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Characterizing the Role of UCHL5 in Metastatic Melanoma 

Seenya Vincent, BS 

Advisory Professor: Kunal Rai, PhD 

 

Metastatic melanoma is one of the most aggressive cancers. In recent years, 

the survival rate has improved with the introduction of immunotherapy. Our lab 

conducted an in vivo ORF screen to identify potential drivers of metastasis. 

UCHL5/UCH37 was identified as one of the top candidates. UCHL5 is a 

deubiquitinating enzyme and interacts with the 26S proteasome complex and the 

INO80 chromatin remodeling complex. While UCHL5 has been shown to be 

overexpressed in many cancers, it has not been well characterized in melanoma. We 

investigated the role of UCHL5 in metastatic melanoma in vitro through 

overexpressing and knocking down UCHL5 in primary and metastatic melanoma cell 

lines, Western Blotting, RNA-sequencing, ATAC-sequencing, ChIP-sequencing, and 

in vivo by using a mouse model. Mice that were inoculated with B16F10 shUCHL5 

cells and subsequently treated with an isotype control led to reduced tumor burden. 

However, mice that were inoculated with B16F10 shUCHL5 cells and were also 

treated with anti-mouse PD1 led to increased tumor burden. We find that UCHL5 plays 

a role in the progression of metastatic melanoma and contributes to an increased 

tumor burden. These findings can provide insight into how we approach treatment for 

metastatic melanoma, including how we target and modulate the function of UCHL5.  
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Chapter 1: Introduction  

1.1 Background 

1.1.1 Melanoma 

Melanoma is considered to be an aggressive cancer. While it’s not the most 

common skin cancer [1], it tends to be more aggressive than other skin cancers 

because of its ability to metastasize quickly [2]. Melanoma occurs when melanocytes, 

which are derived from neural crest cells, are malignantly transformed [2]. About half 

of all melanoma cases also have activating BRAF mutations [2]. The introduction of 

immune checkpoint blockade (ICB), which began with Ipilimumab in 2011 [3] and 

targets Cytotoxic T-lymphocyte-associated protein 4 (CTLA-4), and which was 

followed by Pembrolizumab and Nivolumab targeting Programmed Cell Death 

Protein-1 (PD-1), has improved the prognosis of patients with melanoma in terms of 

both survival and tumor recurrence rates [2, 3, 4, 5]. In recent years, the 5-year 

survival rate for early-stage melanoma has increased to 98.3% [3]. However, the 

outlook for metastatic melanoma is still dire with a 5-year survival rate of just 16% [3].  

Patients with metastatic melanoma face several challenges with regard to 

effectiveness of treatment. One of these issues is acquired resistance to treatment, 

including immunotherapy, which can lead to recurrence of melanoma [2, 3]. One of 

the underlying causes of resistance to immunotherapy is secondary genomic 

aberrations [4]. Epigenetic therapy, either alone or in combination with immune 

checkpoint blockade, has been shown to improve the effectiveness of treatment 

against metastatic melanoma [4]. This has opened the door to investigating new 

targets within the genome and epigenome.   
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1.1.2 Discovery, Identification, and Characterization of UCHL5 

In 1997, a yet-to-be named deubiquitinating enzyme (DUB) was discovered 

when PA700/19S regulatory particle, a subunit of the 26S proteasome, was purified 

from bovine red blood cells [6]. It was later named Ubiquitin C-terminal hydrolase 37 

(UCH37) [7], and is also known as UCHL5, in mice [8]. Human UCH37 and mouse 

UCHL5 are nearly 100% identical [8,9], and the terms are used almost 

interchangeably in the scientific literature. UCH37 was elucidated by doing Ubiquitin 

isopeptidase activity assays and affinity labeling of the unknown DUB with Ub-nitrile 

[6]. Specifically, UCH37 was found to act on the Lys48-linked diubiquitin substrate [6]. 

The association of UCH37 with PA700 was determined by co-sedimentation with 

isopeptidase inhibitor Ub-aldehyde [6]. The molecular mass of UCH37 was 

determined to be 37 kDa [6,9]. An X-ray crystal structure of the full-length UCH37 was 

also generated [10]. Chromatographic analysis of UCH37 showed that low protein 

concentrations of UCH37 may show varied and inaccurate activity, and UCH37’s 

average molecular weight actually increases as a function of its concentration [10]. 

Human UCH37 is located on chromosome 1 and contains 12 exons [11].   

There are around 100 putative deubiquitinating enzymes, which can be 

classified into 5 families, including the Ubiquitin C-terminal (UCH) family [12]. The 4 

members of the UCH family are UCHL1, UCHL3, UCHL5/UCH37, and BAP1 [9,13]. 

UCH37 is well-conserved, including in humans, mice, fruit flies, and fission yeast [9].  

UCH37 contains both an N-terminal catalytic domain, and a non-conserved 

extended C-terminal tail [8,10]. UCH37 interacts with 2 different complexes: the INO80 

chromatin remodeling complex, and the 26S proteasome [9,14]. Nuclear factor related 
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to kappa-B-binding protein (NFRKB) recruits UCH37 to the INO80 complex which 

remodels chromatin by sliding nucleosomes [9,15,16]. INO80 is also recruited by the 

transcription factor, YY1 [15]. The 26S proteasome degrades polyubiquitinated 

proteins [9]. UCH37 cannot act alone, and instead has to be recruited by RPN13 

(ortholog of ADRM1) to the 26S proteasome [7,10,17,18]. In fact, UCH37 has an 

autoinhibitory tail, with a KEKE motif, in the C-terminal domain that prevents it from 

deubiquitinating substrates on its own [7,13]. However, it is possible for UCH37 to self-

assemble and form an oligomer at high concentrations [10]. UCH37 can interact with 

only 1 of the 2 complexes at any given time because NFRKB and RPN13 competitively 

bind to UCH37’s C-terminal [7,9,16,19], even though they interact in a similar manner 

with UCH37 [9,18]. The activity of UCH37 is controlled by RPN13 and NFRKB [20]. 

UCH37 is activated when bound by RPN13 and recruited to the 26S proteasome 

[16,21]. UCH37 is inactive, both in the nucleus, as well as when bound by NFRKB in 

the INO80 complex [16]. In this state, UCH37 cannot perform deubiquitination. Oddly 

enough, human RPN13 can activate UCH37 while it is bound to INO80, but the 

resulting deubiquitinating activity is very low, and possibly ineffective [16]. UCH37 acts 

on Lys48-linked polyubiquitin substrates, where it removes ubiquitin from the distal 

end [7,8,10,21,22]. Ubiquitin-mediated proteolysis occurs when a protein is tagged 

with ubiquitin, which marks it for degradation by the 26S proteasome [23].  

1.1.3 UCHL5 in Normal Physiology 

UCH37 is essential in several areas. UCH37 is required for cell cycle 

progression [24]. It also plays a role in DNA repair through double-strand end break 

resection and homologous recombination [25]. 
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UCH37 has been shown to function in TGF-β signaling by interacting with Smad 

transcription factors, including Smad 2, Smad 3, and especially Smad7 [8].  

UCH37 also interacts with β-catenin, a signal transduction protein in the Wnt/β-catenin 

pathway and prevents its degradation [11]. This involvement in both TGF-B signaling 

and the Wnt/B-catenin pathways could also contribute to cancer because these 

pathways are essential. UCHL5 is also necessary for brain development in mice, as 

well as their survival [26]. Complete deletion of Uch37 results in prenatal lethality of 

mice [26]. 

1.1.4 UCHL5 in Disease 

UCHL5 has been shown to be aberrantly expressed in disease states, including 

cancer and Alzheimer’s disease. UCHL5 is overexpressed in multiple cancers, 

including HPV+ cervical carcinoma [27], hepatocellular carcinoma [28], epithelial 

ovarian cancer [13,29], multiple myeloma [12], Waldenstrom Macroglobulinemia [30], 

non-small cell lung cancer [14], esophageal squamous cell carcinoma [13,14], 

pancreatic cancer [13], as well as gastric and colon cancers [14]. In vitro assays of 

hepatocellular carcinoma cell (HCC) lines have shown that UCH37 could be promoting 

cell migration and invasion [28]. In epithelial ovarian cancer (EOC), UCHL5 expression 

was higher in less differentiated tumors, and was also linked to worse prognosis [29]. 

In HCC and EOC, UCHL5 prevents the degradation of proteins that should be 

degraded and can also be considered a prognostic factor for time to recurrence 

[28,29]. UCHL5 is, therefore, considered to be a tumor promoter [13]. Interestingly, 

UCHL5 is downregulated in Alzheimer’s disease, and affects the relationship between 

proteolysis and transcriptional regulation [31]. 
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1.2 Rationale and Hypothesis 

1.2.1 In vivo ORF screen for pro-metastatic epigenetic drivers of melanoma 

It is well known that the progression of many cancers, including melanoma, can 

be driven by genetic alterations [32, 33, 34]. However, there is still a gap of knowledge 

regarding epigenetic alterations that drive melanoma. Our lab conducted a gain-of-

function (overexpression), gain-of-phenotype (metastasis) screen using 430 ORFs 

belonging to 358 epigenetic genes, to identify pro-metastatic epigenetic genes in 

melanoma (Fig 1A). These ORFs were overexpressed in a pooled fashion (15 genes 

per pool) in a genetically engineered partially transformed tumorigenic but non-

metastatic primary melanocyte system (pMEL-BRAF-shPTEN) which generates non-

metastatic tumors in 9-15 weeks upon xenotransplantation. All 310 mice (10 mice for 

31 pools) were monitored for nodules in the lung, liver, and lymph nodes, and hits 

were identified from metastatic lesions through PCR and sequencing. UCHL5 was 

identified as a top candidate, amongst 9 other genes, in the screen (Fig 1B). Lungs 

from mice injected with UCHL5 expressing WM115 cells (primary melanoma) showed 

nodules, but not mice injected with GFP expressing WM115 cells (Fig 1C). A point 

mutant derivative was also generated for UCHL5 (C88S), which abrogated the 

catalytic activity of UCHL5. Mice that were injected with UCHL5 overexpressing 

pMEL-BRAF-shPTEN, WM115, or WM793B cells all had more metastases compared 

to mice that were injected with the same 3 cell lines expressing GFP or UCHL5 C88S 

(Fig 1D). 
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Fig 1. An epigenetic ORF screen identified UCHL5 as a pro-metastatic driver of 

melanoma. (A) Experimental design of an in vivo overexpression screen to identify 

pro-metastatic epigenetic genes regulating melanoma. (B) Gene-hits after secondary 

validation. (C) Images of lungs from mice injected with GFP or UCHL5 expressing 

WM115 cells. (D) Graph showing percent of mice with lung nodules after mice injected 

with GFP, wild type (WT) or Catalytic mutant (CM) UCHL5 expressing cells in pMEL-

BRAFV600E-shPTEN, WM115 or WM793B backgrounds. 
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We performed Boyden chamber assays to determine invasive potential and 

found that invasion is substantially decreased in cells expressing GFP or UCHL5 

C88S, compared to cells expressing UCHL5 WT (Fig 2). This indicated that UCHL5 

promotes invasion. We also surveyed existing mRNA expression databases for 

UCHL5 expression in matched primary and metastatic melanoma tissues and noted 

that Xu et al [35] showed increased expression of UCHL5 in metastatic tissues 

compared to primary tumors (Fig 3). UCHL5 has also previously been shown to 

interact with the INO80 chromatin remodeling complex [9]. We wanted to know 

whether INO80 is required for the invasive activity of UCHL5 expressing cells. We 

knocked down INO80 and assessed invasion activity. We found that UCHL5 employs 

INO80 for invasion in melanoma (Fig 4). 
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Fig 2. UCHL5 promotes invasion. Images of invasive cells after Boyden chamber 

assay on pMEL-BRAFV600E-shPTEN, WM115 or WM793B cells overexpressing GFP, 

wild type (WT) or catalytic mutant (C88S) version of UCHL5.  
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Fig 3. UCHL5 is overexpressed in metastatic melanoma. Box plot showing UCHL5 

expression in matched primary and metastatic melanoma tissues. 
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Fig 4. UCHL5 employs INO80 chromatin remodeling activity for promoting 

melanoma invasion. Images of invasive cells from Boyden chamber assay of WM115 

GFP control or UCHL5 overexpressing cells harboring either control (shNT) shRNAs 

or Ino80-specific shRNAs. 
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1.2.2 Summary, Hypothesis, and Specific Aims 

While the prognosis for melanoma has improved with the advent of immune 

checkpoint blockade, the 5-year survival rate for metastatic melanoma is still very low 

[3]. However, combination therapies, including those that combine epigenetic therapy 

with immunotherapy, have shown promise [4]. Based on the results of our in vivo ORF 

screen and subsequent experiments, we’ve found that UCHL5 is a pro-metastatic 

epigenetic driver of melanoma and is also overexpressed in metastatic melanoma (Fig 

1-4). We hypothesize that UCHL5 promotes metastasis via epigenome 

reprogramming and its knockdown can alter melanoma progression and therapeutic 

response. The specific aims of this project are: 

1) Identify mechanisms of UCHL5 action in metastasis. 

2) Test contribution of UCHL5 to immune checkpoint therapy response. 

Aim 1 will be carried out in vitro by knocking down UCHL5 in human metastatic 

melanoma cells, followed by ATAC-seq and ChIP-seq to determine involvement of the 

epigenome. 

Aim 2 will be carried out an in vivo study by first knocking down UCHL5 in a mouse 

metastatic melanoma cell line, followed by injection of these cells into C57BL/6J mice 

and treatment of mice with immunotherapy upon palpable tumor formation. 
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Chapter 2: Methods and Materials 

2.1 Cell Lines 

All melanoma cell lines used in this study were commercially obtained. The 

human melanoma cell lines include a primary cell line, WM115, and its corresponding 

metastatic cell line, WM266-4. These cell lines were cultured in Dulbecco’s Modified 

Eagle Medium (DMEM) supplemented with 10% Fetal Bovine Serum (FBS) and 1% 

Penicillin-Streptomycin (P/S). The mouse metastatic melanoma cell line that was used 

was B16F10, which was cultured in Dulbecco’s Modified Eagle Medium 

(DMEM)/Nutrient Mixture F-12 (DME/F12) supplemented with 10% Fetal Bovine 

Serum (FBS) and 1% Penicillin-Streptomycin. Cells were cultured in a humidified 

incubator set at 37℃ with 5% CO2. 

2.2 Plasmid Preparation 

Bacterial glycerol stocks for short hairpin RNAs (shRNA) encoded in the 

pLKO.1 vector backbone and targeting UCHL5, were purchased from Sigma Aldrich. 

We started with 10 shRNAs targeting human UCHL5, 5 shRNAs targeting mouse 

UCHL5, and 4 non-target control vectors. We also obtained bacterial glycerol stock 

for pL6_UCHL5 for UCHL5 overexpression. Bacteria from glycerol stocks were 

cultured on Luria Broth (LB) Agar plates with carbenicillin, overnight. Single colonies 

were selected and cultured overnight in Terrific Broth and 100µg/ml working 

concentration of ampicillin. Bacterial culture was harvested at 4℃ by centrifugation at 

6000g, for 15 minutes. Plasmid DNA was purified using Qiagen Plasmid Maxi kit, and 

the concentration and purity of the DNA were measured using Nanodrop. 

2.3 Lipid-based Transfection and Lentivirus Generation 
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Early passage Human Embryonic Kidney (HEK) 293T cells were transfected 

with 6µg of either pLKO_UCHL5 or pL6_UCHL5 or non-target control vectors and 3µg 

each of psPax2 (2nd generation lentiviral packaging plasmid) and pCMV_VSVG 

(envelope protein), along with Lipofectamine 3000, to generate lentivirus. Cells were 

maintained in OptiMEM during transfection. Media was changed to complete DMEM 

7 hours after transfection. Lentiviral supernatant was collected 48 hours post-

transfection, filtered using a 0.45 µm filter, and frozen at -80℃. Lentiviral titer was 

measured using abcam’s qPCR lentivirus titer kit.   

2.4 Generation of UCHL5 Knockdown and Overexpression Cell Lines 

Lentiviral particles containing human pLKO_UCHL5 vectors and pL6_UCHL5 

vectors were transduced into WM266-4 and WM115, respectively, along with 10µg/ml 

working concentration of polybrene transfection reagent. Lentiviral particles containing 

mouse pLKO_UCHL5 were transduced into B16F10 cells along with polybrene. 

Lentiviral particles containing non-target controls were also transduced into all 3 cell 

lines. Transduction was stopped after 20 hours, and antibiotic selection was initiated 

using 2µg/ml working concentration of puromycin or blasticidin for pLKO and pL6 

vectors, respectively. Transduced WM266-4 and B16F10 cells were selected within 

48 hours, when all control WM266-4 and B16F10 cells had died. Transduced WM115 

cells were selected within 11 days when all control WM115 cells had died. 

2.5 Western Blotting 

WM266-4, WM115, and B16F10 cell lines growing in culture were washed with 

PBS, and trypsinized using 0.25% Trypsin. Whole cell lysates were prepared by 

resuspending the cells in an ice-cold RIPA buffer containing protease and 
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phosphatase inhibitors, keeping the cells on ice for 30 minutes, and collecting the 

supernatant at 4℃ by centrifugation at 14,000 RPM for 15 minutes. Protein 

concentration was measured using the Pierce BCA protein assay kit, and quantified 

using Omega plate reader. Proteins were denatured by adding β-mercaptoethanol 

and boiling at 95℃ for 10 minutes. Proteins were separated using an SDS-PAGE gel 

and transferred to a nitrocellulose membrane. Primary antibodies were diluted 1:1000 

using non-fat dry milk or Bovine Serum Albumin (BSA) dissolved in Tris-buffered 

saline with 0.1% Tween 20 (TBST). Membranes containing proteins were incubated 

overnight in primary antibodies. 

2.6 RNA-Sequencing 

Cells were harvested from WM266-4 shNT-1, WM266-4 shUCHL5-1, and 

WM266-4 shUCHL5-4 cell culture dishes by washing the cells with PBS and 

trypsinizing with 0.25% Trypsin. Total RNA was extracted using Qiagen RNeasy Mini 

kit. β-mercaptoethanol was added to remove any ribonucleases. DNase treatment 

was done to remove any DNA. Concentration and purity of the eluted RNA were 

measured using Nanodrop. RNA degradation (RIN) was measured on TapeStation 

using High Sensitivity RNA ScreenTape Assay. Library preparation and sequencing 

were done at Novogene in Sacramento, California. 

2.7 ATAC-Sequencing  

Cells were harvested from WM266-4 shNT-1, WM266-4 shUCHL5-1, and 

WM266-4 shUCHL5-4 cell culture dishes by washing with PBS and trypsinizing with 

0.25% Trypsin. Cell pellets were collected, washed with PBS, and frozen at -80℃. 

ATAC was done by following the ATAC-sequencing protocol from the Greenleaf lab 
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[36]. Sequencing was done using Illumina’s NextSeq500 instrument at MD Anderson’s 

Advanced Technology Genomics Core (ATGC) Laboratory. 

2.8 ChIP-Sequencing 

Cells were harvested from WM266-4 shNT-1 and WM266-4 shUCHL5-1 cell 

culture dishes by washing with PBS and trypsinizing with 0.25% Trypsin. ChIP was 

done by following the protocol from the Rai lab [37]. Library preparation was done by 

following the NEBNEXT Ultra II DNA Library Prep protocol. Quality control of DNA 

was done using Qubit and TapeStation. Sequencing was done using Illumina’s 

NextSeq 500 instrument at MD Anderson’s Advanced Technology Genomics Core 

Laboratory. 

2.9 Mice 

12 - 13 week old female C57BL/6J mice, purchased from The Jackson 

Laboratory, were used in this study. Mice were housed at MD Anderson’s South 

Campus Vivarium, and animal experiments were conducted in accordance with the 

rules and regulations of The University of Texas MD Anderson Cancer Center 

Institutional Animal Use and Care Committee (IACUC). 

2.10 Mouse Experiments 

B16F10 shNT-1 and B16F10 shUCHL5-1 cell lines were used for mouse 

experiments. Cells from each line were resuspended in non-reduced Matrigel diluted 

1:4 with PBS. Mice were injected subcutaneously with 100,000 cells of either B16F10 

shNT-1 or B16F10 shUCHL5-1 cell line. Tumors were measured with a digital caliper. 

When tumors were palpable, mice were injected intraperitoneally with 100ug of either 

rat IgG2a isotype control or anti-mouse PD1 every other day until mice were moribund 
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and had to be euthanized. Mice were sacrificed, and tumor, spleen, liver, lungs, and 

draining lymph nodes were collected from mice and fixed using formalin for histology. 

Spleen and one chunk of tumor were processed for flow cytometry. One chunk of 

tumor was flash frozen for downstream applications. 

2.11 Flow Cytometry 

 Cells were harvested from mouse tumors and spleens, and single cell 

suspensions were prepared using ice-cold PBS containing 1% FBS. Fluorescently 

labeled antibodies were added to single cell suspensions and incubated for 30 

minutes at 4℃, away from light. After incubation, cells were washed, centrifuged, and 

supernatant was discarded. Cells were resuspended in 2% formaldehyde, and stored 

at 4℃, away from light, prior to flow cytometry. Flow cytometry was done for 4 panels, 

with compensation (Table 1). 
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Panel 1 Panel 2 Panel 3 Panel 4 

CD45-BV711 CD45-BV711 CD45-BV711 CD45-BV711 

Ly6G-BV421 CD3-BV421 CD62L-BV421 MHCII-BV421 

CD103-PE CD4-PE CD44-PE CD11b-APC 

CD11b-APC CD335-APC CD4-FITC CD206-FITC 

MHCI-FITC 
CD11c-Percp 

KLRG1-FITC 
 
NK1.1-Percp 

Tim-3-Percp 
CD8a-AF700 

CD11c-Percp 
 
CD86-AF700 

CD8a-AF700 CXCR5-APCcy7 
 

PD-1- PECF594 CD80-APCcy7 

Ly6C-APCcy7 PD-1- PECF594 LAG-3-BV785 F4/80-Pecy7 

F4/80-Pecy7 Live/dead BV510 Live/dead BV510 B220- PECF594 

Gr-1-PE CF594  CTLA-4 PE CY7 PD-L1- BV785 

Live/dead BV510    

 

Table 1. Panels run for flow cytometry. 
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2.12 Statistical Analysis 

Microsoft Excel was used to document mouse tumor measurements and 

calculate tumor volume. GraphPad Prism was used for statistical analysis of 

experimental data. The two-way ANOVA test was used to compare the average tumor 

volumes of each of the 4 treatment groups. p values < 0.05 were considered 

statistically significant. 
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Chapter 3: Results 

3.1 UCHL5 knockdown in vitro alters chromatin accessibility and promotes 

enhancer/super-enhancer reprogramming in metastatic melanoma. 

We investigated the role of UCHL5 in metastatic melanoma by first knocking 

down UCHL5 in WM266-4, a human metastatic melanoma cell line. The reduction in 

expression was confirmed by Western Blotting (Fig 5A, B). We repeated the Western 

Blot to confirm knockdown in WM266-4 shUCHL5-1 (Fig 5B), as the loading control 

was not sufficient during the first attempt (Fig 5A). 

To determine the role of UCHL5 in the epigenome, we performed ATAC-

sequencing and ChIP-sequencing. The purpose of ATAC-sequencing is to determine 

chromatin accessibility by inserting hyperactive Tn5 transposase into open regions of 

the chromatin [36,38]. We found that UCHL5 knockdown alters accessibility on 

promoters and distal intergenic regions (enhancers) (Fig 6A). Specifically, we found 

that accessibility is increased in the promoter region and accessibility is decreased in 

the enhancer region. The signal around the TSS region may have been altered (Fig 

6B). Unique sites were identified for both WM266-4 shNT-1 and WM266-4 shUCHL5-

4, as well as pathways that were altered, including ones that are involved in interferon 

signaling and interferon gamma (Fig 6C). Various transcription factors were also 

affected by UCHL5 knockdown (Fig 6D). Since it’s known that INO80 alters super-

enhancers in melanoma [39], we wanted to determine whether UCHL5 also alters 

super-enhancers. ChIP-sequencing was done to determine whether UCHL5 is 

involved in enhancer and super-enhancer reprogramming. The purpose of ChIP-seq 

is to identify DNA-protein interactions and their binding sites [37,40]. We targeted 
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H3K27ac, a marker for active enhancer activity [41]. The ROSE algorithm was used 

to distinguish enhancers from super-enhancers during ChIP-sequencing data analysis 

[42]. Interestingly, we found that enhancers and super-enhancers were increased 

when UCHL5 is knocked down (Fig 7A, B). We also found various pathways, including 

the YAP1-ECM and EMT pathways to be enriched following UCHL5 knockdown (Fig 

7C).  

Since we identified some mesenchymal transcription factors through ATAC-

seq (Fig 6D), we were interested in determining whether the protein expression of 

mesenchymal markers was also modified by UCHL5 knockdown. We looked at 

various mesenchymal markers and found that the expression of Vimentin and Snail is 

almost completely eliminated when UCHL5 is knocked down in WM266-4 (Fig 8A, B). 

However, the expression of Slug is increased following UCHL5 knock down (Fig 8C). 
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Fig 5. Confirmation of UCHL5 knockdown in WM266-4 by Western Blotting. 
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Fig 6. ATAC-seq shows UCHL5 knockdown alters accessibility in regulatory 

regions. (A) Promoters and enhancers are altered. (B) Signal around the TSS doesn’t 

appear altered. (C) Pathways and (D) transcription factors are altered. 
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Fig 7. ChIP-seq reveals that UCHL5 knockdown promotes enhancer/super-

enhancer reprogramming. (A) Enhancers and, (B) super-enhancers are 

reprogrammed following UCHL5 knockdown. (C) Super-enhancer alterations impact 

several pathways. 
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Fig 8. UCHL5 knockdown alters mesenchymal gene expression. Expression is 

altered for A) Vimentin, B) Snail, C) Slug. 
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3.2 UCHL5 knockdown combined with anti-PD1 treatment increases tumor 

burden in mice. 

There are currently 2 major unmet clinical needs, including 1) combination 

therapies to increase response rate, and 2) biomarkers for response. Immune 

checkpoint blockade has shown success over the past decade and works by stopping 

the interaction between cancer cells and cytotoxic T cells at immune checkpoints [43]. 

The interaction between programmed cell-death ligand 1 (PDL-1) on the surface of 

cancer cells and programmed cell-death 1 (PD-1) on the surface of cytotoxic T cells 

prevents T cells from attacking cancer cells [43]. Melanoma patients treated with anti-

PD1 have shown an objective response rate of 30%-40% [44], but there is still room 

for improvement with combination therapies [45].  

DNA damage repair and chromatin remodeling are considered 2 of the 

determinants of immunotherapy response [46]. The INO80 chromatin remodeling 

complex interacts with UCHL5 and is known to play a role in DNA damage repair and 

genome stability [47]. We have also found that knocking down UCHL5 alters 

chromatin accessibility on regulators of interferon signaling (Fig 6C). Therefore, we 

are interested in determining whether UCHL5 blockade in combination with anti-PD1 

can be an effective treatment for metastatic melanoma. 

To test the contribution of UCHL5 to immune checkpoint therapy response, we 

first knocked down UCHL5 in B16F10, a mouse metastatic melanoma cell line. We 

selected B16F10 shNT-1 as our non-targeting control, and B16F10 shUCHL5-1 as the 

knocked down cell line, after UCHL5 expression was probed in various B16F10 shNT 

and B16F10 shUCHL5 cell lines, by western blotting (Fig 9).  
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Next, we did an in vivo study where we looked at the effect of different 

treatments on tumor burden (Fig 10). 100,000 cells of either B16F10 shNT-1 or 

B16F10 shUCHL5-1, were injected subcutaneously into 20 x C57BL/6J female mice. 

Treatment with anti-mouse PD1 or Isotype control began when tumors were palpable, 

resulting in a total of 4 treatment groups (B16F10 shNT-1 IgG, B16F10 shNT-1 anti-

PD1, B16F10 shUCHL5-1 IgG, and B16F10 shUCHL5-1 anti-PD1). Lungs, liver, 

lymph nodes, spleen, and tumor were harvested after mice were sacrificed due to 

moribund condition. Treatment with anti-PD1 decreased tumor burden in the B16F10 

shNT-1 anti-PD1 group, when compared to the B16F10 shNT-1 IgG group (Fig 11). 

The B16F10 shUCHL5-1 IgG group had the smallest tumor burden, and this was 

statistically significant when compared to the B16F10 shNT-1 IgG group. Interestingly, 

the B16F10 shUCHL5-1 anti-PD1 group had the greatest tumor burden. This was 

statistically significant when compared to the B16F10 shNT-1 anti-PD1 and B16F10 

shUCHL5-1 IgG groups, but not the B16F10 shNT-1 IgG group. Mice in the 2 B16F10 

shNT-1 groups were the first to develop tumors. However, the B16F0 shUCHL5-1 anti-

PD1 group’s tumor growth was accelerated during treatment.  
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Fig 9. Validation of UCHL5 knockdown in B16F10 mouse melanoma cell lines. 
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Fig 10. Schematic of mouse experiment. Mice were injected subcutaneously with 

either B16F10 shNT-1 or B16F10 shUCHL5-1 cells. Treatment with mouse anti-PD1 

or isotype control began 1 week later when tumors were palpable. Mice were treated 

intraperitoneally every other day until mice were sacrificed due to moribund condition. 

Lungs, liver, lymph nodes, spleen, and tumor were harvested (figure created with 

BioRender.com). 
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Fig 11. UCHL5 knockdown combined with anti-PD1 treatment increases tumor 

burden. 
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3.3 UCHL5 knockdown combined with anti-PD1 treatment may alter the immune 

microenvironment. 

We were interested in determining whether combining UCHL5 knockdown with 

anti-PD1 therapy altered the immune microenvironment in response to treatment. We 

did immune profiling using flow cytometry and found that pre-exhausted and 

exhausted CD4+ and CD8+ T cells may be altered (Fig 12). The B16F10 UCHL5 KD 

+ anti-PD-1 treatment group showed the smallest percent of exhausted CD8+ T cells, 

while the B16F10 NT1 +IgG group showed the greatest percent. CD4+ T cells, CD8+ 

T cells, naïve CD4 cells, effector CD4 cells, memory CD4 cells, naïve CD8 cells, 

effector CD8 cells, and memory CD8 cells, all appeared to be altered (Fig 13). There 

were fewer memory CD4 and CD8 cells for the B16F10 UCHL5 +anti-PD-1 group than 

for the B16F10 NT1 +IgG group. However, none of these results were statistically 

significant. 
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Fig 12. Exhausted T cells may be altered upon UCHL5 knockdown and PD1 

blockade. 
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Fig 13. Memory T cells may be altered upon UCHL5 knockdown and PD1 

blockade. 
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Chapter 4: Discussion, Future Directions, and Conclusions 

4.1 Discussion 

There is a gap of knowledge regarding epigenetic alterations driving cancer 

progression, including in melanoma. Since we have identified UCHL5 as a pro-

metastatic epigenetic driver of melanoma, UCHL5 could be targeted to prevent 

metastatic progression. UCHL5 has also been identified as a candidate in an in vitro 

screen for pro-invasion oncogenes in primary melanoma [48]. It’s known that UCHL5 

interacts with the INO80 chromatin remodeling complex [9,15,16], and that INO80 also 

promotes melanoma tumorigenesis [49]. Here, we have shown that UCHL5 indeed 

employs INO80 to promote invasion in melanoma. We have 2 possible targets to 

prevent invasion. UCHL5 has been shown to be overexpressed in multiple cancers, 

and this overexpression of UCHL5 also leads to a worse prognosis in many of these 

cancers [12,13,14,27,28,29,30]. However, UCHL5 has not been well-characterized in 

either primary or metastatic melanoma, which was our motivation for investigating its 

role in metastatic melanoma. 

ATAC-seq showed that UCHL5 knockdown alters different pathways, including 

the interferon signaling pathway. Regulators within this pathway were altered because 

of the change in chromatin accessibility. The interferon signaling pathway is complex 

and is involved in the immune response and a part of the innate immune system [50]. 

It could also play a role in modulating immunotherapy response. Pathways that were 

impacted by epigenome reprogramming included the YAP1-ECM pathway and the 

EMT pathway. The EMT pathway is known to play a crucial role in metastasis. This 

was consistent with the altered expression that we saw for mesenchymal markers 
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including Vimentin, Snail, and Slug. Normal functions of YAP1 include regulating gene 

expression and cell proliferation [51]. We have previously found that YAP1 interacts 

with UCHL5 (Fig 14). YAP1 is also involved in facilitating metastasis through the EMT 

process [51]. YAP1 has also been shown to regulate ARHGAP29 and drive metastasis 

through the Rho-cofilin-LIMK signaling [52]. 

There is evidence that combining therapies that target the genome/epigenome 

and immune checkpoints, generates a stronger response against the tumor [4]. 

However, our in vivo study has shown the opposite result. A recent publication from 

Eschweiler et al., suggests that treatment with anti-CTLA-4 prior to treating with anti-

PD1 depletes follicular regulatory T cells, resulting in a strong anti-tumor response 

where prior monotherapy was ineffective [53]. This, however, doesn’t explain the 

worsened tumor burden following combination therapy. We do know that anti-PD1 

treatment works in the B16F10 cell line because the B16F10 shNT-1 anti-PD1 

treatment group had a smaller tumor burden compared to the B16F10 shNT-1 IgG 

group following treatment. It should also be noted that UCHL5 knockdown alone is 

effective at decreasing tumor burden, as seen in the B16F10 shUCHL5-1 IgG group. 

Monotherapy in this case was effective while combination therapy failed. The B16F10 

shUCHL5-1 anti-PD1 group had the lowest percentage of exhausted CD8+ T cells. In 

theory, this group should have been able to fight the cancer and reduce tumor burden 

because CD8+ T cells should have been functional. However, this was not the case. 

It is known that one of the normal functions of UCHL5 is DNA repair through double-

strand end break resection and homologous recombination [25]. Knocking down 

UCHL5 could have interfered with DNA double-strand break (DSB) repair. It has been 
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shown that PDL-1 can be upregulated in response to DSB [54]. This provides a 

possible explanation for why the combination of UCHL5 blockade and anti-PD1 

therapy may have caused an increased tumor burden in the mice. It would be 

interesting to see the effect of a UCHL5 inhibitor such as b-AP15, combined with anti-

PD1 therapy, as opposed to knocking down UCHL5 using shRNAs. b-AP15 has been 

shown to target UCHL5 in Waldenstrom Macroglobulinemia, a rare and incurable non-

Hodgkin’s lymphoma [30]. 
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Fig 14. UCHL5 interacts with YAP1. A) UCHL5 was co-precipitated with YAP1. B) 

List of proteins that interact with YAP1. 
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4.2 Future Directions  

1) Our lab previously found ARHGAP29 to be a direct target of UCHL5, by 

performing RNA-seq and ChIP-seq in WM115 cells expressing FLAG-tagged UCHL5 

(Fig 15A). The 630 genes that were identified were enriched in transcription, kinase 

signaling, axon guidance, apoptosis, and actin cytoskeleton reorganization (Fig 15B). 

We are therefore interested in investigating how UCHL5 regulates ARHGAP29. We 

are currently creating modified melanoma cell lines which we plan to inject into mice. 

This includes overexpressing ARHGAP29 in a WM266-4 cell line where UCHL5 has 

been knocked down. We are also knocking down ARHGAP29 in a WM115 cell line 

where UCHL5 is overexpressed. Once ARHGAP29 expression levels are confirmed, 

we will do tail vein injections in mice to check for metastases.  

2) Since we observed an increased tumor burden after the combination UCHL5 

blockade and anti-PD1 therapy, we are interested in finding out what caused this 

outcome. We plan on investigating the underlying mechanism by looking at whether 

UCHL5 knockdown induces DSB related pathways and causes an upregulation of PD-

L1.  

 

 

 

 

 

 

 



 38 

 

 

 

Fig 15. Overlap of UCHL5-occupied genes and differential gene expression 

shows ARHGAP29 as a UCHL5 target.  
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4.3 Conclusions 

 In this project, we have shown that UCHL5 knockdown alters chromatin 

accessibility and promotes epigenomic reprogramming in metastatic melanoma. As a 

result, various pathways are impacted, including a few that are involved in metastasis 

and the immune response. UCHL5 knockdown also alters mesenchymal gene 

expression, including that of genes that are canonically known to be involved in EMT. 

Targeting metastatic melanoma with UCHL5 blockade and anti-PD1 therapy leads to 

an increased tumor burden. We have shown that UCHL5 interacts with INO80 and 

also promotes epigenomic reprogramming, and UCHL5 could theoretically regulate 

ARHGAP29 through the Rho-cofilin-LIMK pathway to promote invasion and 

metastasis (Fig 16). The latter remains to be elucidated. Elucidating more components 

of this pathway could provide more opportunities to target proteins that are involved 

in invasion and metastasis. These findings can provide insight into how we approach 

treatment for metastatic melanoma, including how we target and modulate the function 

of UCHL5. 
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Fig 16. Model of UCHL5 interactions, regulatory functions, and downstream 

targets.  
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