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Multiple myeloma (MM) patients considered to be at high cytogenetic risk commonly fail to
respond to standard treatment. A thorough understanding of the molecular mechanism of
MM development is, therefore, needed. We endeavored to explore the transcriptional
signature among different subgroups of newly diagnosed MM using gene chip-based
expression microarray. Bone marrow samples of 15 newly diagnosed Thai MM patients
were included. The chromosomal translocation t(4;14) was the most frequently identified
genetic alteration in the high-risk subgroup. Cluster analysis from expression profiling
demonstrated that high-risk MM have a distinctly different expression pattern compared to
standard-risk patients. The most significant differentially expressed gene was UCHL1.
Functional enrichment analysis by Gene Set Enrichment Analysis, FUNRICH, and Gene
Ontology Panther pathway revealed the gene sets involved in cell cycle control to be
enriched in the t(4;14) high-risk group. Interestingly, among the well-established
downstream targets of UCHL1, only CCND2 was significantly expressed in the t(4;14)
high-risk group. Suppression of UCHL1 protein level by LDN-5744 inhibitor could arrest
the cell cycle in G1 phase in cell lines. These findings shed light on the molecular
mechanism of UCHL1 in t(4;14) high-risk MM and support the evidence that alteration
of the UCHL1 pathway may play a role in the pathogenesis of high-risk MM.
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INTRODUCTION

Multiple myeloma (MM) or plasma cell myeloma (PCM) is a terminally differentiated B-cell
neoplastic disorder that is characterized by the presence of clonal proliferation of malignant plasma
cells (PCs) in bone marrow, and excessive monoclonal immunoglobulin, which is associated with
multiple organ dysfunction [1]. MM was the second most common cancer of the hematopoietic and
reticuloendothelial systems according to registration data from the Ramathibodi Cancer Report
2017, which was published by Ramathibodi Hospital, Bangkok, Thailand [2]. Even though novel
therapeutic approaches have profoundly improved the overall survival of MM patients, drug
resistance and treatment failure still occur [3]. Improved understanding of the underlying
molecular mechanism of MM pathogenesis is, therefore, needed so that more effective
treatments can be developed.
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Several previous studies have attempted to investigate the
molecular mechanisms underlying the pathogenesis of MM,
including disease progression, tumor expansion, metastasis,
treatment response, and MM drug resistance [4–7].
Microarray, which is one of many advanced technologies in
cellular and molecular genetics, has yielded information and
understanding about the clonal evolution, pathogenesis, and
progression of MM, and this has led to the identification of
biomarkers that can be used to develop potential targeted drug
therapies [5, 8, 9]. Moreover, the identification of prognostic
factors is urgently needed in the high-risk subgroup of MM to
improve treatment protocols and outcomes.

Primary cytogenetic abnormalities are currently the major
markers used to classify high-risk disease [i.e., t(4;14), del(17/
17p), t(14;16), t(14;20), non-hyperdiploidy, and gain(1q)], and
there are many tools that can be employed to identify the
subgroup of MM, including expression profiling. The primary
cytogenetic alteration t(4;14) was found to be a high cytogenetic
risk factor for MM with the prevalence of 6–12% [10]. Previous
studies reported MM with chromosomal translocation t(4:14) to
be associated with high expression of UCHL1 [11]. The
deubiquitinating enzyme UCHL1, which is a member of the
ubiquitin carboxy terminal hydrolase family, catalyses the
hydrolysis of C-terminal ubiquitin esters and amides to
regulate the protein degradation system [12]. Alterations in
ubiquitin-proteasome pathways have been reported in several
diseases, such as neurodegenerative disorders [13, 14] and
particular types of cancers [15, 16]. In hematologic
malignancy, UCHL1 was found to be overexpressed in mature
B cell malignancy, including aggressive germinal center diffuse
large B-cell lymphoma [17], and to be an aggressive biomarker in
MM development [11]. The role of UCHL1 in cancer is
complicated by the fact that it can act as an oncogene via
many molecular mechanisms depending on the cancer type.
For example, UCHL1 can stabilize and upregulate β-catenin/
TCP-dependent transcription in colorectal cancer [18], can
promote metastasis as a deubiquitinating enzyme for HIF-1a
in lung cancer [19], can bypass the need for mTORC1-dependent
protein synthesis to initiateMYC translation in lymphomas [20],
and can enhance CDK activities in the pathogenesis of
neurodegenerative diseases [21]. Additionally, UCHL1 was
found to be a poor biomarker in aggressive MM due to its
requirement for disease progression [11]; however, our
understanding of the molecular mechanism of UCHL1 in MM
is still unclear.

In this study, we aimed to use microarray-based technology
to explore the gene expression signature in MM patients with
high cytogenetic risk compared to that of MM patients with
standard cytogenetic risk according to the cytogenetic risk
classification system published by the International Myeloma
Working Group 2016 [22]. We found that MM patients with t(4;
14) had differential overexpression ofUCHL1 compared to non-
t(4;14) MM group. Functional enrichment analysis indicated
that cell cycle gene sets were enriched in the t(4;14) high-risk
group of MM. Additionally, protein-protein interaction
demonstrated that UCHL1 can regulate the cell cycle via
downstream target CCND2, and overexpression of CCND2

was observed in the t(4;14) high-risk group of MM when
compared with non-t(4;14) MM group. Targeting UCHL1 in
KMS11 and KMM1 myeloma cell lines could suppress the
expression of the UCHL1 protein resulting in G1 phase arrest
in MM cell lines. The findings of this study support and suggest
the potential use of UCHL1 as a biomarker, and as a promising
therapeutic target in patients with high-risk MM.

MATERIALS AND METHODS

Samples
Three to five millilitres of bone marrow samples was collected
from leftover specimens from the Human Genetic Laboratory,
Department of Pathology, Faculty of Medicine Ramathibodi
Hospital, Mahidol University, Bangkok, Thailand during
February 2017 to October 2018. Bone marrow samples of 15
newly diagnosed MM patients were divided into two groups. Five
samples were allocated to the high cytogenetic risk MM group,
and the other 10 samples were assigned to the standard
cytogenetic risk MM group. Among those samples, four of five
samples in high-risk group were subdivided into t(4;14) and non-
t(4;14) subgroups in order to perform the functional enrichment
analysis comparison. Group classification was determined
according to the criteria set forth in the International
Myeloma Working Group consensus multiple myeloma with
high-risk cytogenetics 2016. The clinical and laboratory
features including serum β2-microglobulin (β2M), serum
creatinine, serum hemoglobin, follow-up time and clinical
response were collected from medical records. The clinical and
laboratory features of 15 MM patients were shown in Table 1.

Cell Collection and Total RNA Extraction
Plasma cells (PCs) were isolated from bone marrow samples by
immunomagnetic bead selection with monoclonal mouse
antihuman CD138 antibodies using a magnetic column
(Miltenyi Biotec, Bergisch Gladbach, Germany) according to
the manufacturer’s instructions. PC purity was confirmed by
MACs technique as greater than 95% CD138 + cells and
morphology by Wright-Giemsa staining. RNA was extracted
using a mirVana™ miRNA Isolation Kit (Life Technologies,
Carlsbad, CA, United States), and its concentration was
determined using a NanoDrop 2000 (Thermo Fisher Scientific,
Waltham, MA, United States) according to the manufacturer’s
instructions.

Gene Expression Profiling and Functional
Enrichment Analysis
Gene expression profiling was performed on an Affymetrix
GeneChip Human Clariom S Pico Assay (Affymetrix, Santa
Clara, CA, United States). All CEL files were analyzed using
Transcriptome Analysis Console (TAC) 4.0 software (Thermo
Fisher Scientific). Expression analysis to determine genes that
significantly differentially express was performed using analysis
of variance (ANOVA). Significant differential expression was
defined as gene level fold change less than −2 or more than 2,
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and a p-value < 0.05. A Probeset (Gene/Exon) was considered
expressed if ≥ 50% of samples had a detection above background
(DABG) value below the DABG threshold (DABG <0.05).
Functional enrichment analysis was performed using 3 types
of software. including Gene Set Enrichment Analysis (GSEA),
FUNRICH, and Gene Ontology (GO) Panther pathway. For
GSEA, a collection of annotated gene sets was assembled and
uploaded into Molecular Signatures Database version 7.0
(updated August 2019), which was used as a gene sets
database. The chip platform used in this study was Clariom S
Human HT.r1.chip. The weighted enrichment statistic was used
to analyze the expression profile of each sample. The metric for
ranking genes was set as ratio of classes. Genes from expression
profile analysis were evaluated using FunRich software, and there
were 941 of 960 genes mapped in the FUNRICH database.
Hypergenometric p-value test was performed against all 20,515
genes in the FunRich database. All of the 960 genes identified
from gene expression profiling were analyzed in the GO Panther
pathway. Over-representation test was performed using version
14.1 PANTHER annotation platform. All genes in the database of
Homo sapiens were selected as the reference list. Fisher’s exact
test was used to compare data from the PANTHER pathways
annotation dataset. Protein-protein interaction (PPI) network

was created using STRING database version 1 [23]. We used
search tool for multiple proteins by name to analyze the PPI
network.

Cell Culture and DNA Index
MM cell lines, including KMM1 and KMS11, were kindly
provided by Professor Seiji Okada of the Center of AIDS
Research, Kumamoto University, Kumamoto, Japan. All cell
lines were cultured in Roswell Park Memorial Institute
(RPMI)-1640 medium supplemented with 15% fetal bovine
serum (FBS) (Thermo Fisher Scientific) and 100 U/ml
penicillin-streptomycin at 37°C in a humidified atmosphere
containing 5% CO2. All cell lines were treated with UCHL1
inhibitor LDN-5744 (Sigma-Aldrich Corporation, St. Louis,
MO, United States) at concentrations of 10, 20, and 40 ng/μl
for 24 h and DMSO (AMRESCO) as control. These doses were
selected based on previous IC50 studies that showed a specific
inhibition of the proteasome activity for UCH-L1 [24]. Cells were
then counted using trypan blue staining. The cells obtained from
both treated and untreated conditions at about 1 × 106 cells were
analyzed for DNA index by propidium iodide (PI) staining. The
cells were centrifuged at 450 g for 3 min and then the supernatant
was discarded. After that, 1 µl of PI/RNase staining solution (BD

TABLE 1 | Biological characteristics of multiple myeloma (MM) samples.

No. Genetic alterations Age
(years)

Serum β2M
(mg/L)

Serum
creatinine
(mg/dl)

Serum
Hb

(g/dl)

R-ISS
staging

Follow-up
time

(months)

Clinical
response

Standard cytogenetic risk samples
1 4p16(FGFR3)×3 64 3.33 0.86 8.5 II 42 CR
2 del(13), CCND1×4 58 3.94 0.76 12.7 II 36 VGPR
3 (TP53, D17Z1) ×1 55 1.73 0.79 12.7 I 33 CR
4 del(13q14.3) 80 5.44 2.4 9.5 II Loss FU Loss FU
5 CCND1×3 64 5.55 0.63 9 III 33 VGPR
6 IGH×1, CCND1×3 77 6.21 6.01 8.4 III 29 CR
7 CCND1×3 51 1.16 1.27 10.4 II 32 PR
8 del(13q14.3) 71 3.29 1.12 10.7 I 31 Relapsed
9 Trisomy(13), 1p36×2, (FGFR3, CCND1, CCND3,

MAFB, IGH) ×3
65 2.00 0.68 9.8 I 30 VGPR

10 TP53*3 77 3.27 0.69 9.6 II 30 CR
Median serum β2M 3.59 mg/L
Median serum creatinine 1.52 mg/dl
Median serum hemoglobin 10.13 g/dl
High cytogenetic risk samples
11 del(13), del(17p13.1), t(4;14), FGFR3*3,

IGH*3, TP53*1
87 8.72 1.47 8.2 III Loss FU Refuse

treatment
12 del(13), del(17p13.1), del(FGFR3), SRD*4,

CCND3*3, del(MAF)
59 7.05 1.19 7 III 2 Death

13 del(13), t(4;14) 69 11.1 2.59 9 III Loss FU Loss FU
14 Trisomy(17), t(4;14) 52 4.29 0.94 7 III 23 PR
15 del(13q14.3), t(4;14) 77 9.53 1.07 9.2 III 5 VGPR
Median serum β2M 8.14 mg/L
Median serum creatinine 1.45 mg/dl
Median serum hemoglobin 8.08 g/dl
Median age 65 years
Median follow-up time 30 months

*Reference values: β2-microglobulin: 0.7–3.4 mg/L, Creatinine: 0.55–1.02 mg/dl, Hemoglobin: 12.00–16.00 g/dl.
β2M, β2-microglobulin; Hb, hemoglobin; R-ISS, revisedmultiple myeloma international staging system; CR, complete response; VGPR, very good partial response; Loss FU, lost to follow-
up; PR, partial response.
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Biosciences, Franklin Lakes, NJ, United States) and 1 µl of Triton
X-100 solution (Fluka Analytical, Buchs, Switzerland) were added
and incubated for 20 min. The cells were then analyzed using a
Cytomics FC 500 flow cytometer (Beckman Coulter, Brea, CA,
United States). Independent-samples t test was used as statistical
testing of cell counting by trypan blue staining and DNA index.

Real-Time Polymerase Chain Reaction
Total RNA was reverse transcribed into cDNA using a SuperScript
VILOTM cDNA Synthesis Kit (Thermo Fisher Scientific). Real-time
quantitative reverse transcription polymerase chain reaction (RT-
qPCR) was performed using Express SYBR GreenER™ qPCR
SuperMix (Life Technologies) and normalized to RNA level by
GAPDH. The primer sequences were, as follows: UCHL1—sense
5′-CCCAGCATGAGAACTTCAGG-3′ and anti-sense 5′-CAC
AGGAATTCCCAATGGTC-3′; CCND2—sense 5′-GCGGAGAAG
CTGTGCATTTA-3′ and anti-sense 5′-CTGCCAGGTTCCACT
TCAAC-3′; CDK4—sense 5′-GTGGAAACTCTGAAGCCGAC-3′,
and anti-sense 5′-AAGTCAGCATTTCCAGCAGC-3′;
mTOR—sense 5′-ACCTCACAAGACATCGCTGA-3′ and anti-
sense 5′-CTCTCTCACCCAGCAGAACA-3′; CTNNB1—sense 5′-
AAGGTAGAGTGATGAAAGTTGTT-3′ and anti-sense 5′-CAC
CATGTCCTCTGTCTATTC-3′; and, GAPDH—sense 5′-CCTGTT
CGACAGTCAGCCG-3′ and anti-sense 5′-CGACCAAATCCGTTG
ACTCC-3′. All primers were synthesized byMacrogen (Seoul, Korea).
Independent-samples t test was used as statistical testing of gene
expression comparing of standard-risk and high-risk MM subgroups.

Western Blot Analysis
Cell lines were lyzed in radioimmunoprecipitation assay (RIPA)
buffer (Cell Signaling Technology, Danvers, MA, United States)
at 4°C for 5 min. The cell lysate was then centrifuged at 14,000g
for 5 min and the supernatant was collected. Proteins were mixed
with 1:1 Laemmli Sample Buffer (Bio-Rad Laboratories, Hercules,
CA, United States), and then incubated at 95°C for 5 min. A slab
of 10% SDS-polyacrylamide gel was prepared using a TGX
FastCast™ Kit (Bio-Rad Laboratories). Proteins were separated
by gel electrophoresis at 100 V for 1 h. After that, proteins were
transferred to a membrane in transfer buffer (Bio-Rad
Laboratories) at 100 V for 2 h, and then the membrane was
blocked with blocking buffer that contained 5% non-fat dry
milk in Tris-buffered saline with Tween 20 (TBST). The
membrane was incubated with primary antibody UCHL1 (Cell
Signaling Technology) and GAPDH (Abcam, Cambridge,
United Kingdom) as an internal reference at room
temperature for overnight and then incubated with secondary
antibody anti-rabbit IgG, HRP-linked antibody at room
temperature for 1 h (Cell Signaling Technology). The intensity
of western blot results were performed by GeneTools software.

RESULTS

Clinical and Laboratory Features of 15 MM
Patients
We included 15 newly diagnosed MM patients in this study. Risk
classification of patients was based on the IMWG consensus of

risk stratification in MM [25]. There were 10 patients categorized
as standard-risk, and five patients were allocated to the high-risk
group. The clinical and laboratory features of the 15 includedMM
patients are presented in Table 1. Cytogenetic analysis by
combination standard karyotyping and fluorescence in situ
hybridization (FISH) revealed that t(4;14) and aberration on
chromosome 13 were the most commonly observed
cytogenetic abnormality in this study with a positivity rate
among all cases of 47%. Four out of five cases in the high-risk
group harbored a t(4;14). In addition, copy number gain of
CCDN1 was positive in 27% of all cases in this study while
previous report about CCDN1 copy number variation in Thai
population was 15% [26]. Other genetic abnormalities observed
in this study included copy number variation of CCND1 (27%),
FGFR3 (20%), TP53 (20%), IGH (7%), CCND3 (7%), and D17Z1
(7%). The overall genetic aberrations observed in this study are
shown in Figure 1. Patient age ranged from 51 to 87 years, with a
median of 65 years. The average values of β2-microglobulin,
serum creatinine, and hemoglobin concentration are shown in
Table 1. High-risk MM patients had a significantly higher β2-
microglobulin value compared to standard-riskMM (p < 0.05). In
addition, the median follow-up time of samples in the high-risk
group was lower than the median follow-up time of all samples
(30 months). Serum creatinine and hemoglobin concentrations
were not significantly different between the high-risk group and
standard-risk groups (Table 1).

Differential Gene Expression in High-Risk
Multiple Myeloma Versus Standard-Risk
Multiple Myeloma
To identify genes and pathways that were differentially expressed
in the high-risk group compared with the standard-risk group, we
performed gene expression profiling using Clariom™ S Array
GeneChip from Affymetrix, and we applied ANOVA to filter the
differentially expressed genes using TAC software. As expected,
the expression profiles of high-risk and standard-risk MM
exhibited a high degree of difference in gene transcription
levels. The hierarchical plot that is shown in Figure 2A clearly
demonstrates the differences in cytogenetic risk between groups.
The top 20 upregulated and downregulated genes compared
between the high-risk and standard-risk groups are shown in
Figure 2A. Interestingly, the highest differentially overexpressed
gene is UCHL1 and we found CCND2, one of its downstream
target, also overexpressed in the top 20 upregulated genes. Details
specific to the top 50 upregulated and downregulated genes are
shown in Supplementary Tables S1 and S2, respectively. There
were 960 genes differentially expressed between the high-risk and
standard-risk groups with a fold change greater than the 2.0
cutoff (p < 0.05) (Figure 2B). Among those 960 signatures, there
were 610 genes (63.54%) found to be overexpressed (fold change
>2.0), as shown by Venn diagram comparing the high-risk group
with the standard-risk group in Figure 2C. Interestingly, several
upregulated genes in high-risk MM were commonly involved in
cell cycle control, the Wnt signaling pathway, and the ubiquitin
proteasome pathway. In contrast, there were 350 genes (36.46%)
found to be significantly downregulated (fold change <2.0,
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p < 0.05), as shown by Venn diagram comparing the high-risk
group with the standard-risk group in Figure 2D. Collectively,
these findings further highlight the difference in the
transcriptional signatures of these two cytogenetic risk
subgroups of MM. Additionally, dysregulation of a key
component of the proteasome pathway, UCHL1 might
contribute to high-risk transcriptional signature by disrupting
several components of cell cycle control, including CCND2.

Gene Set Enrichment Analysis and Pathway
Analysis of Genes Differentially Expressed
in High-Risk Multiple Myeloma
To explore the certain biological process or molecular function
of differentially expressed genes, we performed three different
classes of pathway analysis, including Gene Set Enrichment
Analysis (GSEA), FUNRICH, and Gene Ontology (GO)
Panther pathway enrichment analysis, to analyze our data.
GSEA revealed that 16 gene sets were significantly enriched
at a nominal p-value < 5% and a false discovery rate (FDR) <
25%, as shown in Supplementary Table S3. These included
hallmark of mTOR signaling, G2M cell cycle checkpoint, E2F
targets, MYC targets, and protein secretion pathways
(Figure 3). Similar to GSEA, FUNRICH pathway analysis
showed several pathways associated with tumorigenesis and
tumor progression to be enriched. Those included Wnt
signaling, cell cycle control, G2M cell cycle checkpoint,
ubiquitin-dependent degradation of cyclin D, mTORC1
signaling, PI3K-AKT-mTOR signaling, and DNA repair
pathways (Figure 4). Consistent to GSEA and FUNRICH,
GO enrichment analysis further confirmed cell cycle control
and the ubiquitin proteasome pathway to be enriched in the
high-risk MM group (Figure 5). Taken together, our data
indicate the disruption of several molecular signaling
pathways in genes differentially expressed among t(4;14)
MM and non-t(4;14) MM. Additionally, these data further
highlight the alteration of the ubiquitin proteasome pathway,
and they suggest that UCHL1 influences tumorigenesis and
tumor progression among t(4;14) MM.

UCHL1 and Its Downstream Target CCDN2
Were Overexpressed in Cytogenetic
High-Risk MM
Gene set enrichment and pathway analysis data both
demonstrated that the ubiquitin proteasome pathway via
UCHL1 and CCND2-dependent cell cycle control pathways
are copersistent and differentially expressed in t(4;14) high
cytogenetic risk MM compared to the other non-t(4;14) MM
group. It was earlier reported that UCHL1 regulates cell cycle
control and enhances cell proliferation by activation of several
cyclin-dependent kinase proteins [21]. Perhaps more
importantly, previous study found that UCHL1 promotes
progression of colorectal cancer cell lines via the activation
of CCND2, which is a downstream target of the Wnt
β-catenin/TCF pathway [18]. Furthermore, UCHL1
activates the Akt pathways to promote the progression of
osteosarcoma [27] and breast cancer [28]. These findings
prompted us to further investigate whether key
components of those pathways were differentially expressed
in our tested samples. By RT-qPCR, UCHL1 and its
downstream target CCDN2 were significantly differentially
overexpressed in the high cytogenetic risk group (p < 0.05)
(Figure 6). Our data further highlight the copersistence of
upregulation of UCHL1 and CCND2 in t(4;14) high
cytogenetic risk MM, which may be involved in disease
progression in this MM subgroup.

Targeting UCHL1 Could Arrest Cytogenetic
High-Risk Multiple Myeloma Cell Lines
To gain further insights into the mechanism of UCHL1 that is
responsible for the progression of t(4;14) cytogenetic high-risk
MM, we performed in vitro pharmacological targeting of UCHL1
in high-risk with t(4;14) (KMS11) and non-t(4;14) (KMM1) cell
lines using UCHL1 inhibitor (LDN-57444). LDN-57444 has been
used to inhibit UCHL1 hydrolase activity leading to cell death via
apoptosis by decreasing the activity of ubiquitin proteasome [29].
Both KMS11 and KMM1 were treated with 20 ng/μl of LDN-

FIGURE 1 | The overall genetic aberrations observed in this study using standard karyotyping and fluorescence in situ hybridization (FISH). (A) The most commonly
observed primary cytogenetic event was del(13q14.3), and the high cytogenetic risk markers were t(4;14) and del(17p13.). (B) The secondary genetic event most
frequently found in this study was copy number variation, with CCND1 being most frequently observed followed by TP53 and FGFR3.
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57444 for 24 h. Cell proliferation results established by using
tryphan blue staining showed significantly decreased cell
numbers in KMM1 and KMS11 cell lines (p-value < 0.05) as
shown in Supplementary Figure S1. The efficacy of LDN-57444
to target UCHL1 was confirmed Western blotting. As expected,
targeting of UCHL1 was able to suppress the protein level and
proliferation of both KMS11 and KMM1 cell lines in vitro.
Interestingly, KMS11 cells with phenotypically overexpressed
UCHL1 protein were strongly suppressed by LDN-57444
compared to KMM1 cells with a low level of UCHL1 protein
(Figure 7A). The intensity of western blot results of treated and
untreated conditions in KMM1 were 6.85 × 104 and 1.62 × 105

respectively, whereas in KMS11 were 3.8 × 105 and 3.44 × 106,
respectively. Additionally, cell cycle arrest in G1 was observed in

both KMS11 and KMM1 cell lines after treatment with UCHL1
inhibitor (Figure 7B). Statistical analysis demonstrated that both
cell lines had significantly increased proportion in G1 phase after
treatment (Figures 7C,D). These results suggest that both cell
lines were sensitized by UCHL1 inhibitor resulting in increased
cell cycle proportion in G1 phase even though in KMS11 cells
with phenotypic overexpression of UCHL1. We further
investigated the crosstalk between UCHL1 and its downstream
targets, including CCND2, CDK4, mTOR, and β-catenin. Using
STRING database to predict protein-protein interaction (PPI).
We found that UCHL1 is able to interact with CCND2 via
CDKN1B and β-catenin (Supplementary Figure S2A).
Another PPI network was generated using UCHL1 and the
top 100 upregulated genes identified in the expression profile

FIGURE 2 | (A) Hierarchical clustering of the high cytogenetic risk group compared to the standard cytogenetic risk group. The samples that had the most similar
gene expression patterns were grouped and connected by a series of branches. Even though the expression patterns of the high and standard cytogenetic risk groups
were for the most part similar, the gene expression patterns of high cytogenetic risk samples (red bar) were different from those of standard cytogenetic risk samples at
the first-line branch. The top 20 upregulated and downregulated genes followed by fold change are shown. The highest fold change of an upregulated gene in the
high cytogenetic risk group was UCHL1. (B) Venn diagram of total genes from the high cytogenetic risk group and the standard cytogenetic risk group. Most of the
differentially expressed genes were found in both the high and standard cytogenetic risk groups (930 genes, 96.9%). (C) Venn diagram of upregulated genes. Most
upregulated genes were found in both cytogenetic risk groups, but there were three genes only found in the high cytogenetic risk group, and all three of them were
upregulated genes. No upregulated genes were found only in the standard cytogenetic risk group. (D) Venn diagram of downregulated genes. Most downregulated
genes were also found in both cytogenetic risk groups. This result indicates that the transcriptome molecular signatures of high and standard cytogenetic risk MM are
very close in pattern of expression.
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FIGURE 3 | Snapshot of enrichment results from Gene Set Enrichment Analysis (GSEA) shows the gene sets that were enriched in the t(4;14) group compared to
the non-t(4;14) group. The enriched gene sets are mostly involved in cell cycle control and protein metabolism, including (A)MTORC1 signaling, (B)G2M checkpoint, (C)
E2F targets, (D) MYC targets V1, (E) Protein secretion, and (F) PI3K-AKT-MTOR signaling.
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analysis in this study. The result showed that UCHL1 can interact
with the molecular network involved with CCND2 by indirect
interaction (Supplementary Figure S2B). Moreover, functional

enrichment in the predicted protein network wasmostly observed
in proteins that influence cell cycle regulatory pathways, which is
similar to our findings from functional enrichment analysis

FIGURE 4 | Biological pathways from FunRich software demonstrate enriched gene sets that show the same enrichment results as those observed from Gene Set
Enrichment Analysis (GSEA) in terms of cell cycle control.

FIGURE 5 | Functional enrichment analysis by Gene Ontology (GO) Panther pathway demonstrates a pie chart of the t(4;14) MM group (A) compared to reference
Homo sapiens (B). Gene sets involved in the cell cycle were more frequently found in the high cytogenetic risk group (green color). Interestingly, the ubiquitin proteasome
pathway was found less frequently in the high cytogenetic risk group than in reference Homo sapiens. This finding combined with the observed high fold change of
UCHL1 from expression profile analysis suggests the involvement of UCHL1 in multiple functions, including the ubiquitin proteasome degradation system and cell
cycle control.

Pathology & Oncology Research March 2021 | Volume 27 | Article 6065678

Kamseng et al. Targeting UCHL1 Cell Cycle Arrest



(Supplementary Tables S3–S5). Taken together, our data further
highlight the potential molecular mechanism of UCHL1 to
manipulate the cell cycle in MM cell lines.

DISCUSSION

MM is known as an incurable disease that is very heterogeneous
in clinical presentation, genetic alteration, treatment response,
and disease survival, especially in patients in the high cytogenetic
risk group. Several cytogenetic abnormalities were recently

identified as high-risk markers in MM patients, including t(4;
14), t(14;16), t(14;20), del(17/17p), non-hyperdiploidy of
chromosome number, and gain (1q) according to IMWG risk
classification 2016 [22]. This is similar to previous studies which
reported that translocation involving immunoglobulin heavy
chain, including t(4;14), is a common cytogenetic abnormality
in high-risk MM patients [10, 22, 30, 31]. Furthermore, t(4;14)
was associated with an adverse prognosis in patients who received
high-dose chemotherapy with autologous stem cell
transplantation (ASCT) [32–34]. Expression profile and
functional enrichment analyses yield information about the

FIGURE 6 | Expression level of theUCHL1 gene in the t(4;14) and non-t(4;14) MM groups (A), and of theUCHL1 downstream target genesCCND2 (B),CDK4 (C),
mTOR (D),CTNNB1 (E), and TCF4 (F). UCHL1mRNA expression was found to be significantly higher in the high cytogenetic risk group than in the standard cytogenetic
risk group. Among all of the well-known downstream targets ofUCHL1 from previous studies, onlyCCND2was found to be significantly differentially expressed in the t(4;
14) MM group. These data further highlight the copersistence of upregulation of UCHL1 and CCND2 in t(4;14) high cytogenetic risk MM, which may be involved in
disease progression in this MM subgroup.
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FIGURE 7 | (A)Western blot analysis of the effect of UCHL1 inhibitor on UCHL1 protein level in KMM1 and KMS11 cell lines after treatment. UCHL1 inhibitor could
suppress the protein level of UCHL1 in KMS11 cell line, which is a phenotypically overexpressed UCH1 protein. (B) DNA index of KMM1 and KMS11 in both treated and
untreated conditions. After treatment with 20 ng/μl of UCHL1 inhibitor for 24 h, the DNA index demonstrated an increase in the %G1 phase in the treated condition.
Results shown the significantly increased of %G1 phase both (C) KMM1 and (D) KMS11 cell lines. These results indicate that UCHL1 can manipulate cell cycle
control in MM cell line in both high and low expression of UCHL1 protein.
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molecular machinery in MM cells, such as the immune system
[35], cell cycle regulation [36, 37], and cell differentiation and
proliferation [38], which can lead to the identification of
promising biomarkers and potential therapeutic targets for the
treatment of MM.

In this work, using high-resolution gene expression profiling
analysis, we found that 96.9% of genes have called as intersect part
of both the high-risk and standard-risk groups of MM from Venn
diagram but the level of gene expression pattern between these
groups have been significantly difference as the result shown in
Hierarchical clustering (Figure 2). This highlights the
complicated nature of the molecular machinery of this disease,
and the difficulty associated with identifying a unique biomarker
in both MM subtypes. Four of five samples in the high-risk group
harbored t(4;14). This translocation was frequently found to be
involved in the alteration of the FGFR3 andWHSC1 genes due to
their juxtaposition next to IGH@ enhancers [39, 40].
Interestingly, we found UCHL1 to be predominantly
differentially overexpressed in those samples when compared
with samples derived from standard-risk MM patients and high-
risk MM patients not harboring t(4;14). Several studies reported
that UCHL1 is a key regulator of the invasion and metastasis of
several tumors [41], including pancreatic neuroendocrine tumors
[42], pediatric high-grade glioma [43], breast carcinoma [44], and
ovarian cancer [45]. UCHL1 was also reported to be a biomarker
for t(4;14) aggressive MM [11]. In mouse model, UCHL1 was
found to be crucial for the development of B-cell lineage, which
shows as plasmacytoma histology [46]. However, it is less clear
regarding the molecular mechanism of UCHL1 and its
downstream targets in the establishment of MM. To address
this, we investigated the molecular functions of UCHL1 using
expression microarray and newly developed functional
enrichment analysis tools. Similar to previous functional studies
in the cell cycle, we found several genes and gene set data from
enrichment analysis that indicated thatUCHL1 is required for cell
cycle process and cell survival [11, 20, 47, 48]. Our data further
confirmed that UCHL1 expression level is significantly
overexpressed in high-risk MM patients with t(4;14).

Surprisingly, of all of the well-defined UCHL1 downstream
targets, including CCND2, mTOR, CDK4, CTNNB1, and TCF4,
only CCND2 was found to be significantly overexpressed
commensurate with UCHL1 expression level. This result
supports the previously reported finding that high expression
of UCHL1 correlated with D type cyclin [49, 50].

We performed additional experiments to address the
hypothesis that small molecular inhibitor could manipulate
t(4;14) MM cells via UCHL1 inhibition. Our results revealed
that UCHL1 inhibitor could suppress the UCHL1 protein level of
MM cell line when compared with control condition. This
observation may be explained by the fact that small molecule
inhibitor can target the UCHL1 protein at specific active-site
structure [51]. Moreover, this result related to DNA index, which
suggests that UCHL1 inhibition leads to cell cycle arrest in G1
phase. This data further suggests the potential impact of targeting
UCHL1 on cell survival in MM cell lines. Moreover, our data
from Western blot analysis further confirmed that UCHL1

protein level is overexpressed in KMS11 cell line that is
positive for t(4;14), and 4 out of 5 of our tested samples in the
high-risk group harbored t(4;14). This data further supports
previous reports of UCHL1 high expression in MM cells with
t(4;14) [11, 46]. We then generated a protein-protein interaction
network, which revealed that UCHL1 is involved in the regulation
of cell cycle process via cyclin D. However, additional study is
needed to further elucidate the molecular function of UCHL1 in
the development of MM, such as genetic suppression of UCHL1
in MM cell lines and in vivo mouse model.

CONCLUSION

Our data demonstrate the differential gene expression patterns in
the high-risk and standard-risk groups ofMM.UCHL1was found
to be predominantly overexpressed in the t(4;14) high cytogenetic
risk group, which had an 80% prevalence of t(4;14) positivity.
Gene set enrichment and pathway analysis revealed that UCHL1
regulates cell cycle control in t(4;14) high-risk MM. Additionally,
data from the protein-protein interaction network generated and
the in vitro experiments conducted in this study suggest that
UCHL1 regulates the cell cycle in MM cells. Finally, targeting of
UCHL1 using LDN-57444 could suppress the growth of t(4;14)
high-riskMM cell lines in vitro to arrest the cell cycle in G1 phase.
Future works will aim to investigate the genetic suppression of
UCHL1 in both in vitro cell line and in mouse model, and to study
the functional crosstalk of UCHL1 and its downstream targets,
such as CCND2 and β-catenin, in the development of MM.
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