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Abstract

Ubiquitin carboxyl-terminal hydrolase L1 (UCHL1) is a 223-amino acid protein that belongs to the
UCH family of deubiquitinating enzymes.! UCHLI catalyzes the release of a ubiquitin (Ub) moiety from
C-terminal extended Ub, such as Ub precursors and C-terminal Ub thioesters, to generate a monomeric Ub
pool via de novo synthesis and salvage pathways.? It is also reported that UCHL1 digests poly-Ub chains
conjugated to B-catenin by SCFFT™ E3 ligase complex.> Conversely, homodimeric and membrane-
associated farnesylated UCHLI is able to catalyze the formation of Lys48-linked poly-Ub chains on o-
synuclein by acting as an E3 Ub ligase.*

UCHL1 was originally identified as a brain-specific protein, known as protein-gene-product (PGP) 9.5,
by two-dimensional polyacrylamide gel electrophoresis analysis.’ The distribution of this enzyme in
normal tissue is known to be highly limited, particularly in brain®, and moderately expressed in the
pancreas’, testis®, and urinary bladder. ® Aberrant expression of UCHLI1 has been reported in renal cancer'?,
non-small cell lung cancer!!, gastric cancer'?, and colorectal cancer®. In colorectal tumor tissues, UCHLI
was shown to activate the f-catenin/TCF signaling pathway by releasing an Ub moiety conjugated to [3-
catenin, resulting in the promotion of tumor malignancy'®. Previously, it was reported that UCHLI
functions as a deubiquitinating enzyme for the stabilization of HIF-1a while blockade of the UCHL1-HIF-
la pathway suppresses the formation of metastatic tumors in mouse models'*. Since hypoxia-inducible
factor (HIF) is known to have pivotal roles in tumor malignancy' and is considered a promising molecular

target for cancer chemotherapy'®. UCHLI is a promising therapeutic target for tumor malignancies.

Despite UCHLI1's significant promoting effects on metastasis and inducing effects on the exacerbation
of malignant tumors, the development of inhibitors targeting UCHLI is lagging behind. LDN57444 is the
only specific inhibitor of UCHLI that has been developed so far. A strategy using WP-1130 targeting the
inhibition of the entire UCHL1 family of UCHs has been proposed to eliminate the abnormal UCHLI1-
stabilization of HIF-1a, but the protein expression of tumor protein p53 (p53) was also downregulated in
this strategy, indicating that this approach is not suitable for application as an ideal HIF-1a inhibitor because
of'its side effects. On the other hand, LDN57444, which is a specific inhibitor of UCHLI, is also considered
not applicable clinically because it induces nonspecific apoptosis due to endoplasmic reticulum stress and
abnormal expression of synaptic proteins. Therefore, the development of an effective UCHLI inhibitor

with low side effects is a significant challenge in the treatment of malignant tumors.

In the development of new drugs, both in vitro and in silico approaches are widely used. Typical in
vitro approaches are high-throughput screening, biological microarray, phenotypic screening, etc. Since it
highly relies on the availability of sample libraries, in silico approaches, such as signature matching, virtual
screening and semantic network analysis have been developed and becoming increasingly popular in drug
discoveries. Compared with traditional in vitro approaches, in silico approaches are usually considered less

accurate as the results are based on predictions, which means the source and quality of used data or
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algorithms is crucial. Therefore, combining both two approaches has gradually become a mainstream

method in drug development nowadays.

In this research, a consistent work on the demonstration of the effectiveness of UCHLI1 inhibitors in
HIF-1 dependent tumor malignancy and a novel UCHLI1 inhibitor was successfully developed through
computational drug repositioning and bioassays (Figure 1). I firstly proved in spheroid models, which
mimics tumor tissues in cultured cells, the feasibility of UCHLI1 inhibition against HIF-1-related tumor
malignancy (Chapter 1). Next, a highly potent UCHL1 inhibitor was discovered through in vifro high-
throughput screening and in silico instructed structural modification. Finally, this novel inhibitor was found
to show improved specificity and high potency in blocking the UCHL1-HIF-1 axis using cell models,
leading to inhibited HIF activity and cell migration, which consequently demonstrated its efficacy
(Chapter 2). Overall, the strategy of blocking the UCHL1-HIF axis and the identification of the novel
UCHLI inhibitor is expected to the development of effective treatments of UCHL1-related tumors.
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Chapter 1: UCHL1 promotes HIF-1-dependent tumor cell malignancy in spheroid models

In 2D monolayer culture, UCHL1 inhibition by siRNA or LDN57444, a well-known UCHL1 inhibitor,
drastically lowered HIF-1a protein levels in UCHL1-expressing cells (Figure 2A, B). In UCHLI1 non-
expressing cells, ectopic expression of UCHLI1 significantly increased HIF-1a protein expression levels,
which was canceled by the treatment of LDN57444 (Figure 2C). When investigated with HIF-1a
translocation, depletion of UCHLI1 lowered HIF-1a protein expression not only in nucleus, but also in
cytosol under both normoxia and hypoxia, indicating the stabilization of HIF-1a by UCHLI is before its
translocation into nucleus (Figure 2D, E). Taken together, UCHL1 was demonstrated to upregulate HIF-
la protein expression, and its knockdown or pharmacological inhibition could counteract this effect.
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Figure 2

When further analyzed whether the UCHLI inhibitor could affect the HIF-dependent transactivation,
SHRE-luciferase (SHRE-Luc) gene reporter assays in which HeLa cells were stably transfected with the
firefly luciferase gene driven by SHRE to measure HIF activity was conducted. The UCHL1-expressing
group showed a significant increase in SHRE-Luc activity under both normoxia and hypoxia (Figure 3A).
To investigate whether the UCHL1 inhibitor could affect HIF-1 activity, it was further stably transfected in
HeLa/SHRE-Luc cells with UCHL1 expressing vector and treated these cells with various concentrations

of LDN57444. This resulted in a significant decrease in the reporter activity in a dose-dependent manner
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(ICs0: 3.7 uM) (Figure 3B). ODD-luciferase (ODD-Luc) assays were then performed to further determine
the effect of UCHL1 on HIF-1a stability. It was found that under both normoxia and hypoxia, the
overexpression of UCHLI1 led to a significant increase in the ODD-Luc activity while LDN57444
eliminated this effect (Figure 3C, D). When confirming by immunostaining analysis, the protein
expression of HIF-la was significantly elevated in UCHLI1-transfected cells while treatment with
LDNS57444 abrogated this increase in both nucleus and cytosol (Figure 3E, F).
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Figure 3

I then analyzed the effect of LDN57444 on the expression of two typical cancer-related HIF-10 target
genes, GLUTI and CA9 in both MDA-MB-231 and MDA-MB-436 cells. In UCHL1-non-expressing
MDA-MB-231 cells, blockade of UCHL1 by LDN57444 had no significant influence on the expression of
both genes while in UCHL1-expressing MDA-MB-436 cells, however, LDN57444 lowered the expression
of both genes remarkably under and hypoxia, revealing the specificity of the UCHLI1 inhibitor (Figure 4A,
B). To evaluate whether UCHLI inhibitor has an anti-metastasis effect, I performed wound healing and
transwell migration assays in cultured cells. Treatment with LDN57444 significantly suppressed the
recovery of the scratched gap in MDA-MD-436 cells, but not in MDA-MB-231 cells (Figure 4C, D). In
the transwell migration assay, a similar result was obtained. LDN57444 treatment led to a striking decrease
in the number of migrated MDA-MB-436 cells. Meanwhile, in MDA-MB-231 cells no such effect was
confirmed (Figure 4E, F). Finally, | examined whether this difference was possibly induced by a potential
inhibitory effect of LDN57444 on the proliferation of MDA-MB-436 cells. I treated both MDA-MB-231
and MDA-MB-436 cells with 2.5 uM of LDN57444 and found no difference in cell number between both
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cell lines after 8, 24, and 48 h (Figure 4G). Overall, UCHLI inhibition showed efficacy against UCHLI1-

mediated cell migration in endogenous UCHL1-expressing cells.

3D spheroid cell culture, which has been more widely applied in the preclinical studies to provide more
physiologically relevant information, was performed to learn more about the link between UCHL1 and
HIF1-dependent tumor malignancy. It was first compared with typical malignancy-related factors, such as

equivalent diameter, spheroid area, volume, solidity, sphericity, and viable cell number when cells were
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incubated in an anchorage-independent condition. In UCHL1-transfected MDA-MB-231 cells, all factors
were evidently elevated (Figure 5A, B). However, these factors were drastically reduced in sitUCHLI1-
transfected MDA-MB-436 cells. In the case of UCHLI inhibitor treatment in MDA-MB-436 cells,
LDN57444 abated the diameter, area, volume, and viable cell number, but had no significant effect on
solidity and sphericity (Figure 5B). Transfection of UCHL1 in MDA-MB-231 cells was confirmed to
rescue cells not only in the central but also in the intermediate layer of the quiescent area. Moreover, more
living cells were confirmed in the proliferative area of UCHLI1-transfected cells, suggesting a proliferation-
promoting effect of UCHL1 under 3D culture conditions (Figure SC). When MDA-MB-436 cells were
treated with LDN57444 or transfected with siRNA against UCHLI, global cell death was dramatically
increased compared with the control group. Therefore, it was considered that the rescue of cell death and
the increase in proliferation both contributed to the increase in total viable cell number (Figure 5C). In 3D
cell invasion assays, transfection of UCHLI1 substantially promoted cell invasion under 3D culture
conditions, while treatment with LDN57444 abolished this increase (Figure 5SD). In conclusion, UCHL1
increases malignant potential in spheroid cultured tumor cells while its deficiency or inhibition can abrogate
this effect.
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To examine whether the phenotypes observed previously were induced in a HIF-1a-dependent manner,
a co-transfection of UCHL1 and siHIF-1a in MDA-MB-231 cells was performed (Figure 6A). It was first
examined whether the overexpression of UCHLI in HIF-1a deficient cells could still affect spheroid
phenotypes due to its deubiquitinating activity against other potential substrates except for HIF-1a. It was
found that neither the transfection of UCHLI1 nor the treatment of LDN57444 showed any effect on the
invasiveness in the siHIF-la transfected groups (Figure 6B). It was further examined with other
malignancy-related factors and was found that the siHIF-1a-transfected spheroids were hollowed in the
central part of the sphere, despite UCHL1-transfecton, LDN57444-treatment or their combination (Figure
6C). These results demonstrate the dependency on HIF-1a for UCHLI to raise tumor cell malignancy,
while the blockade of the UCHL1-HIF-1a axis abrogated this effect. The expression of two typical HIF-
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lo downstream genes, GLUT1 and CA9, were also elevated by UCHLI1 overexpression in MDA-MB-231
cells, which was further eliminated by LDN57444 treatment, while genes in siHIF-1a-transfected groups,
UCHLI failed to increase the expression of both (Figure 6D, E). In conclusion, UCHL1 was confirmed to
increase cell viability and proliferation as well as metastasis potential by stabilizing HIF-1a to increase
HIF-1 activity in the spheroid 3D culture system.

Chapter 2: Development of a novel UCHLI1 inhibitor by computational drug repositioning and
bioassays

As known UCHLL inhibitors have all been reported with severe side-effects such as the induction
of ER stress and abnormal synapse protein expressions, the development of more effective and
selective UCHLI1 inhibitors remains a major challenge for the treatment of malignant tumors.
Therefore, I then focused on the development of novel UCHLI inhibitors through drug repositioning.
A high-throughput screening of 4,500 known drugs and reagents was performed and seven compounds
were demonstrated to be effective UCHLI inhibitors. By further examined with their inhibition against
the UCHL1-HIF axis, only two out of seven compounds were qualified to dose-dependently inhibit
HIF activity as well as the UCHLI1-inducued HIF-la stabilization. In further confirmation of
phenotypic migration inhibition, only one compound, Compound A, showed relatively strong
selectivity towards UCHLI1 harboring cells at low concentrations. Since Compound A was originally
developed as a protein kinase X inhibitor that blocks protein synthesis and therefore potently inhibits cell
viability, thirty Compound A analogues were designed by adding amide or bis-amide groups into the
long acyl chains. Molecular docking simulations was then applied to find an analogue that has
predictably the highest inhibition against UCHL1 as well as the lowest inhibition against protein kinase
X. Top three ranking analogues were synthesized and only Compound A_5, was shown to exhibit a
much-increased inhibitory effect against UCHLI1 as well as a decreased inhibitory effect against

protein kinase X.

In the analysis of the predicted interaction between UCHL1 and Compound A_5, the amino group
was determined to form new hydrogen bonds with UCHL1 and helps the formation of additional
interaction between UCHL1 and Compound A_5. Furthermore, ASP155 and ASP156 of UCHL1 was
confirmed to be essential in the binding with Compound A_5 by newly forming charge interactions
and hydrogen bonds. Therefore, UCHLI1 recombinants mutated in their ASP 155 or ASP 156 or both
was created to apply in vitro kinetics analysis and found K, to be increased significantly in UCHL1
D155A or D156A mutants. Moreover, K; of Compound A_5 was also much lower compared with
Compound A against UCHLI wild type (WT), D155A, D156A and D155, 156A mutants. These results
revealed the significance of ASP155 and ASP156 of UCHLI in the binding with Compound A_5. Finally,
in an in vitro kinase assay that determines the kinase activity of protein kinase X, the inhibitory effect of
Compound A_5 turned out to be almost eliminated when compared with Compound A. Taken together,

Compound A_5 is a promising UCHL1 specific inhibitor.

In the determination of cytotoxicity, which is one of the strongest impacts of protein kinase X inhibition,
cytotoxicity of Compound A 5 in MDA-MB-231, MDA-MB-436 cells was 4.9 and 12.6 times lower

respectively, indicating a lower cytotoxicity. Then it was tested whether Compound A_5 could specifically
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inhibit UCHL1-HIF axis to prevent metastasis in cellular models, Compound A 5 showed lower ICso of
HIF activity inhibition in UCHL1 overexpressing cells than in UCHL1 non-expressing cells. In wound
healing assays, inhibitory effects on cell migration was confirmed in only MDA-MB-436 cells at a
concentration of 1 or 2.5 pM of Compound A_5. One micro mol/mL of Compound A led to a decrease of
HIF-10 accumulation in only UCHLI1 expressing cells and eliminated the UCHL1-overexpression led HIF-
lo accumulation. Finally, Compound A 5 showed no inhibitory effect against the phosphorylation of
protein kinase X target protein while Compound A abundantly lowered the phosphorylation. These results
above demonstrated the higher specificity and potency of our novel UCHLI1 inhibitor.

Conclusion

In conclusion, this thesis represents a systematic work on the demonstration of the effectiveness of
UCHLI inhibitors in HIF-1 dependent tumor malignancy as well as the development of novel UCHL1
inhibitors through computational drug repositioning and bioassays. Compound A 5 is an ideal lead
compound for the development of more potent and specific analogues. At the same time, the combination
of in vitro HTS assay and computational with bioassays renders a more efficient developing process for
UCHLI1-HIF-1 axis. I believe that my results in this thesis will contribute to the discovery of effective
UCHLI1-HIF-1 axis inhibitors in future therapies of metastasis in UCHL1-related tumors, such as breast

and pulmonary cancers.
Reference

1. Davies CW, Chaney J, Korbel G, et al. The co-crystal structure of ubiquitin carboxy-terminal
hydrolase L1 (UCHL1) with a tripeptide fluoromethyl ketone (Z-VAE (OMe)-FMK). Bioorg Med
Chem Lett. 2012; 22: 3900-3904.

2. Wilkinson KD, Lee K, Deshpande S, Duerksen-Hughes P, Boss JM, Pohl J. The neuron-specific
protein PGP 9.5 is a ubiquitin carboxyl-terminal hydrolase. Science. 1989; 246: 670-673.

3. Zhong J, Zhao M, Ma Y, et al. UCHLI acts as a colorectal cancer oncogene via activation of the -
catenin/TCF pathway through its deubiquitinating activity. Int J Mol Med. 2012; 30: 430-436.

4. Liu Y, Fallon L, Lashuel HA, Liu Z, Lansbury Jr PT. The UCH-L1 gene encodes two opposing
enzymatic activities that affect a-synuclein degradation and Parkinson's disease susceptibility. Cell.
2002; 111:209-218.

5. Jackson P, Thompson R. The demonstration of new human brain-specific proteins by high-resolution
two-dimensional polyacrylamide gel electrophoresis. J Neurol Sci. 1981; 49: 429-438.

6. Day IN, Thompson RJ. UCHLI1 (PGP 9.5): neuronal biomarker and ubiquitin system protein. Prog
Neurobiol. 2010; 90: 327-362.

7. Chu K, Li H, Wada K, Johnson J. Ubiquitin C-terminal hydrolase L1 is required for pancreatic beta
cell survival and function in lipotoxic conditions. Diabetologia. 2012; 55: 128-140.

8. Honaramooz A, Megee SO, Rathi R, Dobrinski I. Building a testis: formation of functional testis tissue
after transplantation of isolated porcine (Sus scrofa) testis cells. Biol Reprod. 2007; 76: 43-47.

9. Pan X-Q, Gonzalez JA, Chang S, Chacko S, Wein AJ, Malykhina AP. Experimental colitis triggers
the release of substance P and calcitonin gene-related peptide in the urinary bladder via TRPV1
signaling pathways. Exp Neurol. 2010; 225: 262-273.

9



10. Seliger B, Handke D, Schabel E, Bukur J, Lichtenfels R, Dammann R. Epigenetic control of the
ubiquitin carboxyl terminal hydrolase 1 in renal cell carcinoma. J Transl Med. 2009; 7: 90.

11. Sasaki H, Yukiue H, Moriyama S, et al. Expression of the protein gene product 9.5, PGP9. 5, is
correlated with T-status in non-small cell lung cancer. Jpn J Clin Oncol. 2001; 31: 532-535.

12. Gu Y-y, Yang M, Zhao M, et al. The de-ubiquitinase UCHL1 promotes gastric cancer metastasis via
the Akt and Erk1/2 pathways. Tumor Biol. 2015; 36: 8379-8387.

13. Bheda A, Yue W, Gullapalli A, et al. Positive reciprocal regulation of ubiquitin C-terminal hydrolase
L1 and B-catenin/TCF signaling. PLoS One. 2009; 4: €5955.

14. Goto Y, Zeng L, Yeom CJ, et al. UCHLI provides diagnostic and antimetastatic strategies due to its
deubiquitinating effect on HIF-1a. Nat Commum. 2015; 6: 6153.

15. Jensen RL, Ragel BT, Whang K, Gillespie D. Inhibition of hypoxia inducible factor-1o. (HIF-10cr)
decreases vascular endothelial growth factor (VEGF) secretion and tumor growth in malignant gliomas.
J Neurooncol. 2006; 78: 233-247.

16. Kakeya H. Natural products-prompted chemical biology: phenotypic screening and a new platform
for target identification. Nat Prod Rep. 2016; 33: 648-654.

Acknowledgements

I would like to express sincere appreciation to Professor Hideaki Kakeya (Kyoto University) for giving
me the opportunity to accomplish this study. I greatly appreciate his kind guidance, constructive discussions
and encouragement during this study. I also would like to show my sincere gratitude to Dr. Akira Hattori
(Kyoto University) for his considerate advice, valuable instructions and patience during this study, Dr.
Senye Takahashi (Kyoto University) for her constructive advice, kind discussions and cooperation with
experiments during this study. I wish to show my thank to Professor Shiroh Futaki (Kyoto University),
Professor Masao Doi (Kyoto University), Professor Shunichi Takeda (Kyoto University), and Professor
Masakazu Toi (Kyoto University) for giving precious comment and valuable advice on this research. I
highly appreciate the help from Dr. Nobuaki Takahashi and Mr. Kazuma Nakayam (Kyoto University) for
synthesizing Compound A analogues in this research to perform in vitro tests, Professor Hiroshi Harada
(Kyoto University) for his collaboration with this research as well his kind offering of cells and reagents,
Dr. Minoru Yoshida (RIKEN Institute) for collaborating with the HTS process, Dr. Jiirgen Bajorath (Bonn
University) for giving me the chance to learn molecular docking knowledge, Dr. Anighoro Andrew (Bonn
University) for teaching and instructing with docking simulations. I would like to thank Leaders for
Integrated Medical System (LIMS) program and Frontier Research on Chemical Communications for
giving me financial support in this study and all my laboratory members for their help in various
experiments, suggestions, discussions and other collaborations. I would also like to give my gratitude to all
of my colleagues in Procter & Gamble, Singapore, especially my mentor, Shikhar Gupta for selflessly
teaching me with docking simulation knowledge. Finally, I want to thank all my family members for their

financial support on me and their understanding of this study.

10



