% of all pancreatic tumors, with
a twofold increase in incidence since 1975 (Halfdanarson
et al. 2008, Lawrence et al. 2011). The role of genetic
alterations associated with familial inherited syndromes
and the development of PNETs have been well defined,
such as in the multiple endocrine neoplasia (MEN)
and von Hippel-Lindau (VHL) syndromes. However,
the genetic profile of sporadic PNETs, which are more
common, is less clear as their tumorigenesis does not
appear to be controlled by classic oncogenes such as P53,
RB or KRAS (Yoshimoto et al. 1992, Yashiro et al. 1993,
Chung et al. 1997). More recent studies have elucidated
MEN1 and DAXX/ATRX mutations in sporadic PNETs, as
well as alterations in the mTOR pathway (Jiao et al. 2011)
and angiogenic growth factors (Fjallskog et al. 2003).
This has led to the clinical success of the targeted mTOR
inhibitor everolimus (Yao et al. 2011) and multi-kinase
inhibitor sunitinib (Raymond et al. 2011) for metastatic
PNETs. However, progression-free survival is limited to
11 months in these phase 3 trials, thus there are other
factors contributing to malignant transformation and
tumor progression.

Diagnostically, Ki-67 proliferation index is the best
available biomarker associated with aggressive behavior
in PNETs and is a key component to current tumor
grading (Klimstra et al. 2010, Diaz Del Arco et al. 2017).
However, PNETs have a wide variability of metastatic
potential, and well-differentiated tumors can present
with an advanced stage independent of Ki-67 index
(Alexiev et al. 2009, Miller et al. 2014). In an effort to
identify more accurate biomarkers of metastatic potential
in PNETs, our group has previously shown that the loss
of ubiquitin carboxyl-terminal hydrolase L1 (UCHL1)
expression by CpG promoter hypermethylation is
associated with metastasis in gastroenteropancreatic
neuroendocrine tumors (GEP-NETs) (Kleiman et al.
2014). UCHL1 is a posttranslational modifier that
de-ubiquitinates proteins otherwise destined for
lysosomal degradation (Brinkmann et al. 2013). The
role of UCHL1 in tumorigenesis is controversial as there
is conflicting evidence regarding its dual tumorigenic
or tumor suppressive properties depending upon
cancer type. Its overexpression has been implicated in
the metastatic potential of gastric adenocarcinoma,
potentially by activating the mitogenic and anti-apoptotic
ERK/AKT pathway (Gu et al. 2015a, Yang et al. 2015).
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On the other hand, UCHL1 has been reported to be
silenced by promoter hypermethylation in breast (Xiang
et al. 2012), nasopharyngeal (Li et al. 2010, Loyo et al.
2011), esophageal (Mandelker et al. 2005), renal cell
(Seliger et al. 2009), colorectal (Okochi-Takada et al.
2006), ovarian (Okochi-Takada et al. 2006) and prostate
carcinomas (Ummanni et al. 2011). It has been described
as a tumor suppressor in breast and nasopharyngeal
carcinomas by stabilizing p53 levels and inducing cell-
cycle arrest (Li et al. 2010, Xiang ef al. 2012). UCHL1
has also been shown in prostate cancer cell lines
to suppress growth by P53-mediated inhibition of
AKT/PKB phosphorylation, as well as via accumulation
of CDKN1B, a cyclin-dependent kinase inhibitor of cell-
cycle regulating proteins, through a separate pathway
dependent on cyclin A activity (Ummanni et al. 2011).

Our aim was to confirm UCHLI loss specifically in
PNETs and to elucidate the mechanism by which UCHL1
silencing may contribute to a more aggressive phenotype
by re-expressing UCHL1 in the PNET cell lines, BON
and QGP-1. Herein, we report that UCHL1 expression
promotes a less aggressive phenotype in vitro as evaluated
by anchorage-independent growth, cell migration and
cell invasion assays. We demonstrate through differential
protein expression analysis that these changes are likely,
in part, secondary to UCHL1 inducing cell-cycle arrest by
increased activation of phosphorylated CHK2, a cell-cycle
regulator.

Materials and methods
Patients and tumor tissue

A prospectively maintained clinicopathologic and
tissue database was identify patients
who had undergone surgery for a PNET at a single
academic, tertiary care referral center between 2007 and
2015. Unstained 5uM-thick, formalin-fixed, paraffin-
embedded slides of tumor from these patients were
obtained for immunohistochemistry (described below).
Clinicopathologic factors compared between
localized and metastatic tumors, specifically, age, sex,
tumor size, location and timing of metastasis, vascular
invasion, perineural invasion, Ki-67 index and UCHL1
immunohistochemical (IHC) staining. The Weill Cornell
Medicine Institutional Review Board approved this study
and patient consent was obtained for the prospective
protocol.
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IHC staining and grading

IHC staining of UCHL1 was accomplished using the
BOND III Autostainer (Leica Microsystems). Formalin-
fixed, paraffin-embedded tissue sections were first baked
and deparaffinized. Antigen retrieval was followed by
heating the slides at 99-100°C in BOND Epitope Retrieval
Solution 1 for 30 min. Sections were subjected to sequential
incubations with primary antibody (anti-PGP9.5 rabbit
polyclonal, 1:200 dilution, Dako), postprimary antibody
(equivalent to secondary antibody), polymer (equivalent
to tertiary antibody), endogenous peroxidase block,
diaminobenzidine (DAB) and hematoxylin for 15, 8, 8§,
5, 10 and 5min (Bond Polymer Refine Detection; Leica
Microsystems), respectively. The sections were dehydrated
in 100% ethanol and mounted in Cytoseal XYL (Richard-
Allan Scientific, Kalamazoo, MI, USA).

Grading of UCHL1 IHC was performed by a
gastrointestinal endocrine pathologist (T S ) based on
the extent of staining within the tumor. Staining was
categorized as either absent, <50% or >50% - tumors
with >50% staining were considered high for UCHL1
expression. These results were correlated with the presence
or absence of metastatic disease.

Cell culture

BON cells were originally derived from a localized
metastatic lymph node adjacent to a PNET (Parekh
et al. 1994) and have no natural UCHL1 expression
(Supplementary Fig. 1A, see section on supplementary
data given at the end of this article). Cell line authenticity
was confirmed by short-tandem repeat profiling
(American Type Culture Collection) as compared to
prior studies (Silva et al. 2011, Vandamme et al. 2015);
stock passage number 21 was used for experimentation.
QGP-1 cells were derived from a primary metastatic
pancreatic islet cell tumor (Kaku et al. 1980) and have
no UCHL1 expression (Supplementary Fig. 1A). Cell
line authenticity was confirmed by short-tandem repeat
profiling (American Type Culture Collection) as compared
to the DSMZ Profile Database; stock passage number
12 was used for experimentation. Cells were grown in
RPMI-1640 media (Sigma-Aldrich) supplemented
with 10% fetal bovine serum (FBS) and 1% penicillin/
streptomycin/amphotericin (P/S/A) and incubated at
37°C in a 5% CO, environment. Cells were routinely
subcultured and medium was changed every 2-3 days.
For particular experiments specified below, serum-free
RPMI-1640 supplemented with 1% P/S/A or medium with
2.5% FBS was utilized for specific durations.

Transfection of cell lines

BON cells with stable, inducible expression of UCHL1
(BON/UCHL1) via a PiggyBac cumate-switch promoter
(System Biosciences, Mountain View, CA, USA) were
generated per manufacturer protocol as follows. The
cDNA for human UCHLI-PiggyBac was co-transfected
with a PiggyBac transposase plasmid into BON cells using
Lipofectamine (Life Technologies) in Opti-MEM (Life
Technologies). After 1 week, cells were subject to selection
with puromycin for two weeks and expanded. As a
negative control, an empty-vector BON cell line was also
generated using the same transposase protocol without a
UCHL1 gene insert (BON/Empty). Cells were treated for
72h with 60pg/mL cumate to achieve maximal stable
expression of UCHL1 (Supplementary Fig. 1B).

The QGP-1 cell line was stably transfected with
the UCHLI1 gene using the Fugene HD Transfection Kit
(Promega) and pCDNA3.1 plasmid vector according to
the manufacturer’s instructions (QGP/UCHL1). Briefly,
3 x 105 cells were plated in a 6-well dish overnight in RPMI
medium with 10% FBS. Subsequently, 6 pg of plasmid was
added to the Fugene HD/serum-free RPMI combination
at a 3:1 (DNA: Fugene) ratio, then mixed and incubated
at room temperature for 15min. The mixture of Fugene
HD and plasmid DNA was then added to cells cultured in
3mL fresh serum-free RPMI and incubated at 37°C in 5%
CO,. After 24 h post transfection, the transfection reagent
was replaced with fresh culture medium; 48h later, the
transfected cells were passaged and treated with Geneticin
selection medium. A total of six QGP/UCHL1 clones
were generated. As controls, eight empty vector clones
(QGP/Empty) were also generated. Of note, QGP/UCHL1
clones 4 and 5 demonstrated strong UCHLI1 expression
and were used for experimentation, as were QGP-empty
vector clones 3 and 4. All experimentation was performed
in at least triplicates.

Cell proliferation assay

The Vybrant MTT Cell Proliferation Assay Kit (Thermo
Scientific) was used to assess cell proliferation and growth
curves. For this experiment, 7000 viable cells were seeded
in a final volume of 100 uL of phenol-free media per well
in four 96-well plates (one plate per time point). Every
24h, all media were replaced; one plate was subjected to
the assay by adding 10uL of 12mM MTT stock solution,
as per manufacturer’s instructions. In brief, the plate
was incubated at 37°C for 4h, after which all but 25uL
was removed and 50uL of dimethyl sulfoxide (DMSO)
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(Sigma-Aldrich) was added to each well. The plate
was incubated at 37°C for an additional 10min and
absorbance was read in a microplate reader (iMARK;
Bio-Rad) at 490nM.

Cell-cycle analysis

For cell-cycle analysis, 1x 106 cells were seeded in 6-well
plates overnight. Media were replaced with 2.5% media
in a subset of wells the following morning and cells were
harvested and fixed after 48h of low-serum culture by
utilizing cold phosphate-buffered solution (PBS) and 70%
cold ethanol, respectively. After fixation at 4°C overnight,
cells were washed twice with PBS, treated with 100 pg/mL
RNaseA for 30min at 4°C, washed once with PBS, stained
with 50pg/mL propidium iodide (PI) and transferred to
fresh polystyrene tubes through a 70-micron nylon filter
to remove cell clumps. The cells were analyzed by flow
cytometry (Gallios; Beckman Coulter, Brea, CA, USA) and
cell-cycle stages were determined using the Kaluza software
(Beckman Coulter). Each experiment was performed with
at least 20,000 events per sample for analysis.

Apoptosis analysis

For apoptosis analyses, the PE Annexin V Apoptosis
Detection Kit was used (BD Biosciences, San Jose, CA,
USA) according to the manufacturer’s instructions. A total
of 1x106 cells were seeded in 6-well plates overnight. Cells
were washed with PBS and 1 x 105 cells were re-suspended
in 1X Binding Buffer. The cells were then stained with
Annexin V-PE and 7-AAD, vortexed, incubated at room
temperature for 15min in the dark and analyzed by flow
cytometry as above.

Cell migration assay

A scratch assay was used to assess for cell migration in vitro.
A total of 4x105 cells were seeded in 6-well plates and
grown to ~60-80% confluence. A 200 uL pipette tip was
used to create a horizontal scratch across the plate at three
locations. Complete media was changed every 3 days.
Cells were photographed daily and percent migration was
measured at six marked fields using Image]J software.

Cell invasion assay

The extent of cell invasion was assessed with the Corning
BioCoat Matrigel Invasion Chambers 24-well Cell Invasion
Assay (Corning Inc.) according to the manufacturer’s
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instructions. A total of 2x105 cells in serum-free media
were seeded onto inserts (8uM pore-sized pre-coated
extracellular basement membrane). The inserts were
placed in a 24-well plate containing 10% FBS media. The
plates were incubated for 24 h at 37°C. Cells that invaded
the matrix to the lower surface of the membrane were
fixed and stained with 0.1% crystal violet solution and
counted. Invaded cells from four high-powered fields in
four separate quadrants of each membrane were counted
under a light microscope and averaged.

Soft agar anchorage-independent growth assay

Two-layered soft agar assays were performed in 6-well
plates. The bottom layer of agar (1 mL/well) contained
0.5% agar (Sigma-Aldrich) in maintenance medium. A total
of 25,000 cells in maintenance medium were mixed with
warm agarose at 37°C for a 0.35% solution and allowed to
solidify atop the agar layer. This was then overlaid with
2mL complete media and allowed to grow at 37°C in 5%
CO,. Media was changed twice every week. After 3 weeks
of culture, cell colonies were stained with 0.005% crystal
violet solution and examined by microscopy. Individual
colonies were counted in four separate fields per well and
summed for each of the six replicates.

Colony formation assay

Experimental and empty-vector control cells were plated
in a 6-well plate (1000 cells/well) and cultured with fresh
media for 5-7 days at 37°C in 5% CO,. Colonies were fixed
with methanol and stained with 0.1% crystal violet and
examined by microscopy. This was performed in triplicate
and repeated three times.

RNA extraction and next-generation RNA sequencing

RNA was extracted from BON and QGP-1 cells using the
RNeasy Mini Kit (Qiagen) according to the manufacturer’s
instructions. RNA quality was assessed with a Bioanalyzer
(Agilent Technologies). An RNA integrity number (RIN)
of >8 was required for library preparation. Samples
were prepared for next-generation sequencing with
the TruSeq RNA sample prep kit (Illumina, San Diego,
CA, USA). Paired-end cluster generation was performed
utilizing the TruSeq SBS Kit v3-Hs in conjunction with
the TruSeq PE Cluster Kit v3-cBot-HS on the HiSeq2000
(INlumina). Illumina HiSeq control software performed
a real-time analysis of the sequencing runs. Three
samples were run in each lane using paired-end mode
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(2x51 cycles). Reads were aligned to the UCSC human
genome (Version GRCH37/hg19) using TopHat v2.0.12
(Trapnell et al. 2012) (http://ccb.jhu.edu/software/tophat/
index.shtml) with default parameters. Aligned reads were
then quantified against the reference annotation (hgl9
from UCSC) to obtain FPKM (Fragments per Kilobase per
million) and raw counts using Cufflinks v2.2.1 (http://
cole-trapnell-lab.github.io/cufflinks/) and HTseq (https://
htseq.readthedocs.io/en/release_0.11.1/), respectively
(Trapnell et al. 2010, Anders et al. 2015). Differential gene
expression was performed on voom transformed raw
counts using the Limma package in R (Law et al. 2014).
Genes with a false discovery rate (FDR) of <0.10 are being
considered significant.

Protein preparation and western blot analysis

Protein was extracted with Radioimmunoprecipitation
Assay (RIPA) Lysis buffer (Santa Cruz Biotechnology).
Protein concentration was determined by the Pierce BCA
assay method according to the manufacturer’s protocol
(Thermo Scientific). Western blots were performed
with 10ug protein per lane using semi-dry transfer
and horseradish-peroxidase (HRP)-conjugated antigen
retrieval system as described previously (Kleiman et al.
2013). The nitrocellulose membranes were probed with
the following primary antibodies: UCHL1 (D3T2E)
(#13179), CHK2 (1C12) (#3440), phosphorylated-CHK2
(Thr68) (2661) (Cell Signaling Technology), p-tubulin
(ab6046), p-actin (ab8229) and anti-GAPDH (EPR16891)
(ab181602) (Abcam).

Reverse phase protein array analysis

Reverse phase protein array (RPPA) analysis was used to
generate a differential protein expression profile between
BON cells producing UCHL1 compared to its empty
vector; the assays were carried out as previously described
(Creighton & Huang 2015, Holdman et al. 2015). Protein
lysates were prepared from BON/Empty and BON/UCHL1
cells in quadruplicate, using tissue protein extraction
reagent (Thermo Scientific) supplemented with 450mM
NaCl and a cocktail of protease and phosphatase
inhibitors (Sigma-Aldrich). Protein lysates were denatured
in sodium dodecyl sulfate (Invitrogen) containing
2-mercaptoethanol (Sigma-Aldrich) at 100°C for 8 min.
The Aushon 2470 Arrayer (Aushon BioSystems, Billerica,
MA, USA) was used to spot lysates onto nitrocellulose-
coated slides (Grace Biolabs, Bend, OR, USA) using an
array format of 960 lysates/slide with each sample spotted

as technical triplicates including test and control lysates.
Antibody labeling was performed at room temperature with
an automated slide stainer Autolink 48 (Dako); each slide
was incubated with primary and secondary antibodies,
as well as Vectastain-ABC Streptavidin-Biotin Complex
(Vector, PK-6100) and TSA-plus Biotin Amp Reagent
(PerkinElmer) for signal amplification. A fluorescent
detection signal was generated by incubating slides with
LI-COR IRDye 680 Streptavidin (Odyssey, Lincoln, NE,
USA) and assessed using Sypro Ruby Protein Blot Stain
(Molecular Probes). Slides were scanned on a GenePix
AL4200 microarray scanner and images were analyzed
with GenePix Pro 7.0 (Molecular Devices, Sunnyvale,
CA, USA). Total fluorescence signal intensities were
obtained and normalized for variation in total protein,
background and non-specific labeling using a group-
based normalization method as described previously
(Grubb et al. 2009). The replicates of each normalized
sample were log,-transformed and then averaged before
analysis. The Linear Regression Model from Limma R
package (https://bioconductor.org/packages/release/bioc/
html/limma.html) was used to identify the differentially
expressed proteins between treatment and control
(BON/UCHL vs BON/Empty, respectively) (Ritchie et al.
2015). Benjamini-Hochberg procedure was used to adjust
the P values to control the FDR; an adjusted P value < 0.1
was considered significant.

There are a total of 204 validated antibodies for
RPPA, which represent proteins in signaling pathways
and cell functionality such as growth factor receptors,
cell cycle, cell proliferation, apoptosis, EMT, stem cells,
DNA damage, cell stress, autophagy, cytokines, protein
translation and gene transcriptional regulators. Of these,
132 antibodies detect total protein and 72 detect specific
phosphorylated states of proteins known to be markers
of protein activation states. Antibody validation for RPPA
was performed using an immunoblot assay of multiple
known positive and negative controls as described
previously (Holdman et al. 2015).

Statistical analysis

Calculations to determine significance in all experiments
except RNA sequencing and RPPA protein analyses (for
which the methods are described above) were carried
out using Pearson’s chi-squared test, Student’s t-test,
Mann-Whitney U-test, one-way analysis of variance or
Kruskal-Wallis test, as appropriate. Continuous variables
that followed a normal distribution are presented as
mean tstandard deviation (s.n.), while those that were not
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normally distributed are presented as median (interquartile
range (IQR)). A P value of <0.05 was considered statistically
significant. All statistical analyses (except those performed
for transcriptomics and proteomics, as described above)
were performed using STATA version 13.0 (StataCorp,
College Station, TX, USA).

Results

Loss of IHC staining for UCHL1 is associated with
metastatic tumors

In order to confirm in a PNET cohort the prior finding
that metastatic GEP-NETs are associated with loss of
UCHL1 (Kleiman et al. 2014), we performed IHC staining
for UCHL1 on 16 well-differentiated primary PNETs (nine
localized, seven metastatic) with Ki-67 <20%. Additionally,
we included two liver neuroendocrine metastases of
pancreatic origin for staining. On univariable analysis of
the primary PNETSs, there were no differences in age or sex
between localized and metastatic groups; however, the
metastatic cohort was significantly associated with larger
mean tumor size, vascular invasion, perineural invasion,
higher Ki67 index and loss of UCHL1 staining (Table 1).
The sample size was too small to perform a multivariable
analysis. Additionally, loss of UCHL1 had a sensitivity,
specificity, and positive
predictive value of 78, 89, 88, and 80%, respectively, of
detecting metastatic disease in the entire cohort. UCHL1
IHC staining <50%, including absence of staining,
was significantly associated with increased risk of
metastasis (P<0.016) (Fig. 1 and Table 1).

negative predictive value

Table 1 Patient demographics and tumor characteristics of
primary PNETSs (localized vs metastatic).

MO (n=9) M1 (n=7) Pvalue

Age (years) 63+20 64+16 0.15
Male 7 (78%) 3 (43%) 0.09
Tumor size (cm) 21+£1.1 34+24 0.03
Location of metastasis

Locoregional - 4 (57%) -

Distant 3 (43%)
Timing of metastasis

Initial presentation - 6 (86%) -

Late 1 (14%)
Vascular invasion 0 (0%) 3 (43%) 0.02
Perineural invasion 0 (0%) 3 (43%) 0.02
UCHL1 staining (<50%) 1(11%) 5(71%) 0.01
Ki67 index 25+1.9 8.6+6.5 0.03

MO, patients without metastatic disease; M1, patients with metastatic
disease.
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Figure 1

Loss of UCHL1 expression by immunohistochemical staining is associated
with metastatic pancreatic neuroendocrine tumors, as compared to
localized tumors (A). Extent of UCHL1 <50% is associated with a significant
risk of metastasis (B). A full color version of this figure is available at
https://doi.org/10.1530/ERC-18-0507.

UCHL1 re-expression induces less aggressive
phenotype in BON and QGP-1 cells

Since silencing of UCHL1 is associated with metastatic
PNETs, we aimed to investigate the phenotypic effects
that occur upon UCHLI1 re-expression in the PNET cell
lines BON and QGP-1, which do not produce UCHL1
(Supplementary Fig. 1). We specifically evaluated
cellular proliferation/viability, anchorage-independent
colony growth, migration and invasion. Of note,
BON/UCHLI cells treated with cumate in media achieved
a maximal stable expression of UCHL1 after 48 to 72h
(Supplementary Fig. 2), thus the ‘t0’ for all BON cell line
experimentation below was at 72h of cumate treatment.

There were no differences in cellular viability
comparing BON/UCHLI to BON/Empty cells, as assessed
by MTT assay at 96h of growth (Fig. 2A). However,
BON/UCHL1 cells demonstrated less anchorage-
independent colony growth after 3 weeks as compared
to BON/Empty (Fig. 2B and C). Specifically, and notably,
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there was a lower mean anchorage-independent
colony count in the BON/UCHL1 group compared to
BON/Empty (668+36 vs 895+43, P<0.001).
Additionally, QGP/UCHL1 showed markedly less
growth compared to QGP/Empty in a colony formation
assay (Fig. 2D).

Furthermore, BON/UCHL1 demonstrated decreased
migration as assessed in scratch (Fig. 3A and B) and
cellular invasion (Fig. 3C) assays. Specifically, in the
BON/UCHL1 group, there was a lower mean percent
leading-edge migration in the scratch assay after 96h
of growth (11.8+1.8% vs 23.1+2.0%, P<0.001) and a
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Figure 2

BON cell viability was not affected upon UCHL1
re-expression (A). Anchorage-independent colony
growth in BON cells was significantly lower upon
UCHL1 re-expression (B and C). Colony growth
formation was less in QGP-1 cells re-expressing
UCHL1 (D).

lower mean number of invaded cells in the Matrigel assay
(356 vs 61+12, P=0.028).

In summary, UCHL1 re-expression reduces anchorage-
independent growth, as well as cellular invasion and
migration of PNET cell lines, most notably in the BON
cell line.

UCHL1 re-expression affects cell cycle but
not apoptosis

In order to examine the mechanism causing the above
noted cellular growth changes, we evaluated cell cycle

Scratch Migration Assay

96 hours

Figure 3

Slower BON cell migration was observed upon
UCHL1 re-expression (A and B). BON cells
demonstrated less invasion in the Matrigel assay (C).
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cells between groups (Fig. 4A and B). However, using a jgl

PI cell-sorting assay, we detected a change in cell-cycle 30%
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Figure 4 Since UCHLL1 did not appear to exert any transcriptional
Apoptotic, necrotic and viable cell populations were not affected by .
UCHL1 re-expression in BON cells (A), as depicted in a representative effects in BON/UCHL1 as compared to BON/Empty and
Annexin/7-AAD flow cytometry plot (B). has also been demonstrated to be a posttranslational
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Table 2 Differential gene expression between BON/UCHL1
and BON/Empty.

Gene Log-fold change Pvalue Adjusted P value
UCHLT 9.62 2.45 E-07 0.0016
MS4A8 -1.06 1.01 E-05 0.0452
SST -1.39 2.85 E-05 0.0763
MEP1A -1.28 7.78 E-05 0.0872
DDC -1.07 8.24 E-05 0.0872
C2orf54 -1.02 5.37 E-05 0.0872

modifier, we next aimed to evaluate protein expression
and phosphorylation changes with UCHL1 expression in
the BON cells. To develop a differential protein expression/
phosphorylation profile of molecules integral in cell
signaling and growth, BON/Empty and BON/UCHL1
cell lysates were prepared for RPPA analysis. As described
in ‘Materials and methods’, this protocol allows for the
evaluation of 204 proteins using validated antibodies
including those implicated in cell cycle, cell proliferation,
apoptosis, DNA damage, cell stress, protein translation
and gene transcriptional regulators, and others.

When comparing BON/UCHL1 to BON/Empty,
there were 23 differentially expressed proteins (Table 3).
CHK?2, a cell-cycle regulator, was the most differentially

Table 3 Differential protein expression between BON/UCHL1
and BON/Empty.

Adjusted
Protein Fold change? Pvalue Pvalue
CHK2 1.21 2.0E-05 0.0042
FOS 1.41 6.3E-05 0.0044
MAP1LC3B 1.32 4.3E-05 0.0044
HK2 0.75 0.00010 0.0052
RPS6KB1 1.39 0.00026 0.0107
LAMC2 0.72 0.00032 0.0110
MAP1LC3A 1.21 0.00085 0.0232
CDKN1A (P21) 1.20 0.00089 0.0232
JUN 1.36 0.00200 0.0327
CDKN1B (P27) 1.28 0.00159 0.0327
MAP2K6 1.17 0.00220 0.0327
MYC 0.90 0.00211 0.0327
FOXO1 0.87 0.00168 0.0327
STAT6 0.87 0.00184 0.0327
PRKAA1, PRKAA2 1.20 0.00237 0.0329
MAP2K1 0.84 0.00276 0.0359
ITGA4 0.69 0.00339 0.0415
EPAS1 0.82 0.00361 0.0418
TP53 1.19 0.00677 0.0712
MKI67 1.14 0.00685 0.0712
MTOR 1.12 0.00795 0.0788
RRM2 1.17 0.01059 0.0981
AURKA, AURKB, AURKC 1.13 0.01085 0.0981

aFold change >1 is upregulation whereas fold change <1 is
downregulation in BON/UCHL1.

upregulated protein in BON/UCHL1 (adjusted
P value=0.0042). There were a total of four upregulated
cell-cycle proteins with adjusted P value <0.1, including
P21, phosphorylated P27 and phosphorylated P53. Other
notable downregulated potentially oncogenic proteins in
BON/UCHLI included FOS, JUN, MYC, FOXO1 and STAT6.
Interestingly, two proteins in the mTOR pathway were
upregulated (RPS6KB1, MTOR). Lastly, integrin alpha-4
(ITGA4), a protein implicated in cellular migration, was
downregulated in BON/UCHLI1.

Phosphorylated CHK2 is confirmed to be upregulated
in cells expressing UCHL1

In order to confirm the findings from the RPPA analysis, we
performed western blots for total CHK2, phosphorylated
CHK2 (p-CHK2) and P21 in BON/UCHL1, QGP/UCHL1
and their respective negative control cell lines with
empty vector (Fig. 6). We found that total CHK2 did not
differ between BON/UCHL1 and BON/Empty as well as
between QGP/UCHL1 and QGP/Empty. However, more
notably, the activated p-CHK2 was increased in both
BON/UCHL1 and QGP/UCHL1 compared to their empty
vector controls. Furthermore, the p-CHK2 downstream
target P21 was upregulated in BON/UCHLI1. This was
not observed in QGP/UCHLI1, possibly secondary to the
relatively low log-fold change in our RPPA analysis, as well
as the observation that QGP-1 is a more slowly growing
cell line.

Discussion

The ubiquitin-proteasome pathway is an important
regulator of intracellular protein stability. It is a crucial
pathway for posttranslational modifications critical to
normal cellular processes, and its disturbances contribute
to tumorigenesis (Mani & Gelmann 2005). UCHL1 is a
widely studied deubiquitinase as it has been described
in both neurodegenerative disorders and varying
malignancies (Sacco et al. 2010). Depending on tumor
types, some studies report UCHL1 as an oncogene, whereas
others discuss its role as a tumor suppressor gene as a
result of CpG island methylation (Okochi-Takada et al.
2006, Leiblich et al. 2007, Yu et al. 2008, Kim et al. 2009,
Kleiman et al. 2014, Abdelmaksoud-Dammak et al. 2016).
Our group previously reported in a translational cohort of
GEP-NETs that UCHL1 was silenced via hypermethylation
of promoter CpG islands and was further identified
as an independent predictor of metastatic disease
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Figure 6

Western blots separately confirming cell-cycle proteins’ expression in
BON and QGP upon UCHL1 re-expression, including total CHK2,
phosphorylated-CHK2 and P21.

(Kleiman ef al. 2014). The mechanisms behind how
UCHL1 loss contributes to the malignant potential of
PNETs has remained elusive.

In this study, we sought to determine the functional
consequences of re-expression of UCHL1 in PNET
cell lines, as disruptions in the ubiquitin-proteasome
pathway can lead to decreased tumor suppressor proteins,
enhanced oncogenic properties, epithelial-mesenchymal
transitions and alterations in cell-cycle progression and
migration (Fraile et al. 2012). Upon UCHL1 re-expression,
we observed a decrease in anchorage-independent cell
growth, colony formation, cellular migration and cellular
invasion. Functionally, re-expression of UCHLI in vitro
induced a shift toward GO/G1 cell-cycle arrest, without
involvement of the apoptotic cascade. To investigate the
mechanism that would explain these functional changes,
we analyzed the transcriptomic and proteomic changes
induced by UCHL1 re-expression. Our RNA-sequencing
data do not suggest a change in the transcriptome of
cell-cycle regulatory genes upon re-expression of UCHLI.
However, the proteomic changes detected by our RPPA
analysis suggest that the GO/G1 cell-cycle shift may be
regulated by the posttranslational effects of UCHLI.

Metastatic PNET and UCHL1 26:4 420

Thus, the functional consequence of cell-cycle arrest in
BON and QGP-1 cell lines re-expressing UCHL1 may
explain the phenotypic changes noted, most importantly
in the anchorage-independent growth assay and the
colony formation assay.

The two most differentially expressed cell-cycle
proteins in our RPPA analysis were upregulation of CHK2
and P21 in UCHL1-expressing cells. We further confirmed
that p-CHK?2 is increased in BON and QGP-1, and P21 is
increased in BON, after re-expression of UCHL1. CHK2
is multifunctional kinase that is critical in cell-cycle
regulation (Bartek et al. 2001). Mutations of CHK2 and
variations of CHK2 protein expression have not been
previously reported in PNETs; however, mutations in
CHK2 have been described in breast cancer (Wang et al.
2015). During DNA damage response, phosphorylation
of CHK2 occurs, converting the protein into its active
state and thus initiating the transduction of DNA damage
checkpoint signals (Cai et al. 2009). Specifically, CHK2
functions upstream of other cell-cycle regulators such as
P53 and P21, especially during DNA damage (Hirao et al.
2000). By triggering cell-cycle arrest upon irreparable DNA
damage, CHK2 may help to suppress tumor progression
(Bartkova et al. 2005). With regard to UCHL1 and cell
cycle, a report by Xiang et al. studied its role in breast
tumorigenesis and found that UCHL1 displays tumor
suppressive functions by inducing GO/G1 arrest through
P53 accumulation (Xiang et al. 2012). Similarly, in
nasopharyngeal carcinoma cell lines, UCHL1 expression
has been shown to increase protein expression of P53
and P21 while decreasing expression of MDM?2, thus
promoting cell-cycle arrest and apoptosis (Li et al. 2010).

In addition to the GO/G1 cell-cycle phase shift, the
induction of UCHL1 expression also led to decreased
cellular migration and decreased cellular invasiveness,
suggesting an additional mechanism of tumor suppressor
function. We have yet to characterize the downstream
factors associated with the decreased cell migration and
invasion in PNETs; however, our RPPA analysis shows that
cells re-expressing UCHL1 have an associated decrease of
integrin alpha-4, a protein involved in cellular migration.
Contrary to our migration and invasion results, Kim ef al.
reported that high UCHL1 expression in non-small cell
lung cancer cell line H157 resulted in increased invasive
potential with corresponding changes in cell morphology
through cell adhesion molecule pathways such as AKT (Kim
et al. 2009). Similar findings have been observed in gastric
adenocarcinoma cell lines - increased UCHL1 expression
has been associated with increased migration and
invasion, likely by altering the AKT and ERK1/2 pathways
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(Gu et al. 2015b). Interestingly, the AKT pathway has been
shown as an important modulator of tumor growth in
BON and QGP-1, particularly in the setting of mTOR and
PI3K-mTOR inhibition (Zitzmann et al. 2010, Vandamme
et al. 2016). Our data suggests there may be some effect of
UCHL1 expression and the mTOR pathway; however, it
remains unclear how this is related to the changes in cell
cycle we observed in this study. Overall, current reports
continue to suggest that UCHL1 exerts a wide variety of
tumorigenic or tumor suppressive effects based on tumor
cell type, which implies that UCHL1 likely has different
deubiquitinase targets dependent on cell type.

Lastly, our data show that loss of UCHL1 expression
on [HC staining is significantly associated with metastatic
tumors in a PNET cohort, with a sensitivity and specificity
of 78% and 89%, respectively. This suggests that loss of
UCHL1 expression should be further investigated as a
translational marker for aggressive disease in order to aid
in clinical decision-making.

Our study has several limitations. Most notably,
while our RPPA analysis did yield significant results,
the absolute fold change was low. This may explain
why we were able to confirm upregulation of P21 by
western blot only in the BON cell line. The QGP-1 cell
line is slow growing and difficult to maintain; thus, our
phenotypic experimentation was largely reliant on the
BON cell line. However, we were able to confirm the
GO/G1 cell-cycle shift in both cell lines, as well as the
p-CHK2 protein expression changes, which corroborate
our main observations. Given these limitations, our
next steps include verifying the phenotypic changes
we observed in vitro in a mouse model, and specifically
observing rates of metastases in tumors expressing UCHL1
compared to those that do not.

In  summary, this study demonstrates that
re-expression of UCHL1 tumor suppressive
functions in PNET cell lines by decreasing colony
formation and overall metastatic potential through cell-
cycle changes modulated by p-CHK2. Our study further
contributes to the growing body of literature that the
tumor suppressor effects of UCHL1 are likely through
posttranslational control of oncogenic pathways, and
not necessarily at a transcriptional level. Further studies
are warranted to identify downstream targets of UCHL1
that may explain the increased cell migration and cell
invasion. Lastly, as loss of UCHL1 expression identified
on immunohistochemistry is associated with metastatic
disease, its utility as both a clinical biomarker and
potential therapeutic target in metastatic PNETs should
be further investigated in prospective cohorts.
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