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10.

Stellingen
behorende bij het proefschrift

TGFP signaling in cancer progression

Deubiquitinase (DUB) activity profiling is an elegant approach to draw a landscape of
global DUB activities in breast cancer subtypes. (This thesis)

UCHLL1 promotes TGF-induced breast cancer metastasis and is highly enriched in the
exosome fraction of TNBC cell conditioned media and TNBC patient sera. (This thesis)

Cell permeable activity-based probes for DUBs are useful tools for studying their
activity in vitro and in vivo. (This thesis)

Targeting TGFP type I receptor can combat the development of vemurafenib drug-
resistance in advanced melanoma. (This thesis)

TGFp family members regulate the fate of cell during development, tissue homeostasis
and regeneration, and are major players in tumorigenesis, fibrotic disorders, immune
malfunctions and congenital diseases. (David et al, 2018, Nat Rev Mol Cell Biol)

DUBs are key determinants of cellular processes that are highly relevant to pathologies
such as oncology, autoimmune disorders, chronic inflammation and neurodegeneration.
(Harrigan et al, 2018, Nat Rev Drug Discov)

The contents of exosome secreted by cancer cells reflect the biological changes that are
associated with cancer progression, potentially offering a comprehensive assessment of
cancer diagnosis, prognosis, and progression. (LeBleu et al, 2020, Trends Cancer)

Breast cancer high-resolution proteomic profiling identified TGFp type II receptor and
UCHLL1 as specific proteins that are highly enriched in aggressive TNBC basal B
subclass cell lines. (Kosok et al, 2020, iScience)

Hope for the best, prepare for the worst, never lose curiosity in between. (Inspired by
Maya Angelou and Albert Einstein)

Yesterday is history, tomorrow is a mystery, today is a gift, that’s why we call it the
present. (Inspired by Alice Morse Earle)
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General introduction



Chapter 1

Cancer is a large diverse group of genetic diseases that can be triggered virtually everywhere
in our body. Cancer cells differ from normal cells in that they are frequently shaped
abnormally, grow uncontrollably, pass through their usual boundaries to invade, survive in
blood circulation and metastasize to other organs or tissues (1). Among all cancers, breast
cancer is the most prevalent cancer in females worldwide, impacting approximately 2 million
women each year and leading to a huge number of cancer-related deaths (1). Distant
metastasis is the cause of almost 90% of breast cancer-related deaths (2). Once metastases
have been triggered, current therapies frequently fail to provide durable treatments (3).
Cancer patients may present themselves in the clinic when their cancer has already spread to
other tissues or organs. Therefore, a better understanding of the underlying mechanisms of
the key initial steps in the metastasis process is needed to find new biomarkers for early
diagnosis, make existing standard chemo/radiotherapy more effective and less toxic, develop
(new and combinatorial) targeted therapies that provide long-lasting effects and increase the
number of cancer patients who respond to immune therapies.

The cytokine transforming growth factor- (TGEP) is frequently produced at high levels by
breast tumors and correlates with poor prognosis (4). TGFp is a strong driver of epithelial-
mesenchymal transition (EMT), which plays an important role in mediating cancer cell
migration, invasion and metastasis (Figure 1) (5). Cancer cells with a mesenchymal
phenotype are also more prone to become chemotherapy resistant than cancer cells with an
epithelial phenotype (6). Combinatorial targeting or subsequent interference with TGFf
signaling after radiotherapy/chemotherapy has been shown to make cancers more responsive
or regain responsiveness to therapy (7). TGF not only acts directly on cancer cells in the late
stages of tumorigenesis but also manipulates the microenvironment to create a favorable
niche for rapid tumor growth and metastasis by stimulating angiogenesis, activating cancer-
associated fibroblasts and suppressing the immune system (8).

TGFR signaling in cancer metastasis
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General introduction

Figure 1. The role of TGFp signaling in cancer metastatic progression. TGFP promotes epithelial-
mesenchymal transition (EMT), migration, invasion and metastasis of late-stage cancer cells. The
TGFP signaling networks between cancer cells and the microenvironment (fibroblasts, immune and
endothelial cells) contribute to cancer metastasis by blocking the immune system, stimulating
angiogenesis and promoting cytokine secretion and extracellular matrix production.

Breast cancer is a highly heterogeneous disease that can be classified into different subtypes
based on histological and molecular characteristics (Figure 2). Based on the cellular origin
from which the tumor evolved, cancer can be classified as (i) carcinoma, when derived from
epithelial cells, or (ii) sarcoma, when derived from stromal parts. Based on gene expression
profiling, breast cancer can be classified into five major molecular subtypes: luminal A and
luminal B (expressing the estrogen receptor (ER)), human epidermal growth factor receptor 2
(HER2) and basal-like (9). Different subtypes show different clinical features; for example,
basal-like breast cancers are more aggressive than luminal-like breast cancers (10), and ER-
negative breast cancers are more aggressive than ER-positive breast cancers (11). However,
among all breast cancer cases, triple-negative breast cancer (TNBC) is the most aggressive
subtype, accounting for 12-17% of total breast cancers. TNBC lacks amplifications of ER,
progesterone receptor (PR), and HER2 (12). As TNBC does not respond to anti-hormonal
therapies and has a low response to chemotherapy/radiotherapy, TNBC remains the most
challenging subtype to treat (13). Therefore, there is an unmet need for clinically meaningful
molecular targets and effective pharmacological inhibitors to improve the therapy of TNBC
patients.

Luminal epithelial cells

Luminal-like HER2+ Basal-like TNBC
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Figure 2. Histological and molecular characteristics of breast cancer. The histological subtype
described in the left panel is ductal carcinoma, the most frequent subtype of breast cancer. The
molecular characteristics of different breast cancer subtypes described on the right are important
indicators for clinical prediction and therapy.

Ubiquitination is emerging as an important posttranslational modification for regulating
protein stability, localization and functions in cancer cells (14). Ubiquitination is regulated by
El, E2 and E3 enzymes and reversed by deubiquitinases (DUBs). In humans, there are
around 100 DUB family members, and some of them have been discovered to play pivotal
roles during cancer progression (15). A catalytic cysteine in the catalytic domain is present in
most DUBS, which renders them attractive targets for small-molecule drug development (16).
The first clinical drug to target the ubiquitin system for cancer therapy was bortezomib
(Velcade), which is a proteasome inhibitor that has been successfully applied in the treatment
of multiple myeloma and mantel cell lymphoma (17). Currently, first-generation DUB
inhibitors are undergoing clinical trials (16). The discovery of DUB activity-based probes
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(ABPs) provides important tools to obtain fundamental new insights into DUB function and
for drug discovery and development (16,18).

Melanoma is the most aggressive skin cancer in the world, with more than 60 thousand
deaths in 2018 (19). Somatic mutation of BRAF (V600E) is often found in metastatic
melanoma with poor prognosis (20). The clinical application of BRAF inhibitors such as
vemurafenib (Zelboraf) and dabrafenib (Tafinlar) has significantly increased the median
survival of metastatic melanoma patients by approximately 6 months (21-22). However,
clinical trial data have demonstrated that 40% of patients develop drug resistance, for which
the underlying mechanism remains unclear (21-22). Recent studies found elevated TGFf
signaling in drug-resistant melanoma with BRAF mutations, but the potential for targeting
TGFp signaling in the treatment of drug-resistant melanoma was not investigated.

In this thesis, | start with a general introduction in Chapter 1 to introduce the general role of
TGFp signaling during cancer progression. In Chapter 2, | provide a mechanistic overview
of all the DUBs that have been shown to impact the TGFf signaling pathway in cancer and
discuss the therapeutic value of DUB inhibitors for cancer treatment. In Chapter 3, we
provide detailed working protocols for studying the metastasis of breast cancer cells in
zebrafish xenograft models. In Chapter 4, | provide details on DUB activity profiling
experiments, in which we found UCHL1 as a potential tumor-promoting protein that
facilitates TGFp-induced TNBC metastasis. In particular, we focus on UCHLL1 as a new
therapeutic target and demonstrate its promise in the stratification of breast cancer subtypes.
In Chapter 5, we describe our development of an activity-based probe for monitoring
UCHLL1 activity in live cells and zebrafish embryos. In Chapter 6, we investigate the
feasibility of targeting TGFp signaling in BRAF inhibitor-resistant melanoma. In Chapter 7,
| summarize all the studies in the thesis and provide some future projects related to our results.
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Chapter 2

Abstract

The transforming growth factor B (TGFp) pathway regulates diverse cellular processes. It
signals via serine/threonine kinase receptors and intracellular Smad and non-Smad effector
proteins. In cancer cells, aberrant TGFp signaling can lead to loss of growth inhibition and an
increase in invasion, epithelial-to-mesenchymal transition (EMT) and metastasis. Therapeutic
targeting of the pro-oncogenic TGFf responses is currently being explored as a potential
therapy against certain invasive and metastatic cancer types. The ubiquitin post-translational
regulation system is emerging as a key regulatory mechanism for the control of TGFf
pathway components. In this review, we focus on the role of deubiquitinases (DUBS), which
counteract the activity of E3 ubiquitin ligases. We will discuss the mechanisms by which
specific DUBs control Smad and non-Smad TGFf signaling routes, and how perturbation of
the expression and function of DUBs contributes to misregulation of TGFp signaling in
cancer.

Key words: TGFp, Smad, Ubiquitin, Deubiquitinase, Cancer.

1. Introduction

TGFB family members, which include TGFps, activins and bone morphogenetic proteins
(BMPs) (1), play prominent roles in regulating cell cycle progression, differentiation,
migration/invasion, and survival/apoptosis of a large variety of cell types (2). Their
pleiotropic functions are highly dependent on context; in diverse cellular microenvironments
they can have different, and even opposing functions (3,4). TGFp family members play
pivotal roles in maintaining tissue homeostasis during development. Aberrant TGFp family
signaling has been associated with multiple human diseases, including fibrosis, immune
disorders and cancer (5). TGFB family members signal via cell surface type | and type Il
serine/threonine Kkinase receptors, which mediate intracellular responses via Smad
transcriptional regulators (6) and non-Smad pathways (7). Each step of the TGFpB family
signaling cascades is intricately controlled by positive and negative regulation. An important
mechanism of regulation is via covalent and reversible post-translational modification of
TGFp pathway components, including receptors and Smads, by ubiquitin (8,9).

The ubiquitin system was first described in the late 1970s by Hershko and Ciehanover
(10,11). Over the past few decades, this system was identified as one of the most critical and
versatile post-translational modifications, which can control a vast range of cellular processes,
including cell-cycle control, DNA damage repair and membrane trafficking. While first
recognized as a signal for protein degradation (12), ubiquitination has now been found to
have much broader roles including regulation of the binding and/or enzymatic activities of
proteins involved in cell signaling, trafficking, endocytosis, autophagy, transcription,
immunity, and DNA damage response (13,14). Ubiquitination requires ubiquitin-activating
enzymes (E1), ubiquitin conjugating enzymes (E2), and ubiquitin ligase enzymes (E3) (15).

Deubiquitinases (DUBs) are isopeptidases that can reverse the ubiquitination process, by
removing ubiquitin from their substrate proteins (16). Misregulation of ubiquitin enzymes as
well as DUBs has been shown to be closely linked to cancer (e.g. a higher risk of cancer
metastasis) as shown by clinical database analysis and animal models (17). DUBs have
emerged as critical regulatory mediators of several signaling pathways that are involved in
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human cancers, such as tumor protein p53 (p53) signaling (18) and c-Jun NH2-terminal
kinase (JNK) signaling (19). In this review we will focus on the role of DUBs in the
regulation of TGF family signaling and how perturbation of this system may be involved in
cancer. We will also discuss the therapeutic value of DUB inhibitors for the treatment of
cancer patients.

2. The TGFp pathway

The human TGF family of cytokines (TGFps, activins and BMPs) comprises 33 members
(20,21). They are structurally and functionally related, secreted dimeric proteins. They share
a characteristic cysteine knot structure and exert pleiotropic effects. There are three human
TGFp isoforms, TGFB1, TGFB2, and TGFB3. TGFp is a potent growth inhibitor in normal
tissues (22,23) and also pre-malignant cells and acts as a tumor suppressor. However, tumor
cells can become selectively refractory to the cytostatic effects of TGFp through the
activation of proto-oncogenes or inactivation of tumor suppressor genes. In late phases of
tumorigenesis, tumor cells may remain responsive to TGFf; it can induce the so-called
epithelial to mesenchymal transition (EMT) and endow tumor cells with high migratory and
invasive potential (24) (25).

Moreover, during tumor progression tumor cells frequently start expressing high levels of
TGFB (26). This may also indirectly contribute to tumor growth by creating a favorable
microenvironment through its stimulatory effects on immune suppression and angiogenesis.
Consequently, TGFp can also act as a potent stimulator of metastasis. TGF3 can switch from
tumor suppressor in the early phase of tumorigenesis to a tumor promoter at late phases (23).

BMP family members were first discovered as secreted proteins, which induce the formation
of bone and cartilage (27-29). Subsequently, BMPs were found to play a role in non-skeleton
related processes, including angiogenesis, energy metabolism, neurogenesis and ventral
mesoderm specification (30,31).

Activins were initially discovered as regulators of follicle stimulating hormone secretion by
pituitary cells. Additionally, activins were shown to exhibit multifunctional activities such as

erythroid differentiation in bone, muscle formation, and regulation of endocrine function (32).

Like TGFBs, BMPs and activins, as well as other family members such as nodal, anti-
mullerian hormone (AMH) and growth and differentiation factors (GDFs), are emerging as
important regulators of tumor progression (33-37).

TGFB family members trigger biological processes by binding to type | and type Il single
transmembrane spanning serine/threonine kinase receptors (6,38,39). The basic structure of
type | receptors is similar to that of type Il receptors; both of them have small cysteine-rich
extracellular regions and intracellular portions containing kinase domains. One difference is
the GS domain, a region rich in glycine and serine residues, which is only found in the
juxtamembrane region in the intracellular domain of type | receptors. TGFp ligands initiate
signaling by stimulating the formation of heteromeric complexes of type | and type Il
receptors. Upon complex formation, the constitutively active type Il kinase triggers the
phosphorylation of serine and threonine residues in the GS domains of type | receptors (40).
This leads to the activation of type | receptor kinases, which phosphorylate specific
intracellular Smad effector proteins (6,38,39).

15
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The TGFp canonical Smad pathways can be divided into two branches (Fig. 1) One is used
(predominantly) by TGFp and activins, which signal through intracellular receptor-regulated
(R-) Smad2 and Smad3 effectors (6). The other branch is mainly employed by BMPs, which
signal via R-Smad1, Smad5 and Smad8 (41).

TGF-B ligands BMP ligands

..........................................................
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Figure 1. A schematic representation of the Smad and non-Smad TGFB/BMP pathways. Ligand
binding to TGF/BMP receptors on the cell surface induces phosphorylation of TGF/BMP type |
receptors, which induces phosphorylation of Smad2/3 and Smad1/5/8. Phosphorylated Smad2/3 and
Smad1/5/8 associate with Smad4, translocate to the nucleus, and bind to DNA to trigger TGFB/BMP-
mediated gene expression. TGFp receptors also can initiate activation of TGFP associated kinase 1
(TAK1), p38 and Jun N-terminal kinase (JNK) mitogen-activated protein kinases (MAPKS) pathways,
small Rho-like GTPase pathway, and phosphoinositide 3 kinase (PI3K)/Akt-mTOR pathway. BMP
receptors also activate the non-Smad p38 and Ras-Erk-MAPK pathways.

R-Smads are phosphorylated by activated type | receptors and form heteromeric complexes
with common mediator (Co-) Smad4 (42-44). Subsequently R-Smad-Smad4 complexes
translocate to the nucleus, where they regulate gene transcriptional responses, in
collaboration with co-activators and co-repressors and DNA-binding transcription factors (45)
R-Smads and Smad4 have a conserved N- terminal MH1 and C-terminal MH2 domain. The
MH1 domain of Smads can bind to DNA whereas the MH2 domain mediates Smad
oligomerization and Smad-receptor interactions. Both MH1 and MH2 domains have been
shown to interact with many protein partners.

The two inhibitory (I)-Smads, Smad6 and Smad7, can inhibit canonical Smad signaling by
competing with R-Smads for binding to activated receptors (46), thereby suppressing R-Smad

16



Regulation of the TGFp pathway by deubiquitinases in cancer

phosphorylation. 1-Smads can also interact with Smad4 preventing the interaction between
Smad4 and phosphorylated (R)-Smads (47).

Moreover, I-Smads can recruit E3-ubiquitin ligases i.e. Smurfl and Smurf2, to ubiquitinate
type | receptors for subsequent proteasomal degradation (48,49) thereby terminating
signaling (50). I-Smads only have an MH2 domain, which mediates the interaction with type
| receptors.

In addition to the canonical Smad pathway, TGF family members can also activate so-called
non-Smad pathways to instigate a multitude of intracellular changes (7). There are various
branches including the p38 and Jun N-terminal kinase (JNK) mitogen-activated protein
kinases (MAPKSs) pathways, ubiquitin ligase tumor necrosis factor (TNF)-receptor associated
factor (TRAF6) and TGFp activated kinase 1 (TAK1). Other branches contain the
phosphoinositide 3 kinase (PI3K)/Akt-mTOR pathway, the NF-xB pathway, the Ras-Erk-
MAPK pathway, and the small Rho-like GTPase pathway (Fig. 1). There is extensive
crosstalk between Smad and non-Smad pathways, e.g. MAP Kkinases can directly
phosphorylate the Smads in their linker regions (51).

3. The ubiquitin system

3.1. Ubiquitination and deubiquitination

Ubiquitin is an 8.5 kDa, ubiquitously expressed regulatory protein, which contains seven
lysine residues (i.e. Lys6, Lys11, Lys27, Lys29, Lys33, Lys48 and Lys63) in its 76 amino
acid sequence (52). Ubiquitination (covalent attachment of one or more ubiquitin residues) is
an important post-translational modification that modulates protein function, localization,
degradation and turnover, thereby serving as a regulator for many aspects of cell physiology
in eukaryotes (53).

There are three types of enzymes that play an important role in the conjugation of ubiquitin to
its substrates: E1 ubiquitin-activating enzyme, binds to the C-terminal glycine residue of
ubiquitin in an ATP-dependent fashion. E2 conjugating enzymes transfer the ubiquitin
protein from the E1 to their own cysteine residue, and E3 ligase enzymes catalyse ubiquitin
conjugation to the target protein (Fig. 2) (54,55). A group of E3 ligases utilizes their
homologous to the E6AP carboxyl terminus (HECT) domain to transfer the ubiquitin from E2
to E3, and subsequently to the protein substrate. Another group of E3 ligases can use a really
interesting new gene (RING) finger domain to directly transfer ubiquitin from E2 to a
substrate protein (Fig. 2) (56). Target proteins can be monoubiquitinated or polyubiquitinated
(57). Polyubiquitination is the process by which ubiquitin molecules form a polyubiquitin
chain through linkage to their internal lysine residues or to the amino terminal methionine
residue of the previous ubiquitin (58).

Deubiquitinating enzymes (DUBs) are isopeptidases that can reverse the ubiquitination
process by removing ubiquitin from the target protein (16). DUBs have three main functional
activities: 1) generation of free ubiquitin from the ubiquitin precursor, 2) reverse the
‘ubiquitin signal’ by removing the ubiquitin from the substrate protein—this ubiquitin is
recycled to the free ubiquitin pool to maintain homeostasis, 3) some DUBs edit ubiquitin
chains to alter the ubiquitin signal (Fig. 2).
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Figure 2. An overview of ubiquitination and deubiquitination processes and the general roles of
deubiquitination. Different processes are marked with different colour frames. The black frame
represents the generation of ubiquitin (Ub) by its four encoding genes (UBC, UBB, UBA52 and
UBAZ8O0); deubiquitinases (DUBS) stimulate the generation of free ubiquitin from ubiquitin precursors.
The red frame represents the free ubiquitin pool. The blue frame illustrates the conjugation process of
ubiquitin to target proteins by the E1 ubiquitin-activating enzyme, E2 ubiquitin-conjugating enzyme,
and HECT/Ring E3 ubiquitin ligase enzyme. The orange frame shows the monoubiqutinated and
polyubiquitinated target protein. The purple frame shows that DUBs can target proteins with different
ubiquitin chains. The green frame explains the function of DUBs in degradative signaling and non-
degradative signaling; the removed ubiquitin chains are recycled to the free ubiquitin pool for future
use (59,60).

3.2.  Human deubiquitinating enzymes

There are nearly 100 DUBs encoded by the human genome until 2016. Of these, 79 DUBs
them have been shown to have functional activity (16,61,62). They can be divided into five
families based on the architecture of their catalytic domains: ubiquitin COOH-terminal
hydrolases (UCHSs), ubiquitin-specific proteases (USPs), ovarian tumor proteases (OTUs),
Machado-Joseph disease proteases (MJDs) and JAB1/ MPN/MOV34 proteases (JAMMS) (16).
The human DUB families are summarized in Figure 3. Members of the UCH, USP, OTU and
MJDs are cysteine proteases, which utilize a catalytic triad of conserved amino acids
characterized by the classical cysteine protease, papain (63). The JAMM/MPN+ family
members are zinc metalloproteases, in which invariant His, Asp, and Ser residues coordinate
the catalytic zinc (59).
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Figure 3. An overview of human DUBs. The 95 putative DUBSs can be divided into five families: 58
USPs, 4 UCHs, 14 OTUs, 5 MJDs, and 14 JAMMs. DUB:s in the grey frame are cysteine proteases.
DUBs in the orange frame are metalloproteases.

The USP family is the largest family with around 60 proteases, and the sizes of these
proteases range from 50 kDa to 300 kDa. USPs are characterized by a conserved active site
composed of a catalytic triad including Cys, His, and Asp (or Asn) residues. Most USPs
contain several distinct subdomains within their catalytic domain, such as the zinc finger
ubiquitin-specific protease domain (ZnF-UBP), the ubiquitin-associated domain (UBA) and
the ubiquitin-interacting motif (UIM) (64). The non-catalytic domains differ at the amino
acid sequence level. It has been reported that these non-catalytic domains are important for
the localization of individual USPs (65). Most USPs carry a ZnF-UBP binding domain (66),
which can specifically recognize the free COOH terminal Gly-Gly motif of free ubiquitin
(67,68).

UCH family members were the first structurally characterized DUBs. There are four
members in humans: UCHL1, UCHL3, UCHL5/UCH37, and BRCALl-associated protein 1
(BAP1) (69). The proteasome associated UCHLS5 and the tumor suppressor BAP1 cleave the
ubiquitin chains using their more extended cross-over loops (70).

OTU family members can be classified in 3 subgroups: OTUBs, OTUDs, and A20-like
OTUs (71). A20 (TNFAIP3) has been reported extensively due to its critical function in the
NF-kB pathway (72,73).

The Josephin family consists of four members: ataxin-3 (ATXN3), ataxin 3-like (ATXN3L),
Josephin domain containing 1 (JOSD1), and Josephin domain containing 2 (JOSD2).
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ATXN3 is mutated in spinocerebellar ataxia type 3 or Machado-Joseph disease (74). It serves
as a polyubiquitin chain-editing enzyme and controls the folding and stability of proteins (75).
The ubiquitin hydrolase activity of ATXN3 is essential for a normal lifespan. Reportedly, it
regulates longevity by controlling insulin like growth factor 1 (IGF-I) signaling (76).
ATXN3L, JOSD1 and JOSD2 all have a catalytic triad, consisting of one cysteine and two
histidine residues which exhibits deubiquitinating activity.

JAMM family members contain a signature ‘H-X-H-P-x[6]-S-x[2]-D’ motif within the Mpr1-
Pad1-N-terminal (MPN) domain. The JAMMs are the only family of DUBs that have zinc-
metalloprotease activity (77). Associated molecule with SH3 domain proteases (AMSH) can
cleave Lys63-linked polyubiquitin chains specifically, and thereby facilitate vesicle
trafficking and receptor recycling. Associated molecule with SH3 domain-like proteases
(AMSH-LP) contains one JAMM core and two conserved insertions. The other members of
the JAMM family are BRCA1/BRCA2-containing complex subunit 36 (BRCC36) (78), 26S
proteasome-associated PAD1 homologl (POH1/PSMD14), Myb-like with SWIRM and MPN
domains 1 (MYSM1), MPN domain-containing protein (MPND), and COP9 signalosome
subunit 5 (CSN5/JABL) (77,79).

3.3.  Regulation of the TGFp pathway by ubiquitin system

Ubiquitination of the receptors and Smads tightly regulate TGFp signaling. Smad ubiquitin
regulatory factors (Smurfs) 1 and 2 are critical E3 ubiquitin-protein ligases negatively
regulating the TGFB pathway by promoting TGFB type | receptor and R-Smad
polyubiquitination and degradation. Smurfl contains a HECT domain, interacts with the
TGFp type | receptor through Smad7 and triggers receptor degradation (80). Smurfl can
target non-activated Smadl and Smad5 for proteasomal degradation as well, thereby
inhibiting BMP signaling (81). Smurf2 can also be recruited by Smad7 to target the TGFf
type | receptor for degradation (82). Smadl and Smad2 can be ubiquitinated by Smurf2 under
steady-state conditions (83,84).

In addition, the tumor necrosis factor receptor-associated factor (TRAF) family ubiquitin
enzymes play a critical role in TGFp signaling. TRAF4 can associate with the TGFp receptor
complex in a Smad7-independent manner, which can rescue receptors from degradation.
TRAF4 can also activate non-Smad signaling by ubiquitinating TAK1. Both of these
functions promote metastasis of breast cancer cells in zebrafish and mice (85).

In line with the above mentioned ubiquitin-related functions, DUBs have been reported to
play three main roles in TGFp signaling: 1) protect the receptors, R-Smads and Co-Smads
from degradation, leading to enhanced TGFp signaling; 2) deubiquitinate I-Smads thereby
inhibiting TGFp signaling; 3) regulate non-Smad pathways.

4. DUBs in TGFp pathways and related cancers

Here, we provide a comprehensive review of the DUBs that regulate TGF3 /Smad signaling
(schematically depicted in Fig. 4) and discuss DUBs regulation of non-Smad signaling. We
will also provide a summary on the action of these DUBs in TGF-§ pathways and the gene
expression level of them in related cancers in Table 1.
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Table 1. Summary of DUBs implicated in TGF/BMP signaling and their expression level in cancers.

Mode of action

Expression level in cancers (compared with normal tissue) (17,114)

DUB .
in TGFf pathway Overexpression Underexpression
Myeloma, liver, melanoma, brain Testicular, lung, head and
Deubiquitinates TGFp type | ' o . X neck squamous cell
US4 receptor (87) and TAK1 (111) k()llai%(;er, adrenocortical carcinoma (115) carcinoma (HNSCC), renal,
' brain.

USP11 Deubiquitinates TGFf type | Lung, myeloma, HNSCC, skin, colorectal  Brain, renal, testis,
receptor (88) cancer and melanoma (89). pancreas, HNSCC.
Deubiquitinates BMP type | . .

USPIS o, TG by mcpior VA AN Bt o, B bter
(90), and (92) R-Smads (98) 9 : » (IVET, :

UCH37 TN P | Lung, breast, ovarian, vulva, parathyroid. ~ Brain, pancreas, breast.
receptor (94)

Deubiquitinates pSmad2/3 (99), . .

OTUBL  thereby protecting them from Bladder, lung, prostate, HNSCC, breast Brain, HNSCC, testis,

- cancer. cervical, renal, sarcoma.
degradation (100)
L Brain, gastric, cervical, colon, leukaemia, . .

USP9x aDneduglrngjjlr'r]:rEiBeg)Smad4 () lymphoma, kidney cancer, prostate :?;Laégér?]lgd?e;]tis;ﬁl;lar,

cancer, sarcoma (118). +1ymp ’
Deubiguitinates SMAD? (119) Leukaemia, renal, testis, myeloma, breast

CYLD ?:;Sé?nUIté?:é?ﬁtAct;gm:gS cancer (120,121), melanoma (122), colon Eﬁg]égvirlfgd;?ng’
(112) 9 y cancer (123), and lung cancer (124). ' '

AMSH  Inhibits Smad6é (107), Lung, liver, bladder, leukaemia, colon. Leukaemia.

AMSH2  Inhibits Smad7 (108) Kidney, liver, brain, HNSCC. Brain, testicular, leukaemia.
Deubiquitinates TAKZ, inhibits Bladder. ovary. lun

A20 non-Smad TGFpB pathway HNSCC, leukaemia, lung, brain, cervical. lvm hor,na sa);é:omgl
MAPK/INK pathway (113) ymphoma, :

4.1. DUBs targeting TGFB/BMP receptors

USP4 was found to interact with and deubiquitinate the TGFp type | receptor, thereby
opposing the action of Smad7/Smurf2-mediated ubiquitination. USP4 is a very stable protein,
which can deubiquitinate itself to control its own stability (86). USP4 can promote TGFj-
induced invasion and metastasis of breast cancer cells in a zebrafish xenograft model.
Moreover, this report showed that USP4 was phosphorylated by AKT, leading to increased
USP4 membrane-localization and promoting USP4 self-association, leading to enhanced
TGFp signaling. AKT-induced breast cancer cell migration could be inhibited by depletion of
USP4 (87).

USP11 has been shown to interact with Smad7 and override the negative effects of Smad7 on
the TGFp pathway. It deubiquitinates the TGFp type | receptor and thereby potentiates TGFf3
signaling (Fig. 4). Depletion of USP11 could inhibit TGFf induced Smad2/3 phosphorylation,
TGFpBP mediated transcriptional responses and epithelial to mesenchymal transition (EMT) in
NMuMG breast cancer cells (88). USP11 downregulation suppressed tumor growth in a
HCT116 colon cancer cell xenograft model and in a UACC-62 melanoma cell xenograft
model (89). However, the mechanism by which USP11 regulates the TGFf pathway in colon
cancer and melanoma needs further study.

USP15 has been reported as a key regulator of the TGFp pathway based on a functional
RNAI screen by Seoane’s group. USP15 binds to the Smad7-Smurf2 complex and, like USP4
and USP11, deubiquitinates the TGFp type | receptor, thereby maintaining the stability of this
receptor and enhancing TGFp signaling. A xenograft glioblastoma model showed that the
oncogenic capacity of patient-derived glioma-initiating cells could decrease due to the
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depletion of USP15. USP15 appears to be a key factor in glioblastoma pathogenesis by
regulating the TGFB pathway (90). Eichhorn et al. found that USP15 not only targets the
TGFp type | receptor complex but also deubiquitinates Smurf2. These authors performed
proteomic analysis and found that USP15 deubiquitinates Smurf2 on Lys734, a residue
required for Smurf2 catalytic activity, leading to enhanced TGFp signaling (91). Similar
results were reported by Zhang et al, which showed that TRAF4 can promote the recruitment
of USP15 to the TGFp type | receptor, which antagonizes receptor degradation by Smurf2
(85). In addition, USP15 plays a critical role in BMP signaling by interacting with BMP type
| receptor and Smad6. Herhaus and co-workers showed that USP15 can interact with and
deubiquitinate BMP type | receptors, thereby promoting phosphorylation of Smadl (92) (Fig.
4). They also showed that depletion of USP15 in Hela cells increased polyubiquitination of
BMP type | receptor, and inhibited BMP-mediated Smadl phosphorylation and BMP target
gene transcription. Loss of USP15 in mouse myoblast cells suppressed BMP-induced
osteoblast differentiation. Furthermore, they found that USP15 modulates the BMP pathway
during Xenopus embryogenesis (92).

USP4, USP11 and USP15 are structurally highly similar and contain significant protein
sequence similarity (59). All three DUBs play particularly prominent roles in modulating the
ubiquitination of TGFB type | receptor while USP15 and USP11 can also regulate
downstream effectors. USP4 can form stable homodimers and can also interact with USP11
and USP15 (Fig. 4). USP4 has been shown to bind directly to TGFf type | receptor, and is
able to recruit USP15 and USP11 to the TGF type I receptor (93).

UCH37 binds strongly to Smad7 and weakly to Smad2 and Smad3. It subsequently interacts
with Smurf ubiquitin ligases to deubiquitinate the TGFp type | receptor and modify TGFf-
induced transcription (Fig. 4) (94). UCH37 knockdown inhibits transcription of TGFf target
genes and slows lateral cell migration (96). The interplay between Smurf-mediated
ubiquitination and UCH37-mediated deubiquitination can influence cancers that are
regulated by the TGFpB pathway (94). Interestingly, it has been shown that UCH37 plays a
critical role in TGFp-induced cell migration but not TGFB-regulated cell proliferation and
EMT (95). In human ovarian cancer, higher expression of UCH37 is associated with tumor
recurrence after curative resection (96). Also, UCH37 is associated with poor prognosis of
esophageal squamous cell carcinoma patients after curative resection (97).

4.2. DUBs targeting R-Smads

In addition to its effects on the TGFp and BMP receptors described above, USP15 can target
the DNA-binding domains of R-Smads and antagonise R-Smad monoubiquitination, leading
to enhanced activity of TGF3 and BMP pathways (Fig. 4) (98). As mentioned above, USP15
is required for TGFPB and BMP responses in mammalian cells and Xenopus embryos. It has
been shown that knockdown of USP15 in immortalized HaCaT keratinocytes can impair
TGFB/SMAD-dependent growth arrest. In MDA-MB-231 metastatic breast cancer cells,
USP15 is required for TGFB-induced cell motility.

OTUBL1 has been shown to interact with E2 enzymes and antagonize efficient ubiquitin
transfer from E2 enzymes to E3 enzymes, thereby inhibiting the ubiquitination of Smad2/3
(Fig. 4) (99). It has been shown that OTUBLI interacts with phosphorylated SMAD2/3 at the
C-terminus specifically after TGFp stimulation. Further studies revealed that endogenous
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OTUB1 can inhibit the ubiquitination of phosphorylated Smad2/3 and prevent its
proteasomal degradation (Fig. 4). OTUBL is thereby important for TGFB-induced gene
transcription and cell migration. (100).

'r"-r"r""r"""""r' bbbtttk W b
hAAAAAAAAAmmkkkhhkihh aasddaass

Gene expression Gene expression

Figure 4. A schematic representation of DUBs regulating Smad signaling. USP4/11/15, UCH37 and
AMSH?2 deubiquitinate the TGFp type I receptor which stimulates the activity of the TGFp/Smad
pathway. USP15/AMSH deubiquitinate the BMP type | receptor, which enhances the activity of the
BMP pathway. USP15 can target the R-Smad DNA-binding domains and antagonise R-Smad mono-
ubiquitination. USP9x deubiquitinates Smad4 and Smurf. CYLD deubiquitinates Smad7. OTUB1
deubiquitinates pSmad2/3 to protect it from proteasomal degradation.

4.3. DUBs targeting Co-Smad

USP9x is an essential DUB for TGFp signaling by counteracting Smad4 mono-ubiquitination
(101). Its counterpart, Ectodermin (Ecto), was reported as a mono-ubiquitinating factor that
blocks Smad4 activity (102) (Fig. 4). It was also shown that Ecto binds to Smad2 and Smad3
and disturbs the association between Smad4 and Smad2/3, leading to inhibition of the TGFf
pathway (103). Lysine K519 was identified as the most principal residue for Smad4 mono-
ubiquitination in vivo, which can inhibit Smad4 by preventing its association with active
Smad2/3. USP9x reverses K519 ubiquitination, augmenting the activity of the TGFf pathway.
USP9x was found to be required for TGFB-induced growth arrest in colon cancer cells and
cell migration in breast cancer cells (101). Drosophila and mouse knockout models also
revealed important functions of USP9x in TGFp responses. Loss of the USP9x homologue
Fat facets in Drosophila inhibits the activity of the Smad4 homologue Medea through
ubiquitination of Medea on K738 (equivalent to K519 in human Smad4) (104). In mice,
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TGFpB-dependent exogenesis was inhibited when USP9x is knocked out in neural progenitors
(105). Interestingly, USP9x also has the potential to negatively regulate the TGFp pathway
by deubiquitinating and stabilizing the Smurfl E3 ligase, depletion of USP9X destabilizes
Smurfl and blocks Smurfl-dependent cell migration in MDA-MB-231 cells. (Fig. 4) (106).

4.4. DUBs targeting I-Smads

AMSH has been reported to antagonize Smad6 function, and promote BMP signaling (Fig. 4).
AMSH was found to be a direct binding partner of Smad6, and not of R-Smads and Co-
Smads. Ectopic expression of AMSH enhanced BMP-mediated Smadl phosphorylation, and
increased BMP-induced reporter activity, growth arrest and apoptosis (107). Besides,
AMSH2 can negatively regulate the function of Smad7. It suppresses Smad7 binding to
TGFB type | receptor, thereby preventing TGFB type | receptor ubiquitination and
degradation by the E3 ubiquitin ligase, Smurfl1/2 (Fig. 4) (108).

CYLD has been shown to hydrolyse Lys63-linked polyubiquitin chains selectively (109).
CYLD also can deubiquitinate Lys63-polyubiquitinated Smad7 (Fig. 4), and thereby inhibit
TGFB signaling and influence the TGFB-dependent development of regulatory T cells (Tregs).
As a result of this, the level of Tregs is increased in CYLD knockout mice (110).

4.5. Examples of DUB-mediated non-Smad signaling

As mentioned above, USP4 binds to and deubiquitinates the TGFp type | receptor and
associates with AKT, leading to enhanced TGFp signaling and AKT-induced breast cancer
cell migration (87). USP4 has multiple functions in non-Smad signaling. It can deubiquitinate
transforming growth factorp-activated kinase 1 (TAK1) in vitro and in vivo. Tumor necrosis
factor-a (TNFa) promotes the interaction between USP4 and TAK1 and the deubiquitination
of TAK1, leading to the attenuation of TAK1-mediated NF-kB activation. Furthermore, it
was found that overexpression of USP4 can inhibit interleukin-1 B (IL-1p),
lipopolysaccharide (LPS), and TGFp-induced NF-kB-dependent luciferase reporter activity
and IxB kinase (IKK) phosphorylation. Knockdown of USP4 promoted IL-1B, LPS, and
TGFp-induced NF-kB activation (111).

Lim and co-workers showed that CYLD suppresses TGFpB signaling and prevents lung
fibrosis by (indirectly) reducing the stability of Smad3, in an AKT, GSK3p and E3 ligase
carboxy terminus of Hsc70-interacting protein (CHIP)-dependent manner. They also
demonstrated that CYLD can deubiquitinate polyubiquitinated AKT, leading to the inhibition
of AKT, resulting in activation of GSK3f, which enhances CHIP-induced Smad3 degradation
and suppression of the TGFp pathway (112) .

A20 has been reported to be a negative regulator of non-Smad TGFp signaling. It was shown
that Smad6 recruits A20 to deubiquitinate K63-linked polyubiquitination of TRAF6, leading
to inhibition of TGFB1-induced activation of the TRAF6-TAK1-p38/JNK MAPK pathway in
AML-12 mouse liver cells and primary hepatocytes. Knockdown of Smad6 or A20 in cell
and animal models maintained TAK1 and p38 MAPK/JNK phosphorylation, leading to
increased apoptosis (113).
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5. DUB inhibitors

The first drug to target the ubiquitin system as a cancer therapy was the proteasome inhibitor
(PI), Bortezomib (125). It was approved as a clinical treatment for multiple myeloma
achieving US$1.4 billion in worldwide sales in 2009. However, the toxicity and drug
resistance limit its efficacy in the clinic (126). Recently, researchers have begun to develop
specific inhibitors of DUBs with therapeutic potential (127). Based on the available
preclinical data and reported studies, the DUB inhibitors with potential therapeutic relevance

to human cancers are shown in Table 2 (128-130).

Table 2. DUBs inhibitors with possible application in human cancers.

DUB inhibitor ~ Target Mechanism Effects related to cancer

b-AP15 Inhibits the activity of regulatory

(proteasome- UCHLS5 particle (19S RP) associated Inhibits tumor progression in human cancer cells

ir?hibitor USP14 UCHLS5 and USP14, resulting in and mouse in vivo models of solid tumors: breast,

agent) y ' accumulation of polyubiquitin lung, colon, and head and neck carcinoma (131).
9 (131).

AC17 S - . .

(4-arylidene UCHLS Irreversibly inhibits the DUB Inhibits tumor growth in a lung carcinoma

curcalmin USP14 activity of 19S RP-associated xenograft model with no observable toxicity

analogue) ' UCHLS5 and USP14 (132). (132).

" Effectively treats cancer refractory to
?Zr%qggsﬁrﬁg_es UCHLS5 Inhibits the activity of two DUBS, conventional chemotherapy and particularly
irF:hibitor USP14 UCHLS5 and USP14, that are cancers refractory to bortezomib. Examples of
agent) y ' associated with 19S RP (133). cancer types are multiple myeloma and solid

g tumor malignancies (133).
USP9x Induces rapid accumulation of Induces growth arrest and apoptosis in
WP1130 USP5 ' polyubiquitinated (K48/K63-linked) melanoma. Inhibiton of tumor-activated DUBs
(degrasyn) USP1;1 proteins into juxtanuclear results in downregulation of antiapoptotic
grasy U CHLé aggresomes, without affecting 20S proteins and upregulation of proapoptotic
proteasome activity (134). proteins (134).
Tricyclic USP14 Inhibits the USP14 26S proteasome  Inhibits tumorigenesis in cancer by suppressing
heterocyclics activity (135) proteasome activity (136).
Induces apoptosis in multiple myeloma tumors
el USEY NI [EREIifEe including bortezomib-relapsed myeloma (137).
USP8i USP8 Inhibits USPS. Inhibits USP8 in non-small cell lung carcinoma
cells (138).
Inhibits multiple DUBs, resulting in
BA Multipl  accumulation of polyubiquitin, Inhibits tumor growth and promotes apoptosis in
(Betulinic acid) e decreased oncoproteins, increased a transgenic model of prostate cancer (139).
apoptotic cell death (139).
Isatin O-acvl UCH- Selective inhibition of UCH-L1 increases
oximes y L1 Selectively inhibits UCH-L1 proliferation of the H1299 lung tumor cell line

(140).

6. Conclusions

In advanced cancers in which TGFp acts as a tumor promoter, DUBs that activate the TGFf3
pathway are regarded as promising therapeutic targets for the development of specific
inhibitors. There is increasing interest in this area of drug discovery to complement ongoing
efforts to design drugs specifically targeting the ubiquitin system (141). As we have
discussed above, USP4 can target the TGFpB type | receptor and promote invasion and
metastasis of breast cancer and high USP15 expression correlated with enhanced pSmad2
expression in tissue samples of glioblastoma patients. Moreover, inhibition of USP15
decreased TPRI and pSmad2 concentrations in these cells, thus corroborating the notion that
USP15 stabilizes TPRI and promotes TGFB/Smad?2 signaling (142).
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In light of these findings, it could be interesting to investigate and develop drugs that
specifically target USP4 and USP15. Inhibition of USP4 would be expected to inhibit the
invasion and metastasis of breast cancer and drugs that target USP15 could reduce the
oncogenic potential of glioblastomas. One of the main stumbling blocks to developing
specific DUB inhibitors is that the active site of many DUBs are quite similar and structurally
not optimal for small molecule binding, and it may thus be difficult to generate specific DUB
inhibitors that target the protease activity directly.

Another challenge of targeting DUBs for therapeutic purposes is that many of DUBs have
multiple substrates. Consequently, inhibiting DUB protease activity may be associated with
unwanted side-effects. One approach to overcome these limitations would be to identify
inhibitors that target a specific DUB-substrate interaction. Ongoing research in this area is
already showing promise by modulating DUB activity through targeting of protein—protein
interactions (141).

Other DUBs warrant further research with respect to their potential roles in the TGFf
pathway and cancer. For example, USP22 overexpression can promote EMT and TGFf
expression, whereas depletion of USP22 can reverse EMT and reduce metastasis of lung
adenocarcinomas. In 76% of 146 lung adenocarcinoma patient specimens, USP22 expression
was positive and correlated with TGFp expression (143). Moreover, USP22 is an oncogene
upregulated in multiple cancers. Knockdown of USP22 was found to suppress cell
proliferation in vitro and tumor growth in vivo by inducing G1 phase cell cycle arrest through
synergy with TGFB1 (144).

Up to now, there have been no reports identifying DUBs that target the TGFp and BMP type
Il receptors. This could be an interesting line of investigation. Further systematic functional
analysis of DUBs could be performed using CRISPR/CAS9 knock out cell lines or
conditional knock out mouse models. The development of selective chemical inhibitors for
each DUB will also help to elucidate the functions and mechanisms of action of specific
DUBs. Finally, further understanding of the functions and mechanisms of the DUBs targeting
TGFp pathway components in specific cancers may lead to a generation of new cancer
therapeutics.
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Chapter 3

Abstract:

In many cases cancer patients do not die of a primary tumor but rather because of metastasis.
Although numerous rodent models are available for studying cancer metastasis in vivo, other
efficient, reliable, low-cost models are needed to quickly access the potential effect of
(epi)genetic changes or pharmacological compounds. As such, we illustrate and explain the
feasibility of xenograft models using human breast cancer cells injected into zebrafish
embryos that support this goal. Under the microscope, fluorescent protein or chemically
labeled human breast cancer cells are transplanted into transgenic zebrafish embryos Tg
(fli:GFP) at the site of the perivitelline space or duct of Cuvier (Doc) 48 h after fertilization.
Shortly afterwards, the temporal-spatial process of cancer cell invasion, dissemination, and
metastasis in the living fish body is visualized under a fluorescent microscope. The models
using different injection sites, i.e. perivetelline space or Doc, are complementary to one
another, reflecting the early stage (intravastion step) and late stage (extravasation step) in the
multistep metastatic cascade of events. Moreover, peritumoral and intratumoral angiogenesis
can be observed with injection into the perivitelline space. The entire experimental period is
no more than 8 days. These two models combine cell labeling, micro-transplantation, and
fluorescence imaging techniques, enabling rapid evaluation of cancer metastasis in response
to genetic and pharmacological manipulations.

Introduction:

Overt cancer metastasis in the clinic comprises a series of complex and multi-step events
known as the ‘metastatic cascade’. The cascade has been extensively reviewed and can be
dissected into successive steps: local invasion, intravasation, dissemination, arrest,
extravasation, and colonization (1,2). Better understanding of the pathogenesis of cancer
metastasis and the development of potential treatment strategies in vivo require robust host
models of cancer cell spread. Rodent models are well established and widely used to evaluate
metastasis (3), but these approach have low efficiency, ethical limitations, and are costly as a
forefront model to determine whether a particular manipulation could affect the metastatic
phenotype. Other efficient, reliable, low-cost models are needed to quickly access the
potential effect of (epi)genetic changes or pharmacological compounds. Due to the high
genetic homology to humans and transparency of the embryos, the zebrafish (Dano rerio) has
emerged as an important vertebrate model and is being applied increasingly in studying
developmental processes, microbe-host interactions, human disease, drug screening, and
other areas (4). The cancer metastasis models established in zebrafish may provide ideal
solutions to the shortcomings of rodent models (5,6).

Although spontaneous neoplasia is scarcely discovered in wild zebrafish (7), there are several
longstanding techniques to induce desired cancer in zebrafish. Carcinogen-induced gene
mutations or signaling pathways-activation can model carcinogenesis histologically and
molecularly resembling human disease in zebrafish (7-9). By taking advantage of diverse
forward and reverse genetic manipulations of oncogenes or tumor suppressors, (transgenic)
zebrafish also have enabled potential studies of cancer formation and maintenance (6,10).
The induced cancer models in zebrafish cover a broad spectrum of cancer types in digestive,
reproductive, blood, nervous systems, as well as the epithelium(6).
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The utilization of zebrafish in cancer research has expanded recently by the establishment of
human tumor cell xenograft models in this organism. This was first reported with human
metastatic melanoma cells that were successfully engrafted in zebrafish embryos at blastula
stage in 2005 (11). Several independent laboratories have validated the feasibility of this
pioneering work by introduction of a diverse range of mammalian cancer cells lines into
zebrafish at various sites and developmental stages (5). For example, injection near the
blastodisk and blastocyst of blastula stage, injection into the yolk sac, perivitelline space, duct
of Cuvier (Doc), and posterior cardinal vein of 6 h to 5 day old embryo, and injection into
peritoneal cavity of 30 days old immunosuppressed larvae (5,12). Additionally, allogeneic
tumor transplantations were also reported in zebrafish (12,13). One of the great advantages of
using xenografts is that the engrafted cancer cells can be easily fluorescently labeled and
distinguished from normal cells. Hence, investigation into dynamic behaviors of microtumor
formation (14), cell invasion and metastasis (15-17), tumor-induced angiogenesis (15,18),
and interaction between cancer cells and host factors (17) can be clearly visualized in the live
fish body, especially when transgenic zebrafish lines are applied (5).

Inspired by the high potential of zebrafish xenograft models in evaluating metastasis, we
demonstrated transvascular extravasation properties of different breast cancer cell lines into
tail fin area of Tg (fli:GFP) zebrafish embryos by Doc injection (16). The role of
transforming growth factor-f (TGF-B) (16) and bone morphogenetic protein (BMP) (19)
signaling pathway in pro-/anti-breast cancer cell invasion and metastasis were also
investigated in this model. Moreover, we also recapitulated the intravasation ablity of various
breast cancer cell lines into circulation using xenograft zebrafish model by perivitelline space
injection.

This article presents detailed protocols for zebrafish xenograft models based upon injection of
human breast cancer cells into perivitelline space or Doc injection. Using high-resolution
fluorescence imaging, we show the representative process of intravastion into blood vessel
and invasive behavior of different human breast cancer cells from blood vessel into avascular
tailfin area.

Protocol:

All research using zebrafish, including housing and experiments, was carried out according to
the international guidelines and approved by the local Institutional Committee for Animal
Welfare (Dier Ethische Commissie (DEC) of the Leiden University Medical Center. Note: As
summarized in Figure 1, the protocol is roughly dissected into four steps, embryo collection
(Figure 1A), microinjection (Figure 1B), screening (Figure 1C), and analysis (Figure 1D).

1. Prepare the injection needles

Prepare injection needles with borosilicate glass microcapillary. Put the microcapillary in a
micropipette puller device with the following settings: air pressure 500; heat 650; pull 100;
velocity 200; time 40. Keep the injection needles in a needle holder plate until used for
injection.
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2. Prepare of the fluorescent genetically labeled breast cancer cells for injection

1.

Culture human breast cancer MDA-MB-231 cells at 37 °C in DMEM-high glucose
media containing L-glutamine, 10% fetal bovine serum and 1:100 Penicillin-
Streptomycin-Glutamine.

Culture breast epithelial cell line MCF10A (M1), MCF10Aras (M2) at 37 °C in
DMEM/F12 media containing L-glutamine, with 5% horse serum, 20 ng/mL
epidermal growth factor, 10 mg/mL insulin, 100 ng/mL cholera enterotoxin, 0.5
mg/mL hydrocortisone, and 1:100 Pen-Strep.

Produce mCherry lentivirus by co-transfecting PLKO-mCherry, pCMV-VSVG,
pMDLg-RRE (gag/pol), and pRSV-REV plasmid into HEK293T cells. Harvest cell
supernatants 48 h after transfection and store at -80 °C.

Infect MDA-MB-231 and M2 cells at 30% confluence for 24 h with lentiviral
supernatants diluted 1:1 with normal culture medium in the presence of 5 ng/mL
polybrene.

Select single cell clones by diluting cells in a 96-well plate, which allows the
outgrowth of isolated cell clones, until obtaining the stable mCherry-expressing cell
lines.

Culture one T75 flask of cells for injection. Harvest the cells at 80% confluence by
0.5% trypsin-EDTA treatment. Wash the cells with 1x PBS 2-3 times.

Re-suspend the cells in about 200 puL PBS. Store at 4 °C for less than 5 h before
injection.

B 48 hours post fertilization

Maintain
at28C

Microinjection Cells preparation

Maintain at 34 C

Maintain
at34C

- [ — = =
/ =3 =
Imaging and analysis Screening

Figure 1. Main steps for investigating the invasive behavior of breast cancer cells in embryonic zebrafish.
(A) After crossing parental zebrafish overnight, Tg (flil:GFP) zebrafish embryos were collected the following
morning and maintained at 28 °C. (B) The embryos were dechorionated with fine tweezers under a stereo
microscope 48 h post fertilization (hpf). The labeled breast cancer cells were collected and re-suspended in a
small amount of PBS. After well-preparation, suspended cells were loaded into one needle. Approximately 400
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cells were injected into the duct of Cuvier (Doc) of the perivitelline space under a stereo microscope. The
injected embryos were maintained at 34 °C. (C) 2 hours post-njection (hpi), the embryos were subjected to
careful screening under a fluorescence stereo microscope. The embryos were maintained at 34 °C for 3 or 6 d.
During the interval, embryos could be subjected to designed treatment. (D) Cancer cell dissemination by
perivitelline space injection or invasion by Doc injection was detected, counted, and imaged by confocal
microscopy 3 or 6 days post-njection (dpi).

3. Prepare Zebrafish Embryos for Injection

1. Set up zebrafish breeding pairs and collect embryos as shown in a previous Jove
article by Rosen et al (20).

2. Select the embryos that are at 0-4 hpf by removing the unfertilized and abnormal
embryos. Keep the embryos in a petri-dish filled with egg water (60 ng/mL sea salts;
~60 embryos/dish) and incubate at 28 °C.

3. Dechorionate the embryos with fine tweezers at 48 hpf.

4. Anesthetize the embryos with 200 pg/mL 3-aminobenzoic acid buffer approximately
10 min prior to injection, but no longer than 2 h prior to injection.

50 ym
—

Ruptured yolk sac

Hypo-number of
cells injected

Bright field Hyper-number of
cells injected

Figure 2. Perivitelline space injection site and common errors. (A) Approximately 400 mCherry-labeled
cells (MDA-MB-231) were injected into the perivitelline space. The Brightfield (upper most), green vasculature
(middle upper), and red cell mass (middle lower) of injected zebrafish embryos were captured by confocal
microscope. The merged image (lower most) of three channels shows the stereo location of the cell mass in the
embryo. (B) The cells did not target the perivitelline space appropriately. The yolk sac was ruptured. (C) A
hypo-number of injected cells (much less than 400). (D) Hyper-number of injected cells (much more than 400).
The cell mass was too close to the duct of Cuvier, which has a broad blood stream. Scale bar = 50 pm.
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4. Perivitelline space injection of human breast cancer cells

1.

Load 15 pL of the cell suspension into an injection needle. Mount the needle onto the
micromanipulator and break off the needle tip with fine tweezers to obtain a tip
opening diameter of 5-10 pum.

Use a pneumatic picopump and a manipulator to perform microinjection. Adjust the
picopump to inject 400 cells each time. Prior to injection, count the cell numbers
manually by injecting the cells on the top of a dish containing 1% agarose.

Line up anesthetized embryos (2-3 days post fertilization (dpf)) on a flat 1% agarose
injecting plate.

Orient the injection plate by hand during injections to place the embryos in the
preferred position for inserting the needle (i.e., diagonally).

Point the needle tip to the injection site and gently insert the needle tip into the
perivitelline space between the yolk sac and the periderm of the zebrafish embryo
(Figure 2A).

Inject approximately 400 mCherry-labeled tumor cells. Make sure that the yolk sac is
not ruptured to avoid implantation into the yolk sac.

5. Doc injection of human breast cancer cells

1.
2.

Prepare injection needle and zebrafish embryos as described previously.

Use a 45° needle angle so that the Doc can be approached from the dorsal side of the
embryo.

Insert the needle into the starting point of the Doc (Figure 3A) just dorsal to where the
duct starts broadening over the yolk sac and inject ~400 cells. The injection is correct
if the volume within the duct expands directly after the pulse and the yolk sac.

Note: Several consecutive injections can be performed without extracting the needle.
Transfer the injected zebrafish embryos to egg water.

Note: As considerable variation exists among individual zebrafish embryos; relatively
large number of zebrafish embryos should be injected with cancer cells.

Maintain the zebrafish embryos at 34 °C to accommodate the optimal temperature
requirements for fish and mammalian cells.

6. Screen the injected embryos.

40

1.

Screen each fish under a fluorescence stereo microscope at 2 h post-injection (hpi) for
perivitelline space injection (Figure 2) or at 2-24 hpi for Doc injection (Figure 2), to
ensure all the embryos are injected with similar number of tumor cells. Remove the
embryos with injection errors, such as rupture (Figure 2B) or injection (Figure 3B) of
yolk sac, and pick out embryos with a hypo- (Figure 2C and Figure 3B) or hyper-
(Figure 2D and Figure 3B) number of injected cells. Keep only the embryos with
approximately 400 cells in culture.

Rule out the possibility that cells are introduced directly into the circulation during the
injection process by removing the embryos with cells already in the circulation from
further analysis. Also remove any embryo with a cell mass close to the Doc (Figure
2D).
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Figure 3. Overview of duct of Cuvier (Doc) injection. (A) Schematic of Doc injection at 2 days
post-fertilization (dpf) with breast cancer cells in zebrafish embryos. Arrow indicates Doc. (B)
Examples of positive injection with ~400 breast cancer cells, negative injections including the yolk
mis-injection and incorrect number of cells injection at 4 hpi. Arrows and circles indicate injected
cells.
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7. Image and analyze the metastatic process.

1.

7.

Collect several anesthetized embryos with a wide-tip Pasteur pipette, and transfer
them onto the glass bottom of a polystyrene dish.

Remove excess water and keep a limited amount of egg water. Manipulate the embryo
into position with a hair loop tool, and place a cover on top of the glass.

Use an inverted confocal microscope in combination with water-immersion or long-
distance dry objectives. The embryo should be positioned so that the region of interest
is as close to the objective as possible.

Perform imaging immediately after anesthesia to reduce the risk of embryo death due
to liquid evaporation.

1. Capture signals from GFP-labeled vasculature and mCherry labeled tumor
cells at the same position of the embryos to co-register injected cells with
blood vessels by merging the two imaging channels.

2. For each zebrafish embryo, collect two different sets of images from the head
region and tail region.

Quantify the number of disseminated cells.

1. For perivitelline space injection, count the cells that disseminated from the cell
mass toward the embryonic fish body within the head and tail regions. The
regions are beyond the boundaries of the heart cavity frontally, on top of the
swim bladder dorsally, and beyond the urogenital opening caudally.

2. For Doc injection, count the number of individual cells that invade the
collagen fibers of the tail fin from circulation (MDA-MB-231) or the number
of clusters formed by cells collectively (M2).

To study invasion and metastasis in more detail, confocal microscopy is highly
recommended.

1. Use low magnification (% 4 objective) to image the whole body and obtain an
overview of the tumor cell dissemination pattern.

Note: Higher magnification (x 20 and x 40 objectives) is suitable for studying
intra- and peri-tumoral angiogenesis and precise localization of disseminated
cells in the embryo body.

2. Use a 488-nm laser to scan the zebrafish embryo vasculature, and a 543-nm
laser to scan implanted tumor cells labeled with red fluorescence. Obtain a
high-quality image, by scanning each embryo in eight to ten steps. Scan and
average each step six times.

Carefully place the embryo back into the egg water if it is required for further
experiments.

8. Perform statistical analysis using one-way analysis of variance (ANOVA) followed by

post hoc analysis.
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Representative Results:

In the embryonic xenograft zebrafish model with perivitelline space injection, the
hematogenous dissemination of labeled cancer cells in the fish body is considered as active
migration. This process can be detected and quantified under a fluorescent microscope as
described in the methods above. To illustrate this xenograft model we followed the
dissemination process of different breast cancer cell lines with known (or lack of)
invasion/metastasis potential according to in vitro and in vivo mouse studies, including the
benign normal breast epithelial M1 cells, HRAS-transformed premalignant M2 cells, and
highly metastatic MDA-MB-231 cells 1 day post-njection (dpi) onward.

A high-resolution confocal microscopy image showed that MDA-MB-231 cells (red) exhibit
an aggressive phenotype with irregular borders in the perivitelline space. Pseudopodial-like
protrusions and invasive fronts were also frequently present (Figure 4A, left). A few cells
disseminated into the blood circulation as early as 1 dpi (Figure 4A, right). At 2 dpi, clear
dissemination was observed in the distal parts of the fish (Figure 4A, right). The number of
disseminated cells increased further at 3 dpi (Figure 4A and B). In contrast, when M2 cells
were challenged in zebrafish, they exhibited modest spread in the fish body after 2 dpi
(Figure 4C). They also showed increased dissemination with time lapse (Figure 4D).

As shown in Figure 4E and F, M1 cells infrequently disseminated into the zebrafish
circulation, and even active local migration within the perivitelline space was infrequent
during the period of observation. The M1 cell mass was virtually detained at the original
injection site. If defining positive dissemination or metastasis as >5 cells in the fish body (4),
MDA-MB-231 and M2 cell metastasis was observed in 92% and 57% of fish, respectively, at
3 dpi (Figure 4G).

In contrast, no positive dissemination was observed with M1 cells. Therefore, this zebrafish
model of human cancer cell progression accurately reflects the relative level of metastatic
potential of the different cells in mice. Neovascularization (green) that sprouted from the
subintestinal plexus of the embryonic zebrafish and penetrated into the MDA-MB-231 or M2
cell mass, was also present vividly through perivitelline space injection (Figure 4A and C,
left). Consistent with the disability in dissemination, only slight neovascularization was
detected upon M1 cell implantation (Figure 4E).

In the embryonic xenograft zebrafish model with mCherry-labeled MDA-MB-231 cells Doc
injection, the labeled cancer cells in the tail fin of zebrafish is considered as active
extravasation. The mCherry-labeled MDA-MB-231 cells were injected at 2 dpf. At 3 dpi, the
cells started to migrate out of the vessels to the tail fin, which is enriched with collagen.
Single MDA-MB-231 cells migrated one by one independently from the vessels to the distant
tail fin (Figure 5A). At 6 dpi, invasion can be quantified by counting the number of cells that
have migrated into the tail fin tissue. n mCherry-labeled M2 cells Doc injection model,
injection was also performed at 2 dpf. However, a clustered phenotype is observed during the
active extravasation process. At 1 dpi, M2 cells started to migrate out from the vessels into
the caudal hematopoietic tissue (CHT) of the zebrafish. At 2 dpi the migrated M2 cells started
to form a cluster between the vessels in the CHT (Figure 5B). Quantification of the M2
invasive cell clusters number in CHT region can be conducted at 6 dpi.
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Figure 4. Comparison of dissemination ability among various breast cell lines. Approximately 400
mCherry-labeled MDA-MB-231, MCF10Aras (M2), or MCF10A (M1) cells were injected into the perivitelline
space of zebrafish embryos 48 hpf. The injected embryos were followed for 3 days. (A, C, and E) High-
resolution micrographs showing the representative migration and dissemination process of MDA-MB-231 (A),
M2 (C), and M1 (E) cells in individual embryonic bodies 1, 2, and 3 days post-injection (dpi). Left, cell
migration in the perivitelline space (red) and the peritumoral and intratumoral vasculature (green). Yellow
signals indicate the overlap of microvessels and cells. Right, yellow arrowheads indicate single disseminated
cells. Scale bar = 50 um (B, D, and G) Quantification of the number of disseminated cells in each embryonic
body at 1, 2, 3 dpi. Results are expressed as the Mean+ SEM. Results from one-way analysis of variance
(ANOVA) followed by the post hoc analysis are shown. P <0.05 was accepted as statistically significant
(*0.01 <P <0.05; **0.001 <P <0.01; *** P <0.001. (F) Comparison of the incidence of metastasis for MDA-
MB-231, M2, and M1 cells in embryonic bodies at 1, 2, 3 dpi.

Figure 5. Different behavior of MDA-MB-231 and M2 cell metastasis in zebrafish with duct of Cuvier
injection. (A) Representative confocal images of the zebrafish followed at 3, 4, 5 dpi to show the single cell
migration behavior of the MDA-MB-231 cells in zebrafish. Arrows indicate invasive MDA-MB-231 cells that
migrated out of the vessels to the tail fins. Scale bar = 200 um in the left column, 50 pm in the right column. (B)
Representative confocal images of the zebrafish followed at 1, 2, 3 dpi to show the cell cluster migration
behavior of M2 cells in zebrafish. Arrows indicate invasive M2 cells that migrated out of the vessels to the
caudal hematopoietic tissue (CHT) and formed a cluster between the vessels.
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Discussion:

Here, we described two methods for investigating the invasive behavior of breast cancer cells
in Tg (flil:GFP) zebrafish embryos based on perivitelline space and Doc injection. By
injecting cancer cells labeled with chemical dye or fluorescent protein into transgenic
zebrafish embryos, the dynamic and spatial characteristics of invasion and metastasis can be
clearly tracked in real-time at the single cell or cluster level under a fluorescence microscope.
In most cases, the rapid progression of metastasis in zebrafish ensures that the assay can be
performed within 1 week after transplantation. Moreover, powerful statistics can be obtained
with large cohorts of fish.

Early and late events of the metastatic cascade could be simulated and recapitulated by
injecting cancer cells into the perivitelline space or Doc, respectively. The perivitelline space
is the confined space between the periderm of the fish and the yolk sac, which allows one to
monitor dissemination of single tumor cells from primary sites in the living body. After
implantation, the cancer cells undergo local migration and invasion within the perivitelline
space (considered the primary site), then intravasate into blood vessels and disseminate along
with the circulation. At the head and tail fin (considered distant target sites), cancer cells
accumulate in narrow capillary beds and extravasate. Therefore, the number of cells that are
found at the distant sites in the fish body is a measurement of metastatic capability. In
addition, more extravasated cells could be observed at later time points, which is also shown
in the Doc injection assay.

The Doc is an enlarged common cardinal vein with an extensive blood stream (21). Directly
targeting the Doc as an injection site introduces cancer cells into the circulatory system. In
practice, breast cancer cells diffuse throughout the embryonic body via the blood stream
instantly after Doc injection. The cells then arrest at the caudal vein and dorsal aorta.
Extravasation, invasion, and micrometastasis formation can be observed successively within
6 days. As reported previously(16), metastatic MDA-MB-231 cells and premalignant
mammary M2 cells exhibit different invasive phenotypes. MDA-MB-231 cells undergo
single cell invasion of the collagen matrix-rich tail fin. Thus, the invasion potential of MDA-
MB-231 cells can be measured by counting the number of cells that have extravasated and
invaded the tail fin tissue. In contrast, M2 cells form clusters of different sizes and undergo
collective invasion of the CHT. Quantitating the invasion potential of M2 cells by counting
the number of clusters in this protocol is difficult, and is preferably performed by making a
3D image using confocal microscopy and determining the volume of clustered tumor cells.

The technical challenge in cancer cell microinjection is successfully targeting the perivitelline
space or Doc. The microinjection of large numbers of embryos is a tedious procedure
requiring a highly skillful and patient operator. Factors that contribute to variations in the
results in individual fish include the developmental stage of the embryo when injecting,
differences in the number of cells injected, and the leakage of cells into the yolk sac. Though
rare, the manipulation could unintentionally but inevitably penetrate the vasculature and
introduce cells into the circulatory system directly, especially in perivitelline space injection.
To further reduce variation and ensure the reliability of analyses, microscopic examination is
necessary to exclude unqualified fish at a given time point throughout the process. In addition,
blinded analysis by a professional without knowledge of the setting is strongly suggested to
achieve unbiased quantification.
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In summary, the two models we introduced here shed light on visualizing the processes of
cell invasion and metastasis in vivo without invasive procedures. Although we only studied
breast cancer cells in the two models regarding metastatic potential, they could be
extrapolated to other types of cancer. Moreover, the models could have broader applications
in excavating the mechanisms and new molecular targets controlling cancer cell metastasis
using (epi)genetic manipulation. Due to the higher penetrability of zebrafish embryos by
small-molecule compounds as compared to the feeding or injection of rodents (22), the two
presented models also have advantages in high-throughput screening of potential new anti-
invasion/metastasis drugs.
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Materials

Name Company cat # Comments

Agarose MP Biomedicals AGAF0500

Borosilicate glass capillary Harvard Apparatus 300038

Cholera enterotoxin Calbiochem 227035

Confocal microscope Leica SP5 STED

DMEM-high glucose media ThermoFisher Scientific 11965092

containing L-glutamine

DMEM/F-12 media containing ThermoFisher Scientific 21041025

L-glutamine

Dumont #5 forceps Fine Science Tools Inc 11252-20

Epidermal growth factor Merck Millipore 01-107

Fetal bovine serum ThermoFisher Scientific 16140071

Fluorescent stereo microscope  Leica M165 FC

HEK293T cell line American Type Culture CRL-1573

Collection

Hydrocortisone SigmaAldrich 227035

Horse serum ThermoFisher Scientific 26050088

Insulin SigmaAldrich 1-6634

MCF10A (M1) cell line Kindly provided by Dr. Fred

MCF10Aras (M2) cell line Miller (Barbara Ann
Karmanos Cancer Institute,
Detroit, Ml, USA)

MDA-MB-231 cell line American Type Culture CRM-HTB-26

Collection

Manual micromanipulator World Precision Instruments M3301R

Micropipette puller Sutter Instruments P-97

Wide-tip Pasteur pipette (0,5- Eppendorf F276456I|

20 ul)

pCMV-VSVG plasmid Kindly provided by Prof. Dr.

. Rob Hoeben (Leiden
MDLg-RRE (gag/pol) plasmid

P £ (gag/pol) p University Medical Center,

PRSV-REV plasmid Leiden, The Netherlands)

Penicillin-Streptomycin (10,000  ThermoFisher Scientific 15140122
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U/mL)

PLV-mCherry plasmid Addgene 36084

Pneumatic picoPump World Precision Instruments SYS-PV820

Polybrene SigmaAldrich 107689

Prism 4 software GraphPad Software

Stereo microscope Leica MZ16FA

Tg (fli:EGFP) zebrafish strain Kindly provided by Dr. Ewa
Snaar-Jagalska (Institute of
Biology, Leiden University,
Leiden, The Netherlands)

Tris-base SigmaAldrich 11814273001

Tricaine (3-aminobenzoic acid)  SigmaAldrich A-5040

Trypsin-EDTA (0.5%) ThermoFisher Scientific 15400054

Petri dishes, polystyrene (60 x SigmaAldrich P5481-500EA

15 mm)

Polystyrene dish with glass WillCo GWST-5040

bottom

The video of this article can be found at https: https://www.jove.com/video/55459/
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Abstract

Purpose: Therapies directed to specific molecular targets are still unmet for triple-negative
breast cancer (TNBC) patients. Deubiquitinases (DUBs) are emerging drug targets. The
identification of a highly active DUBs in TNBC may lead to novel therapies.

Experimental Design: Using DUB activity probes, we profiled global DUB activities in 52
breast cancer cell lines and 52 patients’ tumor tissues. To validate our findings in vivo, we
employed both zebrafish and murine breast cancer xenograft models. Cellular and molecular
mechanisms were elucidated using in vivo and in vitro biochemical methods. A specific
inhibitor was synthesised and its biochemical and biological functions were assessed in a
range of assays. Finally, we used patient sera samples to investigate clinical correlations.

Results: Two DUB activity profiling approaches identified UCHLL1 as being highly active in
TNBC cell lines and aggressive tumors. Functionally, UCHL1 promoted metastasis in
zebrafish and murine breast cancer xenograft models. Mechanistically, UCHL1 facilitates
TGFP signaling-induced metastasis by protecting TGFp type I receptor and SMAD2 from
ubiquitination. We found that these responses are potently suppressed by the specific UCHL1
inhibitor, 6RK73. Furthermore, UCHLL1 levels were significantly increased in TNBC patient
sera, and highly enriched in sera exosomes as well as TNBC cell conditioned media. UCHL1
enriched exosomes stimulated breast cancer migration and extravasation, suggesting that
UCHL1 may act in a paracrine manner to promote tumor progression.

Conclusion: Our DUB activity profiling identified UCHLL1 as a candidate oncoprotein that
promotes TGFp-induced breast cancer metastasis and may provide a potential target for
TNBC treatment.

Translational Relevance

Metastasis is the leading cause of breast cancer-associated death. Triple-negative breast
cancer remains the most challenging subtype to treat. Deubiquitinases (DUBs) are emerging
drug targets in cancer treatment. To discover new DUB targets, we profiled global DUB
activities in 52 human breast cancer cell lines and 52 patients’ tumor tissue samples. Two
independent DUB activity profiling approaches identified UCHLL1 as being highly active in
TNBC cell lines and aggressive tumors. Mechanistically, UCHLI facilitate TGFp signaling-
induced metastasis by restricting ubiquitination of TGF type I receptor and its downstream
effector SMAD2. We further found UCHLL1 covalent activity inhibitor 6RK73 can be used as
a potential drug to specifically inhibit UCHL1 activity in breast cancer. Furthermore, we
observed that TNBC patient sera contains high UCHLL1 levels, which may represent a blood-
based biomarker for early diagnosis of metastasis. In sum, our study has identified UCHL1 as
a potential target for TNBC treatment.

Introduction

Breast cancer is the most frequently diagnosed cancer in women (1), approximately 90% of
breast cancer-related deaths are due to metastasis (2). During the metastasis process,
epithelial-mesenchymal transition (EMT) plays an important role, which can be induced by
the secreted cytokine transforming growth factor-f (TGFB) (3). In the late stage of
tumorgenesis, TGFp stimulates cell invasion and modifies the microenvironment to promote
cancer cell intravasation into nearby vessels, and stimulate extravasation into distant tissues
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and forming tumors-initiating seeds (4). Increasing evidence indicates that tumor cell-derived
exosomes can profoundly influence the tumor local and systemic environment by transferring
oncogenic cargo molecules (including protein, RNAs and lipids) to stromal or less aggressive
tumor cells (5). Proteins that are enriched in circulating exosomes can be readily isolated
from cancer patient blood and have been used as blood-based diagnostic and prognostic
markers (6). Once metastasis has been triggered, current treatments frequently fail to provide
durable responses (7). Therefore, an improved understanding of the underlying molecular and
cellular mechanisms of metastasis is needed to better prevent and treat metastatic breast
cancer.

As a highly heterogeneous disease, breast cancer can be classified into multiple subtypes with
distinct metastatic potential based on genetic and clinical features (8). For instance, basal-like
breast cancers are more aggressive than luminal and normal-like breast cancers (9), and
estrogen receptor (ER) negative tumors are more aggressive than ER positive ones (10). The
most aggressive subtype of breast cancer is triple-negative breast cancer (TNBC), which is
defined as lacking expression of ER, progesterone receptor (PR), and human epidermal
growth factor receptor 2 (HER2). TNBC subtype accounts for approximately 12% to 17% of
breast cancers (11). TNBC remains the most challenging subtype of breast cancer to treat due
to a low response rate to chemotherapy and lack of clinically meaningful molecular targets
(12). Thus, there is an unmet need for newer molecular targets and effective drugs against
these novel targets.

Post-translational modification of proteins by ubiquitination is emerging as a key regulatory
mechanism in cell biology for regulating protein degradation and signaling activity (13).
Ubiquitination is mediated by ubiquitin E3 ligase enzymes and reverted by deubiquitinases
(DUBSs). About 100 human DUBs have been identified and some of them play important
roles in cancer progression (14). The majority of DUBs have a catalytic cysteine in the
activity site of the protease, which render them attractive targets for small-molecule drug
discovery screens (15). In recent studies, several independent groups have developed USP7
inhibitors (16-18), and, especially, the inhibitor FT671 showed significant inhibition of
medulloblastoma, colorectal and lung tumors growth in mice (19). More than a decade after a
Nobel prize was awarded for the discovery of the ubiquitin-proteasome system and clinical
approval of proteasome and ubiquitin E3 ligase inhibitors, first-generation DUB inhibitors are
now approaching to clinical trials (15). Besides, the development of DUB activity based
probes (ABPs) provide very useful tools for monitoring target engagement and facilitate
progress in drug discovery of DUBs (15,20).

Motivated to better understand the functional importance of differential DUB activities in
breast cancer, we profiled DUB activity in different breast cancer subtypes with DUB ABPs.
From these landscape profiles of DUB activities, we identified UCHL1 as being highly active
in the more aggressive breast cancer subtype. Functionally, UCHL1 promoted TGFf-induced
breast cancer metastasis, and these responses were mitigated by genetic and pharmacological
approaches. Furthermore, UCHL1 levels were significantly increased in exosome fractions of
aggressive breast cancer patient sera. In this study, we also explored the function of UCHL1
enriched exosomes in promoting TNBC migration and extravasation.
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Materials and Methods
Ethics Statement and Preparation of Clinical Samples

ER positive and negative fresh frozen tumor tissues and sera were randomly selected from the
historical tumor biobank at the Erasmus MC Cancer institute. Use of biospecimen for
biomarker research has been approved by the Medical Ethics Committee of the Erasmus MC
and was performed in accordance to the Code of Conduct of the Federation of Medical
Scientific Societies in the Netherlands (http://www.federa.org/). TNBC and control sera
samples were collected by the Leiden University Medical Center (LUMC) Surgical Oncology
Biobank between October 2002 and March 2013 according to a standardized protocol. This
study was approved by the Medical Ethics Committee of the LUMC and was performed in
accordance to the Code of Conduct of the Federation of Medical Scientific Societies in the
Netherlands (http://www.federa.org/). Sera samples from 10 TNBC patients were selected
that had no prior treatment and sera from 25 volunteers were selected as controls. Sera
samples from TNBC and controls were stored at -80° C.

Cell Lines and Cell Culture

HEK293T and A549 cells were originally obtained from American Type Culture Collection
(ATCC) and cultured in Dulbecco’s modified Eagles’s medium (DMEM) supplemented with
10% fetal bovine serum (FBS) and 100U/ml penicillin-streptomycin (15140122; Gibco). The
52 breast cancer cell lines that were used in this study were cultured in Roswell Park
Memorial Institute (RPMI) medium (11875093; Gibco) supplemented with 10% FBS, 100
IU/ml penicillin-streptomycin. All the 52 breast cancer cell lines were molecularly and
biochemically characterized and are listed in Supplementary Table S1. All the cells were
routinely tested for absence mycoplasma contamination and checked for authenticity by STR
profiling.

Zebrafish Extravasation Assay of Human Breast Cancer Cells

Transgenic zebrafish lines Tg (flil: EGFP) were raised according to standard procedures in
compliance with the local Institutional Committee for Animal Welfare of the Leiden
University. Zebrafish extravasation assay were prepared as previous described (21). Zebrafish
were fixed with 4% paraformaldehyde (PFA) 6 days after injection. Imaging and
quantification of the results were carried out on an inverted SP5 STED confocal microscope
(Leica), At least 40 zebrafish were analyzed for each group and 3 representative images were
taken. All the experiments were repeated at least three times, and representative results are
shown.

Breast Cancer Metastasis Assay in Mice Xenograft Model

Mice were purchased from the animal husbandry center of the Shanghai Institute Cell
Biology, Academia Sinica, Shanghai, China. For the intracardial injection, five-weeks-old
female BALB/c nude mice were anesthetized with isoflurane and single-cell suspension of
MDA-MB-231 BM Luc (100.000 /100ul PBS) cells or MDA-MB-436 Luc (300.000 /100ul
PBS) cells were inoculated into the left heart ventricle according to the method described by
Arguello et al (22). Ten mice were injected in each group. Bioluminescent imaging was used
to verify successful injection and to monitor the outgrowth of metastasis weekly. Mice
experiments were approved by the Zhejiang University Animal Welfare Committee.
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6RK73 Synthesis

The 6RK73 compound was synthesized according to a reported procedure (23). NMR and
analytical LC-MS analysis was performed to confirm the nature and purity of the compound.

Exosome Isolation from Cell and Sera

Exosome isolation were performed as previous described (24,25). Supernatants from cell and
sera samples from patients were concentrated by 100 K NMWL centrifugal filtration
(UFC910024; Millipore) at 4 °C 10 x 10%g and washed twice with PBS. Exosomes were
recovered from the concentrated supernatant by ultracentrifugation at 100 x 10g for 17 hours
at 4 °C. Exosome pellets were resuspended in ice-cold PBS at 4 °C. The concentration of
exosomal proteins was quantified using DC protein assay (Pierce).

Statistical Analysis

Statistical analysis was performed using Prism 8 software (GraphPad La Jolla, USA).
Numerical data from triplicates are presented as the mean + SD, except for analysis of
Zebrafish experiments where a representative result is expressed as mean + SEM. The
significance of differences between two independent subjects was determined using the
unpaired Student’s t test. Two-way analysis of variance (ANOVA) has been used to analysis
multiple subjects. The Kaplan-Meier method was used to evaluate metastasis free survival of
mice between two groups. P value are indicated by asterisks in the figures: *, P < 0.05, **, P
< 0.01, *** P < 0.001 and **** P < 0.0001. Differences at P =0.05 and lower were
considered significant.

See supplementary information for additional descriptions regarding methods that were used.

Results

DUB activity profiling identified UCHL1 as a highly active DUB in aggressive breast
cancer

We first established a workflow to systematically determine the differential DUB activities in
52 human breast cancer cell lines and 52 breast cancer patient tumor tissues by using
TAMRA-ubiquitin-VME, which is a ubiquitin-based activity probe for cysteine DUBs
labeled on the N-terminus with a 5-carboxytetramethylrhodamine (TAMRA) dye and
equipped with a reactive C-terminal vinyl methyl ester (VME) warhead (Fig. 1A). Among all
the bands that were labelled with TAMRA ABP and visualized by fluorescence scanning, a
band on the bottom of the gel displayed large variation in intensity levels between cell lines
with representatives for Basal A, Basal B, Luminal, and Luminal HER2+ subtypes (Fig. 1B).
To identify the DUB corresponding to this band, we used Biotin-ubiquitin-VME ABP to pull
down the protein and identified it by liquid chromatography-tandem mass spectrometry
(LC/MS-MS) (Fig. 1C). We performed the DUB identification in MDA-MB-436 cells, which
showed strong intensity of the band of interest in the TAMRA and Biotin ABP result (Fig.
1D). The LC/MS-MS identified the DUB as UCHL1, and the Biotin-ubiquitin-VME ABPs
were also identified and almost equally enriched with UCHLL in the samples (Fig. 1E and
Supplementary Fig. S1A).
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Figure 1. DUB activity profiling identified UCHL1 as being selectively highly activated in aggressive

breast cancer tumor tissues and cell lines. A, Schematic overview of DUB activity profiling with
TAMRA activity based probe (ABP). B, Atlas of DUB activity in 52 breast cancer cell lines. Four
gels were merged together with dashed line in between two gels. C, DUB identification workflow
with Biotin ABP. D, TAMRA ABP and Biotin ABP assay in MDA-MB-436 cells. E, LC-MS/MS
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analysis of in-gel tryptic digestion of excised gel slice indicated in figure 1D. F, UCHL1 activity
analysis of 52 breast cancer cell lines. **, P < 0.01, unpaired Student t test. G, UCHL1 activity gravy
value analysis of 52 tissues from breast cancer patients. ***, P < 0.001, unpaired Student t test.

Next, we measured the intensities of the UCHL1-corresponding band in the TAMRA ABP
profiling results by densitometry to compare UCHLI1-corresponding activities between
different breast cancer subtypes (Supplementary Table S1); UCHL1 activities were
significantly increased in TNBC lines compared to non-TNBC cell lines (Fig. 1F). Next,
DUB activity profiling with TAMRA ABP was performed in 26 ER+ and 26 ER- breast
cancer patient tumor tissues (Supplementary Fig. S1B), and UCHL1-corresponding activities
in ER- patient tumors were significantly higher than the activities in ER+ patient tumors (Fig.
1G and Supplementary Table S2).

The second parallel DUB activity profiling was performed with Biotin-ubiquitin-VME ABP
combined with LC/MS-MS analysis in 20 randomly picked up Basal and Luminal human
breast cancer cell lines (Fig. 2A; Supplementary Table S3). All the targets identified by

LC/MS-MS were plotted by hierarchical clustering to compare biological replicates (Fig. 2B).

Average label-free quantification (LFQ) log. difference between Basal and Luminal, ER+
and ER-, and TNBC and non-TNBC subtype cell lines revealed that UCHL1 activity was
highly enriched in Basal, ER negative and TNBC subgroups (Fig. 2C; Supplementary Table
S4). To further validate the Biotin ABP profiling result of UCHL1, we compared UCHL1
activity detected by Biotin ABP and TAMRA ABP profiling, with the UCHL1 protein level
measured by Western Blot (WB) in these 20 breast cancer cell lines (Fig. 2D). Both profiling
results of UCHLL1 activity showed similar results, and the UCHLL1 protein level detected by
WB was found to be a major determinant for UCHL1 activity level (Fig. 2D). Taken together,
both DUB activity profiling methods identified UCHL1 as being highly activated in
aggressive breast cancer.

UCHL1 promotes breast cancer metastasis in xenograft models

To explore the role of UCHL1 activity in breast cancer metastasis, we first analyzed the
effect of its misexpression in breast cancer cells on extravasation in a zebrafish breast cancer
xenograft model (Fig. 3A). First, we overexpressed UCHLL in mCherry-expressing MDA-
MB-231 cells, which has a low endogenous UCHL1 expression/activity level as determined
by WB and TAMRA ABP assays (Fig. 3B and Supplementary Fig. S2A). Injection of the
same number of cells into the circulation of zebrafish embryos revealed after 6 days
significantly increased number of invasive cells in the UCHL1-Flag group compared to the
vector control group (Fig. 3C and D). The proliferation of both cell lines when grown on
plastic showed no significant difference (Supplementary Fig. S2B).

Next, we knocked down UCHLL1 in mCherry-expressing MDA-MB-436 cells, which have
high endogenous UCHL1 expression/activity level by using two independents short hairpin
RNAs (shRNAs). The knockdown efficiency was validated by WB and TAMRA ABP assays
(Fig. 3E and Supplementary Fig. S2C). The UCHL1 knockdown groups revealed not only
less invasive cells but also a weaker metastatic phenotype (cells were unable to extravasate
into zebrafish tail fin and formed clusters in between the blood vessels) compared with a non-
targeting (NT) shRNA and empty vector (PLKO) control groups (Fig. 3F and G). The
proliferation was not affected by UCHL1 depletion (Supplementary Fig. S2D).
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Figure 2. Quantitative DUB activity-based proteomic profiling identified UCHL1 as being selectively
highly active in TNBC cell lines. A, Schematic overview of quantitative DUB activity profiling with
Biotin ABP. B, Heatmap depicting sample clustering considering Z-score of proteins identified by
LC-MS/MS after Biotin-ABP profiling. The tree indicates Euclidean distances between samples. C,
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Scatterplots depicting statistical differences between cell lines grouped by tumor subtype. A filled dot
indicates that a protein is statistically significantly different between any of the groups of study and
the control sample set. An empty dot indicates that there is no statistically significant difference
between any of the groups of study and the control sample group. Location of UCHL1 is marked with
a circle. D, Biotin ABP, TAMRA ABP and WB analysis of UCHLL in 20 breast cancer cell lines,
TNBC cell lines were highlighted with red color. Two blots were merged together with a grey line in
between two blots. Same blot was used for UCHL1 and Tubulin (loading control).

Next, to further confirm that UCHL1 promotes breast cancer metastasis, we used a mouse
breast cancer xenograft model in which we intracardially injected breast cancer cells stably
expressing firefly luciferase, into female BALB/c athymic nude mice. Bioluminescent images
(BLI) were taken every week to monitor colonization in different organs after successful
injection (Fig. 3H). UCHL1-overexpressing MDA-MB-231 cells exhibited significantly
increased metastasis in different organs 35 days after injection (Fig. 31 and K) and shorter
metastasis-free survival periods than the empty-vector control group (Fig. 3J).

Furthermore, nude mice were intracardially injected with luciferase-labelled PLKO control
and sh1-UCHL1 knockdown MDA-MB-436 cells. The PLKO group showed metastasis in
different organs at 49 days after injection (Fig. 3L and N), and shorter metastasis-free
survival periods than sh1-UCHL1 group (Fig. 3M). Altogether, the mice and zebrafish results
confirm that UCHL1 promotes breast cancer invasion and metastasis.

UCHL1 facilitates TGFf signaling-induced TNBC migration and extravasation by
protecting TBRI and SMAD2 from ubiquitination

Next, we investigated the underlying mechanism by which UCHL1 promoted breast cancer
metastasis. Since EMT plays an important role during breast cancer metastasis (3), we firstly
tested the effect of UCHL1 depletion in MDA-MB-436 cells on the levels of several
mesenchymal markers. Knockdown of UCHL1 significantly decreased VIMENTIN, SNAIL
and SLUG expression both at the RNA and protein level (Fig. 4A and B). In addition, gPCR
results showed a modest decrease of f-CATENIN, ZEB1 and ZEB2 expression upon UCHL1
depletion (Supplementary Fig. S3A). Since TGFp is a key activator of EMT, we next
examined whether UCHL1 can control TGFP signaling. Indeed, ectopic expression of
UCHL1 in MDA-MB-231 cells (low endogenous UCHL1 activity) promoted TGF-induced
pSMAD? levels, and this coincided with increased TGFp type I receptor (TBRI) and SMAD2
levels (Fig. 4C). Knockdown of UCHL1 in MDA-MB-436 cells (high endogenous UCHL1
activity) suppressed pSMAD2, TPRI and SMAD2 levels (Fig. 4D). Besides, ectopic
expression of UCHL1 in HEK293T cells upregulated the TGFB-induced SMAD3/4 driven
transcriptional CAGA1-luc response, whereas knockdown of UCHL1 decreased this effect
significantly (Supplementary Fig. S3C). To investigate whether UCHLI interacts with TBRI,
we performed immunoprecipitation (IP) of UCHL1 followed by WB for TPRI using
HEK?293T cell lysates. We observed that Flag-tagged UCHLL1 interacted with both
overexpressed and endogenous TPRI upon TGFp treatment (Fig. 4E and supplementary Fig.
S3D). Besides, we found that recombinant UCHL1 preferentially binds to ubiquitinated TPRI.
This post-translational modification of TPRI is triggered by TGF treatment (Supplementary
Fig. S3E). We also found in IP-WB experiments that UCHL1 interacts with SMAD?2 in
HEK293T cells. This endogenous interaction was not TGF dependent (Fig. 4E).

59




Chapter 4

A

Embryos collection  DOC injection Imaging & analisis

Y Y Y

0 dpf 2 dpf 8 dpf

£
= rRRm
T
MDA-MB-231 z 10 -
——— - -
Control vector UCHL1-Flag E mmnn
E oo L L]
UCHL1»F|agESS kDa 2 oo sssss
Es secsce .. -
E eccccccecee
Tubulin l 5kDa o M sEmREEEEREEE
i —
ﬂ 000000000000 LLLLL)
s
e
D Control vector UCHL1-Flag

Control vector

UCHL‘I-FIa-

E F

o % axns a
MDA-MB-436 = ' ——
3 Ty
\*\,\ ‘(’\\:\ ce . Es ! v
© W H o - A v
R £
g‘ essmssssmente S Yy vy
o T o | -
22]  omssosess  mmmmmmmm  swss e
o I 5102 § | oee oo O
z
NT PLKO  sh1-UCHL1 sh2-UCHL1
-
z
O
X
=
o
-
-
I
&)
]
x
£
7]
=
-
I
8]
=2
& 5
[z 200 um 200 pm

H

Intracardiac injection Bioluminescence imaging & metastasis analy5|s

Y YV Iy

MDA-MB-231 or 14 21 35 42 49 56 (dpi)
MDA-MB-436 cell Momtonng weekly

I axt0s UCHL1 J

-~ 100+ =e= Control

[ =e= Control =

B 34105 G 53 UCHL1

n *% @

3 £
5ef i}

g 2x10 E 504

.E ]

8 1x1054 3

= * _
0+ T T T

0 10 20 30 40 0 20 40 60

Time after injection (d) Time after injection (d)
K Ventral Dorsal

#1 #2 #3 #1 #2
B | t x10
5 : : 3
: . .
> L
=l
S| &
oo} o _
= L. i
5 | ¢
s
by
5 2
=
L 5x10 5+ 3
= PLKO
S 4x1054 === sh1-UCHL1 S
= >
= s £
@ 3x10 G
2 g sof
@ 2x1054 B
8 b
3 1x105 = == PLKO :l"
= sh1-UCHL11*
0 T — 7 ef—p——
30 35 40 45 50 0 20 40 60
N Time after injection (d) Time after injection (d)
Ventral Dorsal
#1 # #3 #1 #
g Q
z L
© .
e T
< H
o) £
2 ‘
<I 2
al ~
| ' m!
(8]
D 1
£
<n

Figure 3. UCHL1 promotes breast cancer metastasis in zebrafish and mice xenograft models. A,
Workflow of breast cancer extravasation experiment in a zebrafish model. The blood vessels and
cancer cells are fluorescently labelled in green and red, respectively. B, UCHL1 overexpressing and
control vector expressing MDA-MB-231 cell lines were established and validated by WB. Same blot
was used for UCHL1 and Tubulin (loading control). C, Analysis of invasive cell numbers of control
and UCHL1 groups in zebrafish metastasis experiment. **** P < 0.0001, unpaired Student t test. D,
Representative images of zebrafish from the control and the UCHL1 group with zoom-in of invasive
cells on the right panel. E, Two UCHL1 shRNA knock down MDA-MB-436 cell lines and two
control cell lines PLKO (empty vector) and NT (non-target) were established and validated by WB.
Same blot was used for UCHL1 and Tubulin (loading control). F, Analysis of invasive cell numbers
of each group in zebrafish metastasis assay. *, P < 0.05, *** P < 0.001 and ****, P < 0.0001, two-
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way analysis of variance (ANOVA). The location of nuclear and plasma membrane are indicated with
a dashed line. G, Representative images from 4 groups with zoom-in on the right panel. H, Workflow
of breast cancer metastasis experiment in mouse model. I, Bioluminescence imaging (BLI) signal of
metastasis of control and UCHLL1 overexpression in MDA-MB-231 cells were measured at indicated
times. **, P < 0.01, two-way ANOVA. J, Percentage of metastasis-free mice in each group followed
in time. *, P < 0.05, Log-rank test. K, BLI signal of metastasis of 3 representative mouse images with
both ventral and dorsal side from each group at day 35 after injection. L, BLI signal of metastasis of
PLKO and sh1-UCHL1 MDA-MB-436 cells were measured at indicated times. *, P < 0.05, two-way
ANOVA. M, Percentage of metastasis-free mice in each group followed in time. **, P < 0.01, Log-
rank test. N, BLI signal of metastasis of 3 representative mouse images with both ventral and dorsal
side from each group at day 49 after injection.

As UCHL1 is a small protein in which either deletion of N- or C-terminal sequences will
result in loss of solubility and misfolding (26), it is not possible to make truncated versions to
study the responsible domain of UCHLI for the interaction with TBRI and SMAD2. We
therefore resorted to investigate the effect of specific amino acid mutations in UCHL1 on the
interaction of UCHL1 with TPRI or SMAD2. These mutations were previously shown to
interfere with UCHL1 DUB function (26,27). Our results showed that the catalytic triad
mutants (C90S, C90A, D176N, H161D and H161Y), ubiquitin binding mutant (D30K), and
double mutant (D30K & D176N) which are defective in DUB activity as measured by
TAMRA-ABP assay, still interact with TBRI or SMAD2. However, the S18Y mutant of
UCHLL1 retained DUB activity in TAMRA-ABP assay but demonstrated a decreased
interaction with TBRI or SMAD2 (Supplementary Fig. S4A and B). These results suggest the
N-terminal region in vicinity of Serine® in UCHLL1 plays an important role in the interaction
with TPRI or SMAD2. To further validate and investigate the endogenous interactions and
subcellular localization of TPRI-UCHL1 and SMAD2-UCHL1, we performed proximity
ligation assays (PLA) in A549 cells. A549 cells were chosen as they contain a large
cytoplasm unlike MDA MB 436 and HEK293T cells; the large cytoplasm facilitates studies
on subcellular distribution. Results showed that the interaction between UCHLI1 and TBRI
occurs in a ligand dependent manner (Fig. 4F and Supplementary Fig. S3G-H). The
interaction between UCHL1 and SMAD?2 is not ligand dependent, but we found that the
subcellular location of the interaction shifted from cytoplasm to nucleus after TGF treatment
(Fig. 4F and supplementary Fig. S3F-H). Importantly, we found that the interaction between
UCHLI1 and TPRI occurs in the early endosome. The PLA signals for UCHLI-TBRI co-
localized to a large extent with the early endosome marker FYVE-EGFP (Fig. 4G and
supplementary video).

Next, we investigated whether UCHL1 can stabilize TBRI and SMAD2 protein levels. We
examined the stability of TBRI or SMAD2 in the presence of cycloheximide upon
misexpression of UCHL1 in HEK293T cells. Results demonstrated that UCHL1
overexpressing cells showed longer protein half-lives of TBRI and SMAD2 than control cells,
while UCHL1 knockdown cells showed shorter protein half-lives of TBRI and SMAD2 than
the PLKO cells (Fig. 4H and I). The mRNA level of TBRI and SMAD2 were not significantly
different between UCHL1 overexpressing and knock down cells, compared to their control
cells (Supplementary Fig. S4C and D). Thereafter, we investigated whether UCHL1 protects
TPRI and SMAD2 from ubiquitination. We tested the ubiquitination of constitutively active
TPRI (caTPRI) and SMAD2 with overexpression of wild type (WT) and catalytic inactive
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mutant (C90A) UCHL1. Results showed that only WT UCHL1, but not C90A UCHL1
mitigates caT BRI and SMAD?2 ubiquitination (Fig. 4] and K).
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Figure 4. UCHL1 regulates mesenchymal phenotype of breast cancer cells and promotes
TGFB/SMAD signaling induced breast cancer extravasation. A, WB analysis of mesenchymal
markers in UCHL1 shRNA knock down MDA-MB-436 cells. Same blot was used for UCHL1, SLUG
and Tubulin (loading control). VIMENTIN and SNAIL blotting results were obtained from another
blot using the same corresponding cell lysates. B, gPCR analysis of mesenchymal markers in UCHL1
shRNA knock down MDA-MB-436 cells. **, P < 0.01, ***, P < 0.001, two-way ANOVA C, WB
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analysis of TBRI, SMAD2 and TGFp-induced pPSMAD?2 in control and UCHL1 overexpressed MDA.-
MB-231 cells. Same blot was used for TBRI and GAPDH (loading control). UCHL1 and pSMAD?2
blotting results were obtained from another blot using the same corresponding cell lysates. SMAD2
result were obtained from another blot using the same corresponding cell lysates. D, WB analysis of
TRRI, SMAD2 and pSMAD?2 in PLKO and UCHL1 shRNA knockdown MDA-MB-436 cells. Same
blot was used for UCHL1, pSMAD?2 and GAPDH (loading control). TBRI and SMAD?2 results were
derived from another two blots using the same corresponding cell lysates. E, The Interaction of
UCHLI1 with TPRI was detected by immunoprecipitation (IP) of Flag-tagged UCHL1 and
immunoblotting (IB) for TBRI in HEK293T cells (left). The endogenous interaction of UCHL1 with
SMAD?2 was detected by IP of endogenous UCHL1 and IB for SMAD2 in HEK293T cells (right). IP
results were obtained from same blot. Input results were from another blot using the same
corresponding cell lysates as used for IP. F, PLA of TPRI-UCHL1 and SMAD2-UCHL1 in A549
cells treated with or without 5 ng/ml TGFp for 1 hour. Representative images are shown in the left
panel and signal analysis are shown in the right panel. **** P < 0.0001, unpaired Student t test. G,
PLA of TPRI-UCHL1 in MDA-MB-436 cells transfected with early endosome marker FYVE-EGFP
and treated with 5 ng/ml TGFp for 1 hour. H, Expression levels of TBRI and SMAD2 were analysed
by IB in UCHL1 overexpressed and control HEK293T cells treated with 10 pg/ml cycloheximide for
the indicated times. WB results are shown in the left panel, and quantification of protein stability of
TPRI and SMAD2 are shown in the two panels on the right. Same blot was used for TBRI and
GAPDH (loading control). UCHL1 and SMAD?2 blotting results were derived from another blot using
the same corresponding cell lysates. I, Expression levels of TBRI and SMAD?2 were analysed by IB in
PLKO and shUCHL1 HEK293T cells treated with 10 pg/ml cycloheximide for the indicated times.
WB results are shown in the left panel, protein stability analysis of TBRI and SMAD2 are shown in
the right panel. Same blot was used for TBRI and GAPDH (loading control). UCHL1 and SMAD2
results were derived from another blot using the same corresponding cell lysates. J, Ubiquitination of
TBRI was detected by IP of Flag-tagged constitutively active TBRI (caTBRI) from HA-Ub transfected
HEK293T cells with WT-UCHL1-myc or C90A-UCHL1-myc overexpression. IP results were
obtained from same blot. Input results were obtained from another blot using the same corresponding
cell lysates. K, Ubiquitination of SMAD2 was detected by IP of Flag-tagged SMAD2 from HA-Ub
transfected HEK293T cells with WT-UCHL1-myc or C90A-UCHL1-myc overexpression. IP results
were obtained from same blot. Input results were obtained from another blot using the same
corresponding cell lysates. L, Real-time scratch assay results of Control, UCHL1 and UCHL1+SB
MDA-MB-231 cells. Representative scratch wounds are shown at the end time point of the
experiment (left). The region of the original scratch is coloured in purple and the area of cell is
coloured in yellow. Relative wound density (closure) were plotted at indicate times (right). M, In vivo
zebrafish extravasation assay of UCHL1 overexpressed and control vector expressed MDA-MB-231
cells treated with or without TBRI kinase inhibitor SB-431542. SB groups zebrafish were treated with
5 uM inhibitor in the egg water for 6 days after injection, and refreshed every other day. **, P < 0.01,
*xxx P < 0.0001, two-way ANOVA. Representative images from 4 groups with zoom in of the tail
fin area are shown in the left panel. Analysis of invasive cell number of Control, Control+SB, UCHL1
and UCHL1+SB groups in zebrafish extravasation assay are shown in the right panel.

In addition, we found that UCHL1 mainly regulates lysine 48-linked poly-ubiquitination of
TBRI and SMAD2 (Supplementary Fig. S4E and F). Besides, we found that recombinant
UCHLI1 protein is able to deubiquitinate TBRI and SMAD?2 in vitro directly, and N-
ethylmaleimide (NEM) treatment blocked this process by inhibiting UCHL1 DUB activity
(Supplementary Fig. S4H and I).

To investigate whether UCHL1-induced metastasis is dependent on its ability to potentiate
TGFp signaling, we employed the selective TBRI /SMAD signaling inhibitor SB431542 (SB)
to block TGFp receptor signaling in migration and extravasation assays. In a scratch assay,
SB treatment blocked the ability of UCHL1 to promote MDA-MB-231 cell migration (Fig.
4L). Results of the extravasation assay showed that SB also blocked the stimulatory effect of
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UCHL1 on MDA-MB-231 cell extravasation in an in vivo zebrafish xenograft model (Fig. 4
M). Besides, we performed functional rescue experiments. Ectopic expression of TPBRI,
SMAD?2 or SMAD3 mimicked the promoting effect of UCHL1 on migration of MDA-MB-
231 cells as measured by real-time imaging system (Supplementary Fig. S5A). In addition,
we found that overexpression of TPRI, SMAD2 or SMAD3 partially compensated the
inhibitory effect of UCHL1 knock down in MDA-MB-436 cells in a migration assay
(Supplementary Fig. S5B). Altogether, these results demonstrate that UCHL1 facilitates
TGFp signaling-induced TNBC migration and extravasation by protecting TBRI and SMAD2
from ubiquitination. Besides, we found that DUB activity of UCHL1 is required for the
metastasis-promoting activity of UCHL1. When we overexpressed C90A catalytically
inactive mutant of UCHL1 in MDA-MB-231 cells, UCHL1 lost its promotion function and
showed slightly dominant-negative regulation of migration and extravasation (Supplementary
Fig. S5C and D).

UCHLI1 activity inhibitor antagonizes TGFB/SMAD signaling and inhibits breast cancer
migration and extravasation

In order to study the effect of UCHLI activity inhibition on the TGFP pathway and breast
cancer metastasis we turned to a recently reported panel of UCHLL1 inhibitors and decided to
synthesize and characterize one of the most potent ones (23). This compound, 6RK73
covalently binds to UCHL1 (Fig. 5A and Supplementary Fig. S6A), showed excellent
inhibitory potency towards UCHL1 based on an in vitro half-maximum inhibitory
concentration (1Cso) assay, and a high selectivity over other DUBs including its closest family
members UCHL3 and UCHLS5 (Fig. 5B). We examined its effect in living cells, and we took
along the reversible competitive UCHLL inhibitor LDN57444. 6RK73 showed more potent
inhibition than LDN57444 on UCHL1 activity in MDA-MB-436 cells by TAMRA ABP
assay; the inhibitory efficiency of 6RK73 was comparable to genetic knockdown of UCHL1
(Fig. 5C). Next, we used 6RK73 to test its specificity against UCHLL1 activity on all the
DUBs by performing a TAMRA ABP assay in patient tumor specimen, only UCHL1 band
decreased among all the DUBs detected (Fig. 5D). We can conclude that 6RK73 displays a
potent and specific inhibitory effect on UCHL1 both in vitro and in vivo.

To investigate whether 6RK73 can inhibit TGFf signaling, we performed a CAGA12-Luc
transcriptional reporter assay in HEK293T cells. Treating cells with 6RK73 inhibited the
TGFB/SMAD-induced transcriptional response (Fig. 5E). Moreover, 6RK73 treatment of
MDA-MB-436 cells displayed strong inhibition of the TGFB-induced pSMAD2 and
PSMAD?3, and a decrease of TBRI and total SMAD protein levels; the inhibitory efficiency of
6RK73 was stronger than the effect observed after shRNA-mediated UCHL1 knockdown
(Fig. 5F and Supplementary Fig. S6B). Furthermore, we tested the effect of 6RK73 on
migration of MDA-MB-436 cells. 6RK73 treated MDA-MB-436 cells migrated significantly
slower than the DMSO control group (Fig. 5G and H). To study 6RK73 function in
extravasation, we used the MDA-MB-436 cells injected zebrafish xenograft treated with
DMSO or 6RK73 that was added in the egg water surrounding the zebrafish embryos.
Extravasation of the cells in 6RK73-treated zebrafish were potently inhibited (Fig. 51 and J).
Taken together, 6RK73 showed specific inhibition of UCHLI activity and TGFB/SMAD2
and SMAD3 signaling, and potent inhibition of breast cancer migration and extravasation.
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Figure 5. UCHLI1 activity inhibitor antagonizes TGF[} signaling and inhibits breast cancer migration
and extravasation. A, Chemical structure of the selective covalent UCHL1 activity inhibitor 6RK73. B,
IC50 analysis of 6RK73. C, TAMRA ABP analysis of UCHL1 reversible activity inhibitor
LDNG67444 and covalent activity inhibitor 6RK73 in MDA-MB-436 cells, 5 pM LDN57444 or
6RK73 was added to the cells overnight. TAMRA and Coomassie results were obtained from the
same gel. D, TAMRA ABP analysis of 6RK73 in 21# patient specimen, 5 pM 6RK73 was added in
the lysate for 30 min. TAMRA and Coomassie results were obtained from the same gel. E, CAGA -
Luc reporter analysis of 6RK73 in HEK293T cells, 5 uM 6RK73 was added to the cells overnight. *,
P < 0.05, two-way ANOVA. F, WB analysis of TBRI, SMAD2 and pSMAD?2 in MDA-MB-436 cells
treated with or without 5 pM 6RK73 overnight. Same blot was used for UCHL1, pSMAD?2 and
GAPDH (loading control). TBRI and SMAD2 were obtained from another two blots using the same
corresponding cell lysates. G, In vitro scratch wound healing assay of MDA-MB-436 cells treated
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with and without 5 uM 6RK73 for 48 hr, time-lapse imaging was performed every hour. Relative
wound area was analysed for each group at indicate times. *, P < 0.05, **, P < 0.01, two-way
ANOVA. H, Representative images of cells from DMSO and 6RK73 groups. I, In vivo zebrafish
extravasation assay of MDA-MB-436 cells, in which the injected zebrafish were treated with or
without 6RK73 for 6 days. 5 UM 6RK73 was added in the egg water and refreshed every other day.
Invasive cell number were analysed for DMSO and 6RK73 groups. **** P < 0.0001, unpaired
Student t test. J, Representative images of zebrafish from DMSO and 6RK73 groups with zoom in of
invasive cells are shown in the right panel.

UCHLL1* exosomes upregulate TGFp signaling and serves as blood-based biomarker for
aggressive breast cancer.

Clinically, UCHL1 has successfully been used as blood biomarker for traumatic brain injury
and concussion (28). However, it is unknown whether UCHL1 has a role and/or is present in
breast cancer patient sera. Therefore, we performed a UCHL1 enzyme-linked immunosorbent
assay (ELISA) on sera samples collected from TNBC patients and healthy donors.
Interestingly, UCHL1 protein levels in the TNBC group are significantly higher as compared
to healthy controls (Fig. 6A). In addition, UCHL1 levels are also higher in ER negative
patient sera than in sera from ER positive cases (Supplementary Fig. S6C). Nevertheless,
UCHLL1 is not a secreted protein, and this raised the question on how UCHL1 can be found in
the blood circulation. A recent study demonstrated that cancer overexpressed proteins can be
packaged in exosomes and enter circulation which is useful for minimally-invasive cancer
detection (29). We hypothesized that UCHL1 overexpressed in aggressive breast cancer may
be secreted via exosomes by cells and that circulated in the blood of patients via exosomes.
To further verify this hypothesis, we isolated exosomes from breast cancer patient sera by
differential ultracentrifugation (24), and found that the total amount of UCHL1 in sera is
highly enriched in the isolated exosomes fraction (Fig. 6B). Next, we isolated exosomes from
conditioned media of MDA-MB-436 (TNBC) and MCF-7 (non TNBC) cell cultures. ELISA
results showed that the UCHLL1 levels were higher in exosomes isolated from MDA-MB-436
cells than from MCF-7 cells. Moreover, UCHL1 level significantly decreased in exosomes
isolated from MDA-MB-436 cells that were depleted for UCHL1 compared with PLKO cells
(Fig. 6C). WB analysis of UCHL1, and that of a common exosomal marker protein Flotillin-1,
showed lower UCHLL1 levels in MCF7 exosomes than MDA-MB-436 exosomes, and a
decreased UCHL1 level in shUCHL1 MDA-MB-436 exosomes (Fig. 6D). Exosomes are
extracellular vesicles with a diameter of 50-200 nm (30). To further characterize the
exosomes we isolated them from sera and cell conditioned media, we performed transmission
electron microscopy (TEM) imaging to show the shape and size of these purified exosomes,
and used nanoparticle tracking analysis (NTA) to determine their concentrations and size
distributions. Results showed that both sera and cell samples displayed exosome-typical size
and morphology by TEM analysis, and were enriched in the size from 100 nm to 200 nm
vesicles by NTA analysis (Fig. 6E). Taken together, UCHL1 levels were significantly
increased in TNBC patient sera, and highly enriched in exosomes of aggressive tumor
bearing patient sera and TNBC cell conditioned media.

To further investigate whether UCHL1" exosomes regulate TGFB/SMAD signaling, we first
tested the effect of the PLKO and shUCHL1 MDA-MB-436 exosomes on the CAGA12-Luc
transcriptional reporter activity in HEK293T cells. Treatment of UCHL1 containing
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exosomes resulted in higher luciferase signal in HEK293T cells than exosomes in which
UCHL1 was depleted (Fig. 6F).
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Figure 6. UCHL1" exosomes upregulate TGFp signaling and serves as blood-based biomarker for
aggressive breast cancer. A, ELISA analysis of UCHL1 levels in serum samples from healthy donors
and TNBC patients. **, P < 0.01, unpaired Student t test. B, ELISA analysis of UCHLL1 level in
serum and relative exosomes from 6 breast cancer patients. C, ELISA analysis of UCHL1 level in
exosomes from breast cancer cell lines. D, WB analysis of exosomes maker Flotillin-1 and UCHL1 in
exosomes from four breast cancer cell lines. Same blot was used for UCHL1 and Flotillin-1 (loading
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control). E, TEM imaging of exosomes from patient serum and breast cancer cell lines (left).
Nanoparticle tracking analysis (NTA) of relative exosomes (right). X-axis represents exosomes size
distribution. Y-axis shows the concentration of exosomes. F, CAGA1,-Luc transcriptional reporter
analysis of HEK293T cells treated with UCHL1 high or low exosomes isolated from PLKO or
shUCHL1 MDA-MB-436 cells. **, P < 0.01, ***, P < 0.001, two-way ANOVA. G, WB analysis of
SMAD?2 and pSMAD?2 in MDA-MB-436 UCHL1 stable known down cells treated with exosomes
isolated from PLKO or shUCHL1 MDA-MB-436 cells. Same blot was used for pPSMAD2 and
GAPDH (loading control). SMAD?2 blotting results were obtained from another blot using the same
corresponding cell lysates. H, Immunofluorescence staining of pPSMAD2 in MDA-MB-436 UCHL1
stable known down cells treated with exosomes isolated from PLKO or shUCHL1 MDA-MB-436
cells labelled with green PKH67 exosomes dye. I, In vitro scratch wound healing assay of shUCHL1
MDA-MB-436 cells pre-treated with exosomes isolated from PLKO or shUCHL1 MDA-MB-436
cells for 24 hr, time-lapse imaging was carried out for 48 hours, images were taken every hour.
Relative wound areas were analysed for each group at indicate times. *, P < 0.05, two-way ANOVA.
J, Representative images of cells from PLKO and shUCHL1 groups. K, In vivo extravasation assay of
zebrafish injected with shUCHL1 MDA-MB-436 cells pre-treated with exosomes isolated from
PLKO or shUCHL1 MDA-MB-436 cells for 24 hr. Invasive cell number were analysed for PLKO and
shUCHL1 groups. ***, P < 0.001, unpaired Student t test. L, Representative images of zebrafish from
PLKO and shUCHLL1 groups with zoom in of invasive cells on the right panel.

Consistent with this finding, pPSMAD?2 levels were also increased upon treatment with control
exosomes from MDA-MB-436 cells but not by exosomes depleted of UCHLL1 as analyzed by
WB in MDA-MB-436 cells with UCHL1 knockdown (Fig. 6G). To further validate these
results, we labelled the exosomes that were isolated from PLKO and shUCHL1 MDA-MB-
436 cells with a fluorescent lipid dye (PKH67), and thereafter added them to MDA-MB-436
cells with UCHL1 knockdown. After the exosomes were taken up by the cells, we performed
immunofluorescent (IF) staining of pPSMAD2. Confocal microscopy imaging revealed that
the pPSMAD?2 levels were higher in the cells which were treated with PLKO MDA-MB-436
cells exosomes than shUCHL1 MDA-MB-436 cells exosomes (Fig. 6H). To further evaluate
the biological function of UCHL1" exosomes, we examined their effect on the migration of
MDA-MB-436 cells with UCHL1 knockdown. Cells treated with PLKO MDA-MB-436
exosomes migrated more than exosomes depleted for UCHLL (Fig. 61 and J). The potential
function of UCHL1" exosomes was further validated in a zebrafish xenograft model by
injecting MDA-MB-436 cells with UCHL1 knockdown. The cells pre-treated with PLKO
MDA-MB-436 exosome showed more invasion and stronger extravasation phenotype than
the cells pre-treated with shUCHL1 MDA-MB-436 exosome (Fig. 6K and L). Taken together,
donor cells highly active for UCHL1 can via exosome transfer upregulate TGF/SMAD
signaling in recipient cells and promote their migration and extravasation.

Discussion

Large-scale conventional genomic and proteomic profiling have been performed in breast
cancer (31), and a growing numbers of DUBs have been uncovered to be aberrantly
expressed in breast cancer (32). However, there is still very little knowledge on the overall
activities of DUBs in breast cancer. Thus, we performed activity profiling studies using ABPs
on DUBs in human breast cancer cell lines and patient tumor tissues to study its activity-
related biological function in different subtypes of breast cancer. UCHL1 was identified as
the most specific highly active DUB in the TNBC subtype, and targeting of its activity
mitigated TNBC cell migration and metastasis.
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In this work, two different ABP-based DUB activity profiling methods were performed. Each
profiling method has its own advantages and drawbacks. The TAMRA ABP profiling method
is a simple, fast and convenient method, which allow us to achieve a snapshot of the DUB
activity landscape with a very small amount of protein, whereas the Biotin ABP profiling
coupled to mass spectroscopy analysis method is a more laborious requiring a larger amount
of protein, but enables for the identification of the DUBs in a quantitative manner. Both DUB
activity profiling methods identified UCHL1 as the most specific highly active DUB in the
TNBC subtype. In the Biotin ABP profiling, other DUBs such as USP4, were previously
reported to promote breast cancer metastasis that were detected in the Biotin ABP profiling to
be highly active in TNBC group (33). OTUD3 that displayed selective high activity in non-
TNBC was found formerly to act as a suppressor in breast cancer tumorigenesis and
metastasis (34) (Fig. 2C). There are some other interesting hits for which still little is known
about their function in breast cancer that can be studied in the future (Supplementary Table
S3 and S4). Although there are several reports that UCHL1 may possibly act as a tumor
suppressor in breast cancer pathogenesis, most evidence supports its role as a positive
regulator of tumorigenesis (35) (36). These differences may be attributed to differential
action of UCHL. in different breast cancer subtypes.

Functionally, we observed that UCHL1 promoted breast cancer migration, extravasation and
metastasis both in zebrafish and mice xenograft models. Mechanistically, UCHL1 facilitates
TGFB/SMAD2 and SMAD?3 signaling and TGFB-induced TNBC migration and extravasation
by protecting TBRI and SMAD2/3 from ubiquitination. Next, we found that UCHL1 mainly
regulates lysine 48-linked ubiquitination of TBRI and SMAD2/3 (Supplementary Fig. S4E-G).
The interaction of TBRI with UCHL1 was found to be ligand dependent. UCHL1 interacted
more efficiently with ubiquitylated TBRI, and TGFp triggers the ubiquitination of TBRI. The
latter may thus contribute to the ligand-induced interaction between TBRI and UCHLL. The
interaction between UCHL1 and TPRI occurs in early endosomes, where activated TGFf3
receptor complexes promote SMAD dependent signaling responses (37). Although our results
point to a pivotal role for UCHL1 in stimulating breast cancer extravasation by regulating
TGFP signaling, we do not preclude that UCHL1 may also promote invasion and metastasis
by targeting other signaling proteins. Previous studies showed that UCHL1 can also regulate
protein kinase B (AKT) and hypoxia-inducible factor 1 a (HIFla) signaling (36) (38).
However, upon shRNA-mediated knockdown in MDA-MB-436 cells we were unable to
detect changes in AKT and HIFla protein levels (Supplementary Fig. S3B), suggesting a
context-dependent role for UCHLL in breast cancer.

When comparing the UCHL1 inhibitor LDN57444 with 6RK73, LDN57444 is a reversible
and competitive inhibitor of UCHL1 activity (ICso = 0.88 uM) (39), whereas 6RK73 is a
covalent irreversible inhibitor of UCHL1 activity (ICso = 0.23 pM) (Fig. 5B and
Supplementary Fig. S6A). LDN57444 also inhibit UCHL3 activity (ICso = 25 puM) (39),
whereas, 6RK73 showed almost no inhibition of UCHL3 (ICso = 236 uM) (Fig. 5B). Besides,
6RK73 displayed a potent inhibition of breast cancer extravasation in zebrafish (Fig. 51 and J),
and this result is reminiscent to the inhibitory effect observed upon genetic UCHL1 depletion
(Fig. 3F and J). Clinically, high UCHL1 expression is also associated with many other types
of cancers including lung, colorectal, and pancreatic (40). Thus, 6RK73 may provide a new
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choice for the development of a clinical drug for targeting UCHLL activity in the treatment of
aggressive breast cancer and other UCHL1 overactive cancers.

In addition, UCHL1 was found to be highly enriched in TNBC patient sera compared with
samples from healthy individuals. More importantly, we found that UCHL1 was specifically
enriched in exosomes from aggressive breast cancer patient sera and TNBC cell conditioned
medium. In this respect, our finding that UCHL1 and TBRI colocalize in early endosomes is
of interest as early endosomes are precursor vesicles for exosomes (41). Another group, also
recently detected UCHL1 in the exosomes of breast cancer patient sera, and high UCHL1
levels were found to be correlated with chemotherapy resistance phenotype (42). We found
that UCHL1" exosomes upregulated TGFB/SMAD signaling and promoted migration and
extravasation of the recipient breast cancer cells. This suggests that UCHL1 may act in
cancer cells in both cell autonomous and paracrine manners to stimulate tumorigenesis.

Altogether, our results demonstrate the important roles for UCHLL in breast cancer migration
and extravasation by upregulating TGFf signaling and highlight a potential novel therapy for
cancer treatment by targeting UCHL1. UCHL1-containing exosomes also have the potential
to be a blood-based biomarker for early diagnosis of aggressive breast cancer. The selective,
potent and covalent UCHLL1 activity inhibitor 6RK73 may open new avenues for therapeutic
intervention in breast cancer and beyond.
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Supplementary Figure S1. Related to Figure 1. A, LC-MS/MS analysis of in-gel tryptic digestion of
excised gel slice indicated in figure 1D. iBAQ values (log2), sequence coverage, spectral count and
number of peptides identified, of proteins identified by more than 2 peptides are indicated. B, Global
profiling of DUB activity in tumor tissues from 52 patients.
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Supplementary Figure S2. Related to Figure 3. A, The UCHL1 activities of MDA-MB-231 cell lines
stably transfected with control vector and UCHL1 expression vector were validated by TAMRA ABP
assay. Coomassie staining of proteins in SDS-PAGE gel was used as loading controls. Arrowhead on
left indicate UCHL1-Flag. TAMRA and Coomassie results were obtained from the same gel. B,
Proliferation assay of MDA-MB-231 cell lines stably transfected with control vector and UCHL1
expression vector (as measured by MTS assay). C, Analysis of the UCHL1 activities in MDA-MB-
436 cell lines infected with non-targeting (NT), empty vector (PLKO) and sh1-UCHL1 and sh2-
UCHLZ lentivirus by TAMRA ABP assay. Coomassie of proteins in SDS-PAGE gel was used as
loading control. Arrowhead on left indicates UCHL1. TAMRA and Coomassie results were obtained
from the same gel. D, Proliferation assay of NT, PLKO, sh1-UCHL1 and sh2-UCHL1 MDA-MB-436
cell lines (as measured by MTS assay).
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Supplementary Figure S3. Related to Figure 4. A, gPCR analysis of mesenchymal markers in UCHL1 shRNA
knock down MDA-MB-436 cells versus NT and PLKO control infected cells. *, P < 0.05, two-way ANOVA. B,
Western blot analysis of AKT and HIF 1o expression levels in UCHL1 shRNA knock down MDA-MB-436 cells
versus NT and PLKO control infected cells. Tubulin served as loading control and the same blot was probed for
HIFla levels. UCHL1 and AKT were from another blot using the same cell lysates. C, TGFB-induced
SMAD3/SMADA4-dependent CAGA2-Luc transcriptional reporter analysis upon UCHL1 overexpression (left)
and UCHL1 shRNA knock down (right) in HEK293T cell lines. *, P < 0.05, ***, P < 0.001 and ****, P <
0.0001, two-way ANOVA. D, Interaction of UCHL1 and TPRI as detected by immunoprecipitation (IP) of Flag-
tagged UCHLI1 and immunoblot (IB) for endogenous TPRI in HEK293T cells. IP results using TBRI and
UCHL1 antibodies were obtained from the same blot. Input blotting results using TBRI and UCHL1 antibodies
were obtained from the same blot using the same cell lysates as for IP. E, In vitro interaction of recombinant
UCHLI1 protein with TPBRI that is ubiquitinated (isolated by IP from TBR1 transfected cells treated with TGF-3)
and TPRI with low levels of ubiquitination (TBRI was treated with a general DUB USP16 to remove attached
ubiquitin from TPRI). All results were obtained from one blot. F, Quantification of PLA analysis of endogenous
interaction between UCHL1 and SMAD?2 in A549 cells. Number of dots per cell in control and TGF (5 ng/ml)
groups in SMAD2-UCHL1 PLA are shown. ns, not significant, unpaired Student t test. G, Western blot of
UCHL1 in A549 PLKO and shUCHL1 cells. GAPDH served as loading control and the same blot was used to
probe for UCHL1 levels. H, PLA of TBRI-UCHL1 and SMAD2-UCHLL in PLKO and shUCHL1 A549 cells
treated with or without 5 ng/ml TGF for 1 hr.
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Supplementary Figure S4. Related to Figure 4. A, UCHL1-TBRI interaction and ubiquitination of TBRI in
HEK293T cells that ectopically express UCHL1 with different specific amino acid mutations. IP results with
Flag and UCHL1 antibodies were obtained from the same blot. Input results with Flag and UCHL1 were
obtained from another blot using the same corresponding cell lysates as for IP. B, UCHL1-SMAD?2 interaction
and ubiquitination of SMAD2 in HEK293T cells that ectopically express UCHL1 with different specific amino
acid mutations. IP results were from obtained same blot. Input results were obtained from another blot using the
same corresponding cell lysates as for IP. C, qPCR analysis of TBRI and SMAD2 mRNA expression levels in
the presence of cycloheximide in HEK293T cells upon control and UCHL1 overexpression HEK293T cells. D,
gPCR analysis of TBRI and SMAD2 mRNA expression levels in the presence of cycloheximide in PLKO and
shUCHL1 HEK293T cells. E, In vivo (de)ubiquitination assay of TPRI in K48 or K48R HA-Ub expressing
HEK293T cells with WT-UCHL1-myc or control vector overexpression. IP results were obtained from same
blot. Input results were from another blot using the same corresponding cell lysates as for IP. F, In vivo
(de)ubiquitination assay of SMAD2 in K48 or K48R HA-Ub expressing HEK293T cells with WT-UCHL1-myc
or control vector overexpression. IP results were obtained from same blot. Input results were obtained from
another blot using the same corresponding cell lysates as for IP. G, In vivo ubiquitination assay of SMAD3 in
K48 or K48R HA-Ub expressing HEK293T cells with WT-UCHL1-myc or C90A-UCHL1-myc overexpression.
IP results were obtained from same blot. Input results were obtained from another blot using the corresponding
cell lysates as for IP. H, In vitro (de)ubiquitination assay of TPRI incubated with recombinant UCHL1 or
inactive UCHL1 protein without and with treatment with NEM. All results were obtained from one blot. I, In
vitro (de)ubiquitination assay of SMAD2 incubated with recombinant UCHL1 or inactive UCHL1 without and
with treatment of NEM. All results were obtained from one blot.
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Supplementary Figure S5. Related to Figure 4. A, Real-time scratch assay of MDA-MB-231 cells that are
engineered to overexpressed TPRI, SMAD2 or SMAD3 using the IncuCyte system. Western blot analysis of
TBRI, SMAD2 or SMAD3 expression levels in MDA-MB-231 cells (above). Representative scratch wound
results at the end time point of the experiment are shown (middle). The region of the original scratch is colored
in purple and the area of cell migration into the scratch is colored in yellow. Relative wound density (closure) is
plotted at indicate times (below). **** P < 0.0001, two-way analysis of variance (ANOVA). GAPDH served as
loading control and the same blot was used to probe for TBRI levels. UCHL1 and SMAD2/3 were from another
blot using the same corresponding cell lysates. B, Real-time scratch assay of MDA-MB-436 shUCHLL cells that
are engineered to overexpressed TPRI, SMAD2 or SMAD?3 using the IncuCyte system. Western blot of TPRI,
SMAD?2 or SMAD3 expression levels in MDA-MB-436 shUCHLL cells (above). Representative scratch wound
results at the end time point of the experiment are shown (middle). Relative wound density (closure) is plotted at
indicate times (below). **, P < 0.01, **** P < 0.0001, two-way analysis of variance (ANOVA). GAPDH
served as loading control and this blot was used to probe for TBRI levels. UCHL1 and SMAD2/3 levels in
corresponding cell lysates were determined using another blot. C, Real-time scratch assay of MDA-MB-231
cells that overexpress with UCHL1 WT or UCHL1 C90A using the IncuCyte system. Representative scratch
wound results at the end time point of the experiment are shown (above). Relative wound density (closure) is
plotted at indicate times (below). ***, P < 0.001, **** P < 0.0001, two-way analysis of variance (ANOVA). D,
In vivo zebrafish extravasation assay of MDA-MB-231 cells that overexpress UCHL1 WT or UCHL1 C90A.
Representative images of zebrafish tail fin with zoom in of invasive cells (above). Analysis of invasive cell
numbers of control, UCHL1 WT and UCHL1 C90A groups in zebrafish extravasation experiment (below). **, P
<0.01, **** P < (0.0001, two-way analysis of variance (ANOVA).
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Supplementary Figure S6. Related to Figure 5 and 6. A, Mass spectrometry analysis reveals
covalent binding of 6RK73 to UCHL1. B, Western blot of SMAD3 and pPSMAD3 in MDA-MB-436
cells treated with or without 6RK73 and shUCHL1 cells. GAPDH served as loading control and the
same blot was used to detect UCHL1. pPSMAD3 and SMAD3 were obtained from another two blots
using the same corresponding cell lysates. C, ELISA analysis of UCHLL1 levels in serum samples
from ER positive and ER negative breast cancer patients. P=0.1627, unpaired Student t test. D,
Immunofluorescence staining of pPSMAD2 in MDA-MB-436 UCHL1 stable known down cells treated
with exosomes isolated from PLKO or shUCHL1 MDA-MB-436 cells that were labelled with green
PKH67 exosomes dye.
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Supplementary methods, Supplementary Tables S1-S6 and Supplementary Video are
available upon request using the following link:
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ABSTRACT

Many reagents have emerged to study the function of specific enzymes in vitro. On the other
hand, target specific reagents are scarce or need improvement allowing investigations of the
function of individual enzymes in a cellular context. We here report the development of a
target-selective fluorescent small-molecule activity-based DUB probe that is active in live
cells and whole animals. The probe labels active Ubiquitin Carboxy-terminal Hydrolase L1
(UCHL1Y), also known as neuron-specific protein PGP9.5 (PGP9.5) and parkinson disease 5
(PARKS5), a DUB active in neurons that constitutes 1-2% of total brain protein. UCHL1
variants have been linked with the neurodegenerative disorders Parkinson’s and Alzheimer’s
disease. In addition, high levels of UCHL1 also correlate often with cancer and especially
metastasis. The function of UCHLL or its role in cancer and neurodegenerative disease is
poorly understood and few UCHLL1 specific research tools exist. We show that the reagents
reported here are specific for UCHL1 over all other DUBs detectable by competitive activity-
based protein profiling and by mass spectrometry. Our probe, which contains a cyanimide
reactive moiety, binds to the active-site cysteine residue of UCHLL1 irreversibly in an activity-
dependent manner. Its use is demonstrated by labelling of UCHL1 both in vitro and in cells.
We furthermore show that this probe can report UCHLL1 activity during the development of
zebrafish embryos.

INTRODUCTION

The Ubiquitin system relies to a great extent on cysteine catalysis. Ubiquitin is a small
protein that consists of 76 amino acids that can modify target proteins through lysine residues
although it is also occasionally found to modify N-termini as well as cysteine and threonine
residues (1-3). Addition of ubiquitin is catalyzed by E1 (2), E2 (~40) and E3 (>600) enzymes
in an ATP-dependent conjugation reaction by specific combinations of E1, E2 and E3
enzymes and it is reversed by any of ~100 deubiquitylating enzymes (DUBS) in humans (4)
(5). The enzyme Ubiquitin Carboxy-terminal Hydrolase L1 (UCHLZ1), also known as neuron-
specific protein PGP9.5 (PGP9.5) and parkinson disease 5 (PARKD), is a small protease that
is thought to remove ubiquitin from small substrates and it belongs to the small family of
Ubiquitin C-terminal Hydrolases (UCHS) (6).

It is clear that UCHLL1 can cleave ubiquitin and that mutation and reduced activity has been
associated with neurodegenerative diseases, including Parkinson’s and Alzheimer’s disease
(7-12). High UCHL1 levels also correlate with malignancy and metastasis in many cancers
(13) (14) and high UCHL1 levels have also been attributed to cellular stress, although the
molecular mechanism of all these processes is unclear.

We earlier observed extreme levels of UCHLL activity in lysates from prostate and lung
cancer cells using a ubiquitin-derived activity-based probe that targets all cysteine DUBs (15).
We reasoned that a good cell-permeable activity-based probe that targets UCHL1 specifically
amongst other cysteine DUBs would be a highly valuable tool to understand its function in
malignant transformation and its role in the development of neurodegenerative diseases.

UCHL1, like many DUBEs, is a cysteine protease, a class of enzymes considered extremely
difficult to inhibit with small molecules as this class of enzymes is associated with unspecific
reaction with cysteine alkylating agents and with redox-cycling artifacts in assays (16). In
addition, DUBs intrinsically bind ubiquitin through a protein-protein interaction, which is by
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definition difficult to interfere with using small molecules. Many DUBs, including UCHL1,
are inactive without a substrate and substrate binding aligns the catalytic triad for cleavage
(17). Nevertheless, recently significant successes have been booked in the development of
reversible and irreversible selective small-molecule inhibitors of the DUB USP7 (18-23). We
have recently reported the development of a selective covalent small-molecule inhibitor of
the DUB ovarian tumor (OTU) protease OTUB2 using a covalent fragment approach and
parallel X-ray crystallography (24). We reasoned that such covalent molecules are a good
inroad for the further elaboration of specific activity-based probes (ABPS) also inspired by
earlier work from the Tate lab that recently reported a small-molecule broadly acting DUB
probe (25). We were pleased to find a good starting point in patent literature (26) that we used
in our studies for the design of fluorescent ABPs. We here report the development of a
fluorescent small-molecule ABP that can report UCHL1 activity in human cells and in
zebrafish embryos.

RESULTS AND DISCUSSION

The development of a small-molecule-based DUB ABP starts with the identification of an
appropriate DUB-selective small-molecule covalent binder. We reasoned that an ideal
compound needed to meet two criteria: 1) it binds covalently to the active-site cysteine
residue of a DUB and 2) it can easily be modified by chemical synthesis. Our attention was
drawn to a collection of (S)-1-cyanopyrrolidine-3-carboxamide-based compounds reported to
inhibit UCHL1 activity with submicromolar affinity (26). These compounds are equipped
with a cyanimide moiety that is known to react with thiols to form an isothiourea covalent
adduct (Figure 1A) and thought to react reversibly (27). Despite the expected reversible
nature we decided to investigate this compound as a potential probe starting point.

Characterizing UCHL1 cyanimide inhibitors.

In order to gain insight into the mode of action and DUB selectivity of these inhibitors we
synthesized and characterized one compound (compound 6RK73, Figure 1B) that in our
hands inhibits UCHL1 with an ICso of 0.23 uM after 30 minutes of incubation in a
biochemical activity assay using fluorogenic Ub-Rho-morpholine (28) substrate (for
preparation see Supporting Information) in the presence of 2 mM cysteine. Beneficially,
6RK73 proved to be almost unreactive towards the closest DUB family members UCHL3
and UCHL5 (Figure 1C). Selectivity for UCHL1 was further confirmed by ICso
determination against a panel of other cysteine DUBs (including USP7, USP30 and USP16)
and the non-DUB cysteine protease papain, showing over 50-fold difference in ICso value
(Figure 1C and Supporting Information Table S1).

We next performed a jump dilution experiment (29) in which 100x final assay concentration
of UCHL1 was treated with 10 uM of 6RK73 followed by 100 times dilution into substrate-
containing buffer and direct fluorescence read-out (Figure 1C, D). Only after 30 minutes a
negligible increase in fluorescence signal could be detected which indicates that the inhibitor
acts basically irreversible. The formation of a stable covalent complex between UCHL1 and a
single 6RK73 molecule was confirmed in an experiment where UCHL1 was incubated with
6RK73 and the reaction followed by LC-MS analysis (see Supporting Information). Next, we
investigated whether the compound would inhibit UCHL1 in live cells. HEK293T cells were
treated with 5 UM 6RK73 or the commercially available active-site directed reversible
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UCHLL1 inhibitor LDN-57444 (30) for 24h, followed by cell lysis and treatment with the
fluorescent broad-spectrum DUB probe Rhodamine-Ubiquitin-propargylamide (Rh-Ub-PA)
to label all residual cysteine-DUB activity (31-32). The samples were denatured, resolved by
SDS-PAGE and scanned for Rhodamine fluorescence (Figure 1E). Each band represents an
active DUB that reacted with the probe and the ability of a compound to inhibit a DUB is
reflected by disappearance of its corresponding band. Indeed, the band belonging to UCHL1
(33) disappears upon treatment with 6RK73, whereas all other bands remain unchanged,
indicating that 6RK73 selectively inhibits UCHLL in the presence of other DUBs in cells. In
comparison, UCHL1 is hardly inhibited by LDN-57444 in this experiment, despite their
comparable ICso values (0.88 uM for LDN-57444), which might be attributed to the fast-
reversible nature of this inhibitor (30).
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Figure 1. Biochemical characterization of UCHL1 inhibitor 6RK73. A) Reaction of a thiol with a
cyanimide results in the formation of an isothiourea adduct. B) Structure of UCHLL1 inhibitor 6RK73.
C) ICso determination of 6RK73 for UCHL1, UCHL3 and UCHLS5. D) Progress curves for UCHL1
proteolytic activity after jump dilution (see also Figure C). DMSO and N-ethylmaleimide (NEM) are
used as controls. E) Deconvoluted mass spectra of UCHL1 before (blue) and after (red) reaction with
6RK73. F) Fluorescence labelling of remaining DUB activity in HEK293T cells upon treatment with
UCHL1 inhibitors LDN-57444 and 6RK73.
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From inhibitor to probe.

Given the high inhibitory potency and UCHL1 selectivity both in vitro and in cells and the
fact that it forms an irreversible covalent bond we envisioned that this type of cyanimide-
containing molecules can serve as an ideal starting point for the construction of small-
molecule selective DUB ABPs. This would require the instalment of a reporter group (e.g.
fluorescent label) onto the molecule. Upon close inspection of 6RK73 however, we realized
that this molecule does not provide an appropriate site for modification.

We therefore generated azide 8RK64 to which then several reporter groups were coupled
using the copper(l)-catalyzed azide alkyne cycloaddition (CuAAC) or ‘click reaction’. The
compounds and their synthesis routes are shown in Scheme 1. Compound 2 was synthesized
from 4-piperidinone (1) in four steps according to a reported procedure (26). The Fmoc-
protected piperidine amine was liberated with DBU and coupled to 2-azidoacetic acid
resulting in compound 3.

4 steps 1) DBU

) o
[e]
[ref] Fmoc—QN 0 g% ng?-\LDH N } N O
| 3
i,
0
2

—_—

O
i 7

i W

H H CN—BOC

N—Boc 3
1

o]
[ Ra®s§]
R H CN—:

0
R—= N }QN 0
CuSQ,, NaAsc 3 | |
: Ay

N——=N
8RK64
R=
v . I/ O
/3 e 4 g~
N/ I/ e NE e NN
. N/\\/‘\/Hi'- MeO— __/ Fod (\/\/ ."l [ H fs
F -Bx. N F hN,'. > T '\:':.,' \\l_’ )
F N7 ™ /-‘_‘._7{. o. PN 0,
S S ) 9RK87
8RKS9 e ik,
o]
NN o) O}’NH ’ o
HN N H,.:_?{i_‘.\\/\/ILﬁWL\/o;&/«-LL
11RK72 11RKT3

Scheme 1. Synthesis of azide-containing UCHLL inhibitor 8RK64 and fluorescent and biotinylated
probe derivatives thereof. 2 Synthetic steps described in literature (26).

Next, the Boc protecting group was removed from the pyrrolidine amine, followed by a
reaction with cyanogen bromide to install the cyanimide moiety resulting in 8RK64.
Treatment of UCHL1 with this compound followed by ICso determination and LC-MS
analysis gave results comparable to those for 6RK73 (Figure 2A, B, Supporting Information),
which indicates that 8RK64 also functions as a UCHL1 covalent inhibitor. With an 1Cso
value of 0.32 pM towards UCHLL1 and 216 pM and >1 mM towards UCHL3 and UCHL5
respectively (Figure 2A, Supporting Information Table S1), this compound also retained its
UCHL1 selectivity.
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In addition, 8RK64, like 6RK73, also inhibits UCHL1 activity in cells as shown in a DUB
profiling experiment in HEK293T cells using a Cy5-Ub-PA probe (Figure 2C). Notably,
8RK64 could potentially be used as ‘2-step ABP’ by taking advantage of its azide moiety
(34).
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Figure 2. Biochemical characterization of 8RK64. A) ICs, determination of 8RK64 for UCHLL,
UCHL3 and UCHLS5. B) Deconvoluted mass spectra of UCHL1 before (blue) and after (red) reaction
with 8RK64. C) Fluorescence labelling of remaining DUB activity in HEK293T cells upon treatment
with UCHL1 inhibitors 8RK64 and 6RK73.

Installation of a dye preserves inhibitory properties.

As it was unclear what the effect of coupling a bulky fluorescent group would have on the
UCHLL1 inhibition profiles and cell permeability we decided to test three commonly used
fluorophores. BodipyFL-alkyne, BodipyTMR-alkyne (35) and Rhodaminell0-alkyne (for
preparation see Supporting Information) were coupled using copper(l)-mediated click
chemistry to the azide of 8RKG64, resulting in compounds 8RK59, 9RK15 and 9RK87
(Scheme 1). These ‘one-step’ ABPs can potentially be used for visualization of UCHL1
activity without the need for additional bio-orthogonal chemistry procedures. ICso
determination of these probes against UCHLL1 revealed that the instalment of the dyes
effected the inhibitory potency only marginally (Figure 3A and Supporting Information Table
S1). Rhodaminel10 probe 9RK87 is almost as potent as its azide precursor 8RK64 with ICsg
values of 0.44 puM and 0.32 uM respectively. Instalment of BodipyTMR (9RK15) on the
other hand, resulted in a 10-fold potency decrease, although the data points could not be fitted
properly to a dose-response function. The less bulky BodipyFL-ABP 8RK59, although not as
potent as 8RK64, showed a very acceptable inhibition of UCHL1 with an 1Csp close to 1 uM.
The ability of 8RK59 to form a covalent complex with UCHL1 was confirmed in an LC-MS
experiment as described above (Supporting Information).
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ABPs can visualize UCHL1 activity and the covalent linkage is thermally reversed.

We next set out to investigate whether the probes can be used to label and visualize UCHL1
activity after SDS-PAGE and fluorescence gel scanning similar to the Rh-Ub-PA probe. To
our surprise for neither of the three small-molecule probes a clear band corresponding to
probe-labelled UCHLL1 could be detected after incubation with purified recombinant human
UCHL1. We reasoned that the isothiourea bond between UCHL1 and probe, which is stable
under the conditions used for inhibition and LC-MS experiments (vide supra), might be
susceptible to the conditions used for protein denaturation, e.g. boiling in the presence of
~300 mM B-mercaptoethanol. Indeed, when the same samples were resolved by SDS-PAGE
under non-denaturing conditions (no boiling and absence of -mercaptoethanol) a clear band
appeared that corresponds to probe-labelled UCHL1 for all three probes (Figure 3B). We also
investigated if the ABP-UCHL1 bond would survive when B-mercaptoethanol is replaced by
tris(2-carboxyethyl)phosphine) (TCEP), both of which are used to create a reducing
environment. Figure 3B clearly shows that the ABP-UCHL1 bands remain intact in the
presence of 50 mM TCEP and show a better resolved profile (less smearing) compared to the
non-reducing samples. The Rh-Ub-PA control samples show that nearly all UCHL1 is
labeled and that the formed bond for this probe is stable under denaturing conditions, which
corroborates earlier findings (31). The bands corresponding to Rh-Ub-PA and 9RK87 bound
to UCHL1 (both bearing the same dye and present in equal amounts) are of similar intensity,
which indicates that the small-molecule probes bind UCHLL1 efficiently and that all UCHL1
is active upon probe engagement.

ABPs bind to the active site cysteine residue of UCHL1 and visualize UCHL1 activity in
various cell lines.

We next assessed the ability of the probes to bind and inhibit UCHLL in a cell lysate by
treating HEK293T cell extracts with 5 uM of the three fluorescent probes, as well as their
azide precursor 8RK64 and inhibitor 6RK73 for 1 hour followed by labelling of all residual
DUB activity with Cy5-Ub-PA. The Cy5-labelled Ub probe was used here to circumvent
spectral interference with either of the other dyes used in the small-molecule probes.
Fluorescent scanning of the gel after SDS-PAGE as well as Western blotting using anti-
UCHLL1 antibody clearly showed that Rhodamine probe 9RK87 inhibits UCHL1 activity
similar to 8RK64 and 6RK73 (Figure 3C). Both Bodipy probes also potently inhibit UCHL1
in a cell lysate, although to a somewhat lesser extent, which could be expected on the basis of
their 1Cso values. All other bands are unchanged, which demonstrates that all compounds are
able to bind UCHL.1 selectively with respect to other DUBSs in a cell lysate.

Encouraged by these results we set out to assess the ability of the probes to penetrate the cell
membrane and to label active UCHLL1 in cells. HEK293T cells were treated with 5 puM of the
probes for 24 hours followed by cell lysis, SDS-PAGE (in the absence of B-mercaptoethanol
and boiling) and fluorescence scanning at two wavelengths to detect all fluorescent dyes
(Figure 3D). A clear band just above 25 kDa is observed for both Bodipy probes (8RK59 and
9RK15), which likely corresponds to ABP-labelled UCHL1 with an expected mass of ~25.5
kDa. In addition to this band a few extra bands are visible including one just below UCHL1
and one more pronounced band around 55 kDa. Interestingly, hardly any band can be seen for
the so-far most potent probe 9RK87. We attributed this effect to the difference in cell
permeability between Bodipy and Rhodamine dyes, with the latter known to be less capable
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of crossing the cell membrane (36). Indeed, upon further investigation using microscopy in
ABP-treated HeLa and HEK293T cells we confirmed that Rhodamine probe 9RK87 is
unable to enter these cells, whereas both Bodipy ABPs clearly are (Supporting Information
Figure S1). For this reason and because the BodipyFL-ABP proved to be a better inhibitor
compared to its BodipyTMR analogue we decided to continue with 8RK59 as the preferred

probe for all further experiments.
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Figure 3. Characterization of the fluorescent UCHL1 probes in vitro and in cells. A) ICso
determination of 8RK59, 9RK15 and 9RK87 for UCHL1. B) Labelling of purified recombinant
human UCHL1 by the three probes and Rh-Ub-PA. B: B-mercaptoethanol; T: TCEP. C) Fluorescence
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labelling by Cy5-Ub-PA of remaining DUB activity in HEK293T cell lysate upon treatment with
UCHL1 inhibitors and probes. D) Fluorescence scans showing the labelling pattern in HEK293T cells
of the three probes. E) Fluorescence labelling of UCHLL1 activity in HEK293T, A549, MDA-MB-436
and SKBR7 cells with 8RK59. F) 8RK59 labels overexpressed Flag-HA-UCHL1 wt but not the
C90A active site mutant in HEK293T cells.

The ability of 8RK59 to label UCHL1 activity in different cell lines was further explored in
HEK293T cells and in three cancer cell lines known to express high levels of endogenous
UCHLZ1: non-small cell lung cancer (NSCLC) A549 cells, triple negative breast cancer
(TNBC) MDA-MB-436 cells and SKBR7 cells (37). Cells transfected with UCHL1 shRNA
knock-down (shUCHL1) or siUCHL1 as well as empty vector control or scrambled oligo
(siControl) were treated with 5 uM of each probe for 24 hours, followed by cell lysis, SDS-
PAGE (without boiling and B-mercaptoethanol) and fluorescence scanning (Figure 3E). A
clear band appears in the fluorescence scan at the expected height (~25.5 kDa) in all four cell
lines and this band is significantly decreased in the UCHL1 knock-down samples, indicating
that this band indeed corresponds to ABP-labelled UCHL1.

To confirm that BRK59 binds the active site cysteine residue in UCHL1 we overexpressed
Flag-HA-tagged UCHL1 and its C90A catalytic inactive mutant in HEK293T cells and
incubated these cells with 5 uM 8RK59 for 24 hours. Fluorescence scanning and anti-FLAG
Western blotting shows that 8RK59 only binds to wild-type UCHL1 but not to catalytically
inactive UCHL1, indicating that the probe binding site is the active site cysteine (Figure 3F).

Determination of DUB selectivity and potential off-targets of the ABP.

As mentioned before, besides the band corresponding to ABP-labelled UCHLL1 a few other
bands appeared on gel (Figure 3D) but based on the DUB profiling results (Figure 3C) these
band can most likely not be attributed to other DUBs. In order to gain more insight into
potential off-targets we performed pull-down experiments coupled to mass spectrometry to
identify the proteins binding to our probe. We started with a ‘2-step ABP’ approach in which
HEK293T cells were incubated with azide-containing compound 8RK64 or DMSO control,
followed by a post-lysis click reaction with biotin-alkyne (38) and subsequent pull-down with
streptavidin-coated beads (Supporting Information Figure S2A, B). Samples were run (1 cm)
on a SDS-PAGE gel, lanes were cut into two pieces and the proteins were subjected to
trypsin digestion and analyzed by LC-MSMS. As expected, the most enriched protein
identified from this experiment was UCHL1 (Supporting Information Figure S2C). Only one
additional protein was also highly enriched, a protein deglycase named DJ-1 (PARK7) with a
molecular weight of 20 kDa, which most likely corresponds to the band just below UCHLL1 in
Figure 3D. This enzyme also harbors an active site cysteine residue which could potentially
bind to our probe. Indeed, incubation of UCHL1 and PARKY7 knock-down cells with 8RK59,
followed by anti-UCHL1 and anti-PARK7 Western blotting, revealed that PARK?7 also reacts
with 8RK59 and that the gel band just below UCHLL1 corresponds to PARK7 (Supporting
Information Figure S2D).

In addition to UCHL1 and PARKY7, a few other bands can be seen on gel, yet we only
identified these two enzymes in the 2-step ABP approach. We therefore performed a 1-step
pull-down experiment where we used two biotinylated versions of 8RK64: compound
11RK72 where biotin is directly linked to the inhibitor and compound 11RK73 with a PEG
spacer in between. Both compounds show high inhibitory potential towards UCHL1 (Figure
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4A) and form a covalent bond with UCHL1 (Supporting Information). HEK293T cell lysate
was incubated with both biotin-ABPs, followed by pull-down with streptavidin-coated beads
and subjected to full proteome LC-MSMS analysis (Figure 4B, Supporting Information
Figure S2E). Efficient UCHL1 pull-down was confirmed for both biotinylated probes but not
the DMSO and biotin-alkyne-treated control samples by Western blotting using anti-UCHL1
antibody (Figure 4C). From the LC-MSMS data, the relative protein abundances were
calculated in the pull-down samples and compared to control samples. The list of identified
proteins was ranked for total abundance to identify the highest enriched proteins (Supporting
Information). Inspection of the list of all enzymes related to Ub (Ub-like proteins, DUBs, E1,
E2 and E3 ligases) further substantiates the specificity of the probes for UCHL1 within the
Ub system as shown in Figure 4D. Only a few of these enzymes were identified in the pull-
down experiment with at least 150-fold lower abundance compared to UCHL1. The first
other DUB on the list is UCHL3, the closest UCHL1 family member, and one of the most
abundant DUBSs in cells, which could explain this result.

The abundances of the top-10 highest ranked proteins are shown in Figure 4E. In line with
the results obtained with the 2-step approach, the highest ranked proteins are UCHL1 and
PARKY7. PARK 7 shows a slightly higher abundance here, which contradicts our previous
results from the in-cell labeling and 2-step pull-down experiments and might be attributed to
the use of a different (biotinylated) version of the ABP or a peptide ionization difference
during LC-MSMS measurements. The next highest ranked group of proteins, albeit at much
lower abundance levels, includes two amidases NIT1 and NIT2, both harboring an active-site
cysteine residue, the isochorismatase domain-containing protein 2 (ISOC2) and glutamine
amidotransferase-like class-1 domain-containing protein 3B (GATD3B). Overall, the shorter
(11RK?72) and longer (11RK73) biotin probes give similar results, so the distance between
probe and biotin does not seem to influence the binding nor the pull-down efficiency.

Upon comparison of the pull-down data (Figure 4) with the fluorescent probe labeling
(Figure 3) we were unable to assign all bands to proteins. The majority of most abundant
proteins in the pull-down experiment have a molecular weight between 20 and 35 kDa.
Especially the pronounced band around 55 kDa in Figure 3D remains elusive. In a final
attempt to assign this band we resolved the pull-down protein sample from the 1-step labeling
experiment by SDS-PAGE. All proteins were visualized by silver staining after which the
bands were excised and analyzed by LC-MSMS (Supporting Information Figure S2F). Again,
UCHLL1 and PARKY were clearly the main proteins identified from the bands at ~25 kDa.
The proteins corresponding to the other bands were less clear but the main candidates were
GAPDH at ~40 kDa and Elongation factor 1a, tubulin or glutathione reductase (GSR) at ~60
kDa. Whether or not these proteins actually bind to the probe or that these results are due to
their high expression levels, remains elusive. Based on the result that we identified UCHL1
as the major probe target in three individual experiments and that we found PARK7 as the
only major off-target, we reasoned that 8RK59 could well be used for in-cell and in vivo
labelling of UCHL1 activity.

Probing UCHL.1 activity in cells with 8RK59.

To assess the application of 8RK59 in live cells, we used inverted fluorescent microscopy to
image the 8RK59 signal in MDA-MB-436 and A549 cells after a 16-hour treatment with
8RK?59. Results showed that 8RK59 could penetrate and label the cells (Figure 5A).
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Figure 4. Proteomics experiments with biotinylated ABP analogs to identify ABP targets. A) ICso
determination of 11RK72 and 11RK73 for UCHL1. B) Schematic representation of pull-down
experiment to identify ABP binding proteins. C) Confirmation of UCHL1 pull-down with biotinylated
ABP analogs by Western Blot Analysis. Immunoblotting was performed using UCHL1 and Actin
antibodies. Actin was used as a loading control and incubated together with UCHL1 antibody in the
input sample. D) Abundances of all enzymes related to the Ub(-like) system identified in the pull-
down LC-MSMS experiment averaged over three replicates. E) Abundances of the top-10 highest
ranked proteins from the pull-down LC-MSMS experiment averaged over three replicates.

Compared to the control group, the BodipyFL signal was significantly decreased in UCHL1
knock-down MDA-MB-436 cells and similar results were observed for A549 cells
(Supporting Information Figure S3). After imaging, MDA-MB-436 cells were lysed and
followed with SDS-PAGE, fluorescence gel scanning and immunoblotting. A decreased
UCHL1 signal was detected in MDA-MB-436 UCHLL1 knock-down cells by 8RK59 and by
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antibody stain (Figure 5B).To further validate whether we can visualize UCHLL1 specific
activity inside cells, control and UCHL1 depleted A549 cells were pre-incubated with
8RK59 probe for 16 hours and stained with UCHL1 antibody (Figure 5C). We observed
changes in the distribution of the probe inside the cells. In the control cells 8RK59
accumulated in both UCHL1-positive and negative subcellular compartments while in the
UCHL1 knock-down cells the 8RK59 signal was largely decreased in the UCHL1-positive
compartments, implying that UCHLL1 binds to 8RK59 probe. In agreement with the gel-
based labeling data shown in Figure 3 and the proteomics data shown in Figure 4 (and
Supporting Information), we still observed some background subcellular localization of
8RK59 in UCHLL1 knock-down cells, which may be the result of PARK?7 staining. Taken all
together, this result shows that the cellular distribution of 8RK59 probe changes upon
depletion of UCHL1 and it can therefore be used to monitor UCHLL activity in cells.
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Figure 5. Probing UCHL1 activity in cells with 8RK59. A) Live-cell fluorescence imaging of PLKO
and shUCHL1 MDA-MB-436 cells treated with 8RK59. B) Fluorescence labeling of endogenous
UCHL1 in PLKO and shUCHL1 MDA-MB-436 cells treated with 8RK59 in SDS-PAGE gel.
Immunoblotting was performed using UCHL1 antibody, and Tubulin was used as a loading control. C)
Immunofluorescent staining of UCHL1 in 8RK59 pretreated PLKO and shUCHL1 A549 cells.
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Probing UCHL.1 activity in zebrafish embryos with 8RK59.

To investigate the application of 8RK59 in tracking UCHLL1 activity in an in vivo model, we
chose the zebrafish (Danio rerio) due to their high genetic homology to humans and the
transparency of their embryos (39). Firstly, we treated zebrafish embryos with 8RK59 and
recorded fluorescent images during the development of embryos from 1 to 7 days post
fertilization (dpf). Results showed 8RK59 mainly labeled the nose, eye and brain of the
zebrafish embryos (Figure 6A). Interestingly, all these organs are enriched in nerve cells and
highly express Uchl1l Mrna (40).
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Figure 6. Probing UCHL1 activity in zebrafish embryos with 8RK59. A) Tracking the localization of
active UCHL1 with 8RK59 during the development of zebrafish embryos from 1 to 7 dpf. B)
Immunofluorescent staining of UCHL1 in 6 dpf zebrafish embryo pretreated with 8RK59. C)
Monitoring UCHL activity changes in 6 dpf zebrafish embryos with 8RK59 pretreated with UCHL1
inhibitor 6RK73. Representative images from five groups with zoom in of the brain area are shown in
the left panel. The quantification of 8RK59 signal in three 6RK73 treatment groups are shown in the
right panel. DMSO and BodipyFL dye were used as controls. **, P < 0.01, ***, P < 0.001, two-way
ANOVA.
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To validate that the labelling of 8RK59 in zebrafish embryos is specific to UCHLL protein,
we fixed the 8RK59 labelled embryos and performed IF staining with UCHL1 antibody.
Results demonstrated both the 8RK59 and UCHL1 antibody label similar organs of zebrafish
embryos (Figure 6B). To assess whether 8RK59 could detect the UCHL1 activity changes in
zebrafish embryos, we pretreated the zebrafish embryos with UCHLL1 activity inhibitor
6RK73 from 1 to 3 dpf, and then labelled the embryos with 8RK59 from 4 to 6 dpf. We
found that increasing concentrations of 6RK73-pretreated zebrafish embryos resulted in
significantly lower 8RKS59 signal labelling (Figure 6C). In addition, the lysate of 6RK73-
pretreated zebrafish embryos showed decreased UCHL1 signal in fluorescence scans of a
corresponding SDS-PAGE gel (Supporting Information Figure S4). These in vivo
experiments indicate that 8RK59 can visualize and track UCHLL1 activity during the
development of zebrafish embryos.

CONCLUSIONS

One of the key challenges within DUB research is the creation of activity-based probes that
target a single DUB type and at the same time are able to cross the cell membrane, in order to
study these enzymes inside living cells or even living organisms (41). It has recently been
shown by us and others that Ub-based tools (such as ABPs) can be made sub-type specific by
engineering the amino acid sequence in Ub (32) (42) (43), however these ABPs are not cell-
permeable. ABPs based on small-molecule inhibitors on the other hand are often cell-
permeable and can be tuned chemically to become selective (44) (45), although such ABPs
for DUBs have been lacking so far. We here provide evidence for the first fluorescent small-
molecule target specific DUB ABP (8RK59) that hits UCHL1 activity in vitro, in cells and in
vivo. We based our design on a cyanimide-containing inhibitor and show, in contrast to what
has been reported in literature (27), that cyanimides can act as (near to) irreversible binders.
Whether the irreversible bond formation results from the chemical nature of the cyanimide
used here or from its binding mode within the UCHL1 active site and whether this property
can be extended to other DUBSs, remains to be investigated. Instalment of a fluorescent group
onto a small-molecule inhibitor can have a detrimental effect on its inhibitory properties. Our
data show that the installation of a Rhodamine fluorophore hardly, and a BodipyFL
fluorophore only marginally effected the inhibitory potency towards UCHL1, whereas our
Ub-ABP experiments confirmed the preservation of their selectivity for UCHL1 among other
cysteine DUBs. From these two probes Rhodamine-tagged 9RK87 showed better in vitro
characteristics, e.g. lower ICso value and more potent in cell lysate, but unfortunately proved
to be unable to cross the cell membrane. As such, this probe could be preferred for in vitro
experiments and might be optimized for in-cell use by chemically improving the cell-
penetrating properties of Rhodamine (28).

Small-molecule inhibitors or probes almost inevitably result in unspecific interactors and this
is not different for our compounds. We have considerably invested in the identification of
potential off-targets of our probes by means of a proteomics approach. The data generated in
this effort are not only useful for our own study but also provide valuable information for
others working on this type of cyanimide-containing compounds. The proteomics data is in
line with the Ub-probe experiments, confirming that these compounds are UCHL1 specific
within the Ub system and to enzymes of the closely related Ub-like systems (e.g. Nedd8,
SUMO, etc.). We indeed found a few potential off-targets, the main one being the protein and
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nucleotide deglycase PARK7. These cyanimide compounds may therefore provide a good
starting point for small-molecule probes targeting PARK7, which, in spite of its important
enzymatic function in protein and DNA repair in virtually any cell, have not been developed
yet. Based on our data we expect that the potency and selectivity of the probe can be further
improved by means of chemical alterations of the inhibitor. A better knowledge on the
structural determinants of the interactions between probe and UCHL1 will be of great value
for this, unfortunately despite several crystallization attempts we were unable to obtain
appropriately diffracting crystals. During preparation of our manuscript Flaherty and co-
workers (46) reported on a related (S)-1-cyanopyrrolidine-2-carboxamide-based UCHL1
inhibitor and they applied NMR and molecular modeling to gain insight in the interactions
between inhibitor and UCHL1, which could provide useful information to further optimize
our probes. In addition, they modified their inhibitor with an alkyne moiety, which, unlike
our molecules, resulted in a decrease in potency towards UCHL1 and selectivity with respect
to UCHL3. This 2-step probe was then used to identify off-targets in KMS11 cells but
remarkably none of their identified proteins show overlap with our list.

In conclusion, we have developed a fluorescent small-molecule activity-based probe that
labels UCHL1 activity in vitro, in cells and in vivo. It is the first example of a ‘1-step’ DUB-
selective, cell-permeable ABP and therefore serves as a unique addition to the ‘Ub toolbox’,
concomitantly addressing two of the outstanding challenges within this field. Our results
show that the probe works in several different cell lines and we therefore foresee a potential
wide application of the probe in studying UCHL1 activity related to neurodegenerative
disorders and cancer. In Chapter 4, we showed that 6RK73 decreases UCHL1 activity and
thereby inhibits TGFB/SMAD2 and SMAD3 signaling and breast cancer migration and
extravasation (47). We are convinced that the here reported strategy of small-molecule
cyanimide-based probes can be expanded to other cysteine proteases and specifically DUBs.
With the rising importance of the Ub system as source of practical drug targets we believe
that these ABP tools will fill an unmet need allowing us to study active DUBs in their native
environment in live cells or animals and as such aid in the development of future therapeutics
that target diseases associated with ubiquitination.

METHODS

ICso determination. The in vitro enzyme inhibition assays were performed in “non-binding
surface flat bottom low flange” black 384-well plates (Corning) at room temperature in a
buffer containing 50 mM Tris'HCI, 100 mM NaCl, pH 7.6, 2.0 mM cysteine, 1 mg/mL 3-[(3-
cholamidopropyl) dimethylammonio] propanesulfonic acid (CHAPS) and 0.5 mg/mL vy-
globulins from bovine blood (BGG) in triplicate. Each well had a final volume of 20.4 uL.
All dispensing steps involving buffered solutions were performed on a Biotek MultiFlowFX
dispenser. The compounds were dissolved in DMSO as 10 mM, 1 mM and 0.1 mM stock
solutions and appropriate volumes were transferred from these stocks to the empty plate
using a Labcyte Echo550 acoustic dispenser and accompanying dose-response software to
obtain a 12 point serial dilution (3 replicates) of 0.05 to 200 uM. A DMSO back-fill was
performed to obtain equal volumes of DMSO (400 pL) in each well. 10 mM N-
ethylmaleimide (NEM) was used a positive control (100% inhibition) and DMSO as negative
control (0% inhibition). 10 pL buffer was added and the plate was vigorously shaken for 20
sec. Next, 5 pL of a 4x final concentration enzymes stock was added followed by incubation
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for 30 min. 5 pL of the substrate (Ub-Rho-morpholine (final concentration 400 nM) or Chz-
PheArg-AMC (final concentration 10 puM) in the case of Papain) and the increase in
fluorescence intensity over time was recorded using a BMG Labtech CLARIOstar or
PHERAstar plate reader (excitation 487 nm, emission 535 nm). The initial enzyme velocities
were calculated from the slopes, normalized to the positive and negative controls and plotted
against the inhibitor concentrations (in M) using the built-in equation “[inhibitor] vs.
response — Variable slope (four parameters), least squares fit” with constraints “Bottom = 0~
and “Top = 100" in GraphPad Prism 7 software to obtain the ICsg values.

Jump dilution assay. All assays were performed in triplicate. The assay was performed in a
buffer containing 50 mM TrisHCI, 100 mM NaCl, pH 7.6, 2.0 mM cysteine, 1 mg/mL 3-[(3-
cholamidopropyl) dimethylammonio] propanesulfonic acid (CHAPS) and 0.5 mg/mL v-
globulins from bovine blood (BGG). The final concentrations used were: 3 nM UCHL1, 400
nM Ub-Rho-morpholine, 10 uM or 0.1 uM or a jump dilution of 10 uM to 0.1 uM inhibitor.
Samples of 20 pL containing 300 nM UCHL1 and 20 pM inhibitor (2% DMSO), 2% DMSO
or 20 mM N-ethylmaleimide (NEM) were incubated for 30 min. at room temperature. 5 pL of
each sample was then diluted into a 500 pL solution containing 400 nM Ub-Rho-morpholine.
After a brief mixing 20 pL of each of these solutions was quickly transferred to a “non-
binding surface flat bottom low flange” black 384-well plate (Corning) and the increase in
fluorescence over time was recorded using a BMG Labtech CLARIOstar plate reader
(excitation 487 nm, emission 535 nm). As a control, samples were taken along in which 40
pL of a 20 uM and 0.2 uM inhibitor solution in buffer (2% DMSO) were added to 20 uL of a
12 nM UCHL1 solution. After 30 min. incubation 20 pL of a 1.6 pM Ub-Rho-morpholine
solution was added after which 20 pL of each solution was transferred to the same 384 well
plate mentioned above and the increase in fluorescent intensity was measured concomitantly.
Fluorescent intensities were plotted against time using GraphPad Prism 7.

Covalent complex formation mass spectrometry analysis. Samples of 1.4 pM UCHL1 in
70 pL buffer containing 50 mM TrisHCI, 100 mM NacCl, pH 7.6, 2.0 mM cysteine and 1
mg/mL 3-[(3-cholamidopropyl) dimethylammonio] propanesulfonic acid (CHAPS) were
prepared. These samples were treated with 1 uL DMSO or 1 pL of a 10 mM inhibitor/probe
stock solution in DMSO (140 uM final concentration) and incubated for 30 min. at room
temperature. Samples were then 3X diluted with water and analyzed by mass spectrometry
by injecting 1 pL on a Waters XEVO-G2 XS Q-TOF mass spectrometer equipped with an
electrospray ion source in positive mode (capillary voltage 1.2 kV, desolvation gas flow 900
L/hour, T = 60 °C) with a resolution R = 26,000. Samples were run using 2 mobile phases: A
= 0.1% formic acid in water and B = 0.1% formic acid in CH3CN on a Waters Acquity UPLC
Protein BEH C4 column, 300 A, 1.7 pm (2.1 x 50 mm); flow rate = 0.5 mL/min, runtime =
14.00 min, column T = 60 °C, mass detection 200-2500 Da. Gradient: 2 — 100% B. Data
processing was performed using Waters MassLynx Mass Spectrometry Software 4.1 and ion
peaks were deconvoluted using the built-in MaxEnt1 function.

Probe labeling of purified recombinant UCHL1. The assay was performed in a buffer
containing 50 mM TrisHCI, 100 mM NacCl, pH 7.6, 2.0 mM cysteine and 1 mg/mL 3-[(3-
cholamidopropyl) dimethylammonio] propanesulfonic acid (CHAPS). A stock solution
containing 8 UM UCHL1 and stock solutions containing 20 uM 8RK59, 9RK15, 9RK87 and
Rho-Ub-PA in buffer were prepared. 50 puL of the UCHL1 stock solution was mixed with 50
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ML of all probe solutions followed by incubation for 60 min. at 37 °C. Three aliquots of 10
ML of each sample were taken and treated with 1) 5 uL loading buffer with -
mercaptoethanol, followed by 5 min. heating at 95 °C; 2) 5 pL loading buffer with 50 mM
TCEP; 3) 5 pL loading buffer. Samples were resolved by SDS-PAGE using a 4-12% Bis-Tris
gel (Invitrogen, NUPAGE) with MES SDS running buffer (Novex, NUPAGE) for 45 min. at
190V. Gels were scanned for fluorescence on a GE Typhoon FLA 9500 using a green (Aex/em
473/530 nm) and red (Aexem 532/570 nm) channel followed by staining with InstantBlue
Coomassie protein stain (Expedeon) after which the gel was scanned on a GE Amersham
Imager 600.

Cell lines and cell culture. HEK293T, HeLa, A549 and MDA-MB-436 cells were originally
obtained from American Type Culture Collection (ATCC) and SKBR?7 cells were obtained
from Dr. J. Martens (Erasmus University Medical Center, Rotterdam, The Netherlands). Cells
were cultured in Dulbecco’s modified Eagles’s medium (DMEM) supplemented with 10%
fetal bovine serum (FBS) and 100 U/mL penicillin-streptomycin (15140122; Gibco). Stable
shUCHL1 A549 and shUCHL1 MDA-MB-436 cell lines were generated by lentiviral
infection and the cell lines were continuously cultured under puromycin selection. Four
UCHL1 shRNAs were identified and tested, the most effective ShRNA (TRCN0000007273;
Sigma) for lentiviral infection were used for experiments. All cell lines were regularly tested
for absence of mycoplasma and were authenticated.

Transfection. For shRNA expression, lentiviruses were produced by transfecting shRNA-
targeting plasmids together with helper plasmids pCMV-VSVG, pMDLg-RRE (gag—pol),
and pRSV-REV into HEK293T cells. Cell supernatants were collected 48 hours after
transfection and were used to infect cells. To obtain stable sShUCHL1 A549 and shUCHL1
MDA-MB-436 UCHL1 knock-down cell lines, cells were infected at low confluence (40%)
for 12 hours with lentiviruses in the presence of 5 ng/mL Polybrene (Sigma). Cells were
subjected to 1 ug/mL puromycin selection 48 hours after infection. Four UCHL1 shRNAs
were identified and tested, the most effective UCHL1 shRNA (TRCNO0000007273; Sigma)
for lentiviral infection was used for the experiments.

For siRNA transfection, siRNAs targeting UCHL1 (Set of 4: siGENOME; MQ-004309-00-
0002 2 nmol) and PARK7 (Set of 4: siGENOME; MQ-005984-00-0002 2 nmol) were
obtained from Dharmacon. Knock-down of UCHL1 and PARKY in HEK293T cells was
performed as follows: for 6-well plate format 200 pL siRNA (500 nM stock) were incubated
with 4 pL Dharmafectin reagent 1 (Dharmacon) diluted in 200 pL medium without
supplements by shaking for 20 min. at room temperature. The transfection mix was added to
cells and cultured at 37 °C and 5 % COx. 48 hours after transfection 8RK59 was added to the
cells and incubated for 24 hours. Cells were harvested and analysed as described under the
section “DUB activity profiling and competition with Ub-PA DUB probes”.

For the expression of UCHL1 in HEK293T cells, Flag-HA-UCHLL1 construct was obtained
from Addgene (22563). Catalytically inactive mutant (C90A) UCHL1 was generated using
site-directed mutagenesis. Wild-type and C90A mutant UCHL1 were transfected into
HEK?293T cells using PEI transfection reagent. 24 hours after transfection 8RK59 was added
to the cells and incubated for 24 hours. Cells were harvested and analysed as described under
the section “DUB activity profiling and competition with Ub-PA DUB probes”.
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Immunoblotting. Cells were lysed in HR lysis buffer (50 mM Tris, 5 mM MgCl,, 250 mM
sucrose and 2 mM DTT, pH 7.4) with protease inhibitor cocktail for 10 min. on ice. The
lysates were sonicated using 10 cycles of 30 sec. pulse on, 30 sec. pulse off. The lysates were
centrifuged at maximun speed for 20 min. at 4 °C, thereafter protein concentrations were
measured using the DC protein assay (500-0111; Bio-Rad) and equal amounts of proteins
were used for each condition that was analyzed by immunoblotting with following antibodies:
UCHL1 (ab27053; Abcam), Tubulin (2148; Cell Signaling), GAPDH (MAB374; Millipore),
Actin (A5441; Sigma-Aldrich,).

Immunofluorescence staining. Cells were fixed for 20 min. in 4% paraformaldehyde and
then permeabilized in 0.1% Triton-X for 10 min. Non-specific binding was blocked with
blocking buffer (1% BSA in 0.1% PBS-Tween) for 30 min. The primary antibody UCHL1
(ab27053; Abcam) was diluted in blocking buffer and added to the cell for 1 hour. After 3
times washing with PBS, the secondary antibody donkey anti rabbit IgG Alexa Fluorescence
555 (Invitrogen #A31572) was added and incubated for 30 min. After 3 times washing with
PBS, samples were mounted with VECTASHIELD antifade mounting medium with DAPI
(H-1200; Vector Laboratories). Fluorescence images were acquired with TCS SP8 confocal
microscope (Leica).

Zebrafish embryos were fixed with 4% paraformaldehyde 2 hours at room temperature.
Samples were dehydrated with 33%, 66%, 100% methanol in PBS, followed by a rehydration
step. Thereafter, the embryos were successively treated with 10 pg/mL proteinase K for 60
min. at 37 °C, permeabilized with 0.25% Triton in PBS for 30 min. on ice, and blocked with
10% FBS in PBS for 1 hour at room temperature. Embryos were incubated with primary
antibody (ab27053; Abcam) for at least 12 hours at 4 °C. After washing with 0.1% Triton in
PBS for 3 times 10 min., the samples were incubated with fluorescein-conjugated secondary
antibody donkey anti rabbit 1gG Alexa Fluorescence 555 (Invitrogen #A31572) for 2 hours at
room temperature. After washing with PBS (0.1% Triton), samples were analyzed using a
confocal microscope SP5 STED (Leica, Rijswijk, Netherlands).

DUB activity profiling and competition with Ub-PA DUB probes. HEK293T cells were
treated with 5 uM final concentration of the indicated compounds for 24 hours. Cells were
lysed in HR lysis buffer supplemented with protease inhibitor cocktail (11836145001; Roche).
Samples were kept on ice and lysed by sonication (10 cycles of 30 seconds on and 30 seconds
off). 25 pg protein extract was labelled with either 1 uM Rh-Ub-PA probe or 0.5 uM Cy5-
Ub-PA probe for 30 min. at 37 °C. For the cell lysate incubation, HEK293T cells were lysate
as described above. HEK293T cell lysates were preincubated with 5 uM final concentration
of compounds for 1 hour, followed by incubation with 0.5 uM Cy5-Ub-PA probe for 30 min.
at 37 °C. Labelling reactions were terminated with sample buffer and heating to 100 °C for
10 min. Samples were size-separated in SDS-PAGE gels. In-gel fluorescence signals were
scanned employing the Typhoon FLA 9500 Molecular Imager (GE Healthcare). Images were
analyzed using ImageJ software.

Probe labelling of endogenous UCHLL1 in living cell. Cell lines were transfected with
shRNAs, siRNAs or UCHLL1 constructs as described above. 5 uM final concentration of
probes were added to the cell a day before harvesting. Cells were harvested in HR buffer as
described above. NUPAGE LDS sample buffer containing 50 mM TCEP was added to cell
lysates. Samples were resolved by SDS-PAGE using a 4-12% Bis-Tris gel (Invitrogen,
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NuPAGE) with MES SDS running buffer (Novex, NUPAGE) for 45 min. at 190V. Gels were
scanned for fluorescence on a GE Typhoon FLA 9500 using a green (Aexem 473/530 nm) and
red (Aexem 532/570 nm) channel followed by transferring proteins to nitrocellulose membrane
(Amersham) and western blot analysis.

Proteomics. For 1-step approach, 4 x 10° HEK293T cells were seeded into 10 cm dishes for
each treatment. 48 hours later, HEK293T cells were harvested in lysis buffer containing 50
mM HEPES pH 7.3, 150 mM NaCl and 1% NP-40 and 1x protease inhibitor cocktail and
incubated for 30 min. on ice. Cell lysates were centrifuged at maximum speed for 20 min.
The lysates were incubated with 5 uM final concentration of Biotin-PEGs-alkyne, 11RK72 or
11RK73 or same volume of DMSO for 1 hour at room temperature. 30 pL of neutravidin
beads slurry (50%) were added to each sample. The samples were then incubated for 2 hours
at 4 °C. Beads were washed six times in wash buffer containing 50 mM HEPES pH 7.3, 150
mM NaCl and 1% NP-40. After completely removing the washing buffer, NuPAGE LDS
sample buffer (containing 7.5% B-mercaptoethanol) was added to the beads followed by 15
min. incubation at 95 °C.

For 2-step approach, 4 x 10° HEK293T cells were seeded into 10 cm dishes for each
treatment. 24 hours later, 5 uM final concentration of 8RK64 or same volume of DMSO was
added to the cells. After 24 hours incubation, HEK293T cells were harvested in lysis buffer
containing 50 mM HEPES pH 7.3, 150 mM NaCl and 1% NP-40 and 1x protease inhibitor
cocktail and incubated for 30 min. on ice. Cell lysates were centrifuged at maximum speed
for 20 min. 1x volume of click cocktail (100 mM CuSO4.5H20, 1M sodium ascorbate, 100
mM TBTA (Tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine) ligand, 0.1 M HEPES pH
7.3 and 5 pM biotin-alkyne) were added to 2x volume of cell lysates and incubated for 45
min. 30 pL of neutravidin beads slurry (50%) were added to each sample. The samples were
then incubated for 2 hours at 4 °C. Beads were washed six times in wash buffer containing 50
mM HEPES pH 7.3, 150 mM NaCl and 1% NP-40. After completely removing the washing
buffer, SDS sample buffer (containing 7.5% B-mercaptoethanol) was added to the beads
followed by 15 min. incubation at 95 °C. For MS analysis proteins were run for 1-2 cm on a
4-12% PAGE (NuPAGE Bis-Tris Precast Gel, Life Technologies) and stained with silver
(SilverQuest Silver Stain, Life Technologies). The lane was cut into two equal parts, and gel
slices subjected to reduction with dithiothreitol, alkylation with iodoacetamide and in-gel
trypsin digestion using a Proteineer DP digestion robot (Bruker).

Tryptic peptides were extracted from the gel slices, lyophilized, dissolved in 95/3/0.1 viviv
water/acetonitril/formic acid and subsequently analyzed by on-line C18 nanoHPLC MS/MS
with a system consisting of an Easy nLC 1000 gradient HPLC system (Thermo, Bremen,
Germany), and a LUMOS mass spectrometer (Thermo). Fractions were injected onto a
homemade precolumn (100 um x 15 mm; Reprosil-Pur C18-AQ 3 um, Dr. Maisch,
Ammerbuch, Germany) and eluted via a homemade analytical nano-HPLC column (15 cm x
50 um; Reprosil-Pur C18-AQ 3 um). The gradient was run from 0% to 50% solvent B
(20/80/0.1 water/acetonitrile/formic acid v/v/v) in 20 min. The nano-HPLC column was
drawn to a tip of ~5 um and acted as the electrospray needle of the MS source. The LUMOS
mass spectrometer was operated in data-dependent MS/MS (top-10 mode) with collision
energy at 32 V and recording of the MS2 spectrum in the orbitrap. In the master scan (MS1)
the resolution was 120,000, the scan range 400-1500, at an AGC target of 400,000
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@maximum fill time of 50 ms. Dynamic exclusion after n=1 with exclusion duration of 10 s.
Charge states 2-5 were included. For MS2 precursors were isolated with the quadrupole with
an isolation width of 1.2 Da. HCD collision energy was set to 32V. First mass was set to 110
Da. The MS2 scan resolution was 30,000 with an AGC target of 50,000 @maximum fill time
of 60 ms.

In a post-analysis process, raw data were first converted to peak lists using Proteome
Discoverer version 2.2.0.388 (Thermo Electron), and then submitted to the Uniprot Homo
sapiens database (67911 entries), using Mascot v. 2.2.04 (www.matrixscience.com) for
protein identification. Mascot searches were with 10 ppm and 0.02 Da deviation for precursor
and fragment mass, respectively, and trypsin as enzyme. Up to two missed cleavages were
allowed, and methionine oxidation was set as a variable modification; carbamidomethyl on
Cys was set as a fixed modification. Protein abundance calculation and statistical analysis
was performed using Proteome Discoverer software.

Zebrafish experiments. Transgenic zebrafish lines Tg (kdrl: mTurquois) were raised, staged
and maintained according to standard procedures in compliance with the local Institutional
Committee for Animal Welfare of the Leiden University. Zebrafish embryos were treated
with 5 uM 8RKH59 or gradient 6RK73 concentration in the egg water. Fluorescent image
acquisition was performed with a Leica SP5 STED confocal microscope (Leica, Rijswijk,
Netherlands). The quantification of 8RK59 signal was analyzed by Leica microscope
software platform LAS X. 30 zebrafish were treated in each group and 3 representative
images were taken and analyzed. Statistical analysis was performed using Graphpad Prism 8
software. Numerical data from triplicates are presented as the mean = SD. Two-way analysis
of variance (ANOVA) has been used to analyze multiple subjects.

SUPPORTING INFORMATION

HEK293T

8RK59 9RK15 9RK87

9RK87

Figure S1. Cell permeability of 8RK59, 9RK15, and 9RK87 probes. HEK293T (top panel) and HelLa
(bottom panel) cells were incubated with 5 pM final concentration of indicated probes for 24 hours at
37 °C. HEK293T cells were visualized using EVOS® FL Cell Imaging System. Nikon Plan Fluor
40x/0.75, infinity/0.17 objective was used. HeLa cells were fixed by 3.7% formaldehyde and then
mounted using ProLong Gold antifade mounting medium with DAPI. Nuclei and cell boundaries are
shown in dashed white lines. HelLa cells were imaged using Leica SP8 microscopes. HCX PL 63x
1.32 oil objectives and HyD detectors were used in confocal images.
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Figure S2. Pull-down and proteomics analysis either via a 1-step approach with biotin tagged-probes
or via a 2-step labeling approach with click-chemistry. A) Schematic representation of 2-step labeling
and pull-down approach. B) Western blot (left panel) and silver staining (right panel) of the samples
obtained from 2-step labeling approach. Neutravidin beads from DMSO or 8RK64 treated samples
were boiled in NUPAGE LDS sample buffer at 95 °C for 15 min. Proteins were run on 4-12% SDS-
PAGE (1 cm for right panel) and either immunoblotted against PARK7, UCHL1 and Actin or stained
using SilverQuest Silver Stain. The numbers on the gel indicate slices cut from the gel. C) List of the
top eight proteins identified from proteomics experiment using 2-step labeling and pull-down
approach. D) Confirmation of PARKY labeling with 8RK59 via Fluorescent labeling and western blot
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analysis. Labeled proteins with 8RK59 were analyzed using in-gel fluorescence scanning followed by
immunoblot against UCHL1. Actin is used as a loading control. E) Silver staining of three
independent gels obtained from 1-step labeling approach. Related to Figure 4. Neutravidin beads from
DMSO, Biotin-PEG4-Alkyne, 11RK72 or 11RK73 treated samples were boiled in NUPAGE LDS
sample buffer at 95 °C for 15 min. Proteins were run for 2 cm on 4-12% SDS-PAGE and stained
using SilverQuest Silver Stain. The numbers on the gels indicate slices cut from the gels. F) Silver
staining of the samples obtained from 1-step labeling approach. Neutravidin beads from Biotin-PEG4-
Alkyne, 11RK72 or 11RK73 treated samples were boiled in NUPAGE LDS sample buffer at 95 °C for
15 min. Proteins were run on 4-12% SDS-PAGE and stained using SilverQuest Silver Stain.
Rectangles indicate the gel slices analyzed by LC-MS/MS.

A549

. 2
. MERGE

Figure S3. Probing UCHL1 activity in cells with 8RK59. A549 PLKO and shUCHL1 cells were
incubated with 5 uM 8RK59 for 16 hours at 37 °C. 1 ug/mL Hoechst 33342 was used to stain the
nuclei of the live cells for 30 min. at 37 °C. Images were acquired with Leica DMi8 Inverted
Fluorescent Microscope. HC PL FLUOTAR L 40x/0.60 DRY was used.

8RK59

PLKO

shUCHLA1

DMSO 6RK73

DMSO 6RK73

55 kDa 8RK56

35 kDa A, 473/530 nM

25 kDa <«UCHL1

55 kDa- '
Coomassie

35 kDa- staining

25 kDa-

= p

Figure S4. Fluorescence labeling of endogenous UCHL1 in zebrafish embryo and lysates with
8RK59. Images of 8RK59 signal in zebrafish embryos pre-treated with DMSO or 5 uM 6RK73 (top
panel). Fluorescence scan of corresponding zebrafish lysate in SDS-PAGE gel (bottom panel).
Coomassie staining serves as loading control.
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Table S1: ICsy values?

Compound DUB (concentration) 1Cs0 (ULM)
6RK73 UCHL1 (1 nM) 0.23
6RK73 UCHL3 (0.01 nM) 235
6RK73 UCHLS5 (1 nM) >>100
6RK73 USP7 (1 nM) 68.8
6RK73 USP16 (2 nM) >>100
6RK73 USP30 (10 nM) 9.8
6RK73 Papain (3 nM) 10.7
8RK64 UCHL1 (1 nM) 0.32
8RK64 UCHL3 (0.01 nM) 216
8RK64 UCHLS5 (1 nM) >>100
8RK59 UCHL1 (1 nM) 1.2
9RK15 UCHL1 (1 nM) 3.6
9RK87 UCHLL1 (1 nM) 0.44
11RK72 UCHL1 (1 nM) 0.50
11RK73 UCHL1 (1 nM) 0.64

& After 30 min. of incubation of enzyme with inhibitor.
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Chapter 6

Abstract

Recent data implicate elevated transforming growth factor-p (TGFp) signaling in BRAF
inhibitor drug-resistance mechanisms, but the potential for targeting TGFf signaling in cases
of advanced melanoma has not been investigated. We show that mutant BRAFV600E confers
an intrinsic dependence on TGFB/TGFp receptor 1 (TGFBR1) signaling for clonogenicity of
murine melanocytes. Pharmacological inhibition of the TGFBR1 blocked the clonogenicity
of human mutant BRAF melanoma cells through SMADA4-independent inhibition of mitosis,
and also inhibited metastasis in xenografted zebrafish. When investigating the therapeutic
potential of combining inhibitors of mutant BRAF and TGFBR1, we noted that unexpectedly,
low-dose PLX-4720 (a vemurafenib analogue) promoted proliferation of drug-naive
melanoma cells. Pharmacological or pharmacogenetic inhibition of TGFBR1 blocked growth
promotion and phosphorylation of SRC, which is frequently associated with vemurafenib
resistance mechanisms. Importantly, vemurafenib-resistant patient derived cells retained
sensitivity to TGFBRL1 inhibition, suggesting that TGFBR1 could be targeted therapeutically
to combat the development of vemurafenib drug-resistance.

Introduction

Malignant melanoma is the most aggressive form of skin cancer with around 55,500 deaths
worldwide in 2012 (1). While primary localized melanoma may be cured by surgical removal
alone, metastatic melanoma is associated with poor long-term prognosis. Somatic mutations
that constitutively activate the RAS-RAF-mitogen activated protein kinase-extracellular
signal-regulated kinase (RAS-RAF-MEK-ERK) signaling pathway are frequently detected in
melanoma; mutations in BRAF and NRAS have been detected in approximately 50% and 20%
of melanomas, respectively (2). The identification of genetic drivers of melanoma (2) has led
to the development of small-molecule inhibitors (e.g. vemurafenib, dabrafenib) (BRAFi),
which selectively target mutant BRAF. Their use in the clinic has significantly increased
survival of metastatic melanoma patients (3-5). However, the development of drug resistance
remains a significant problem with the vast majority of patients with advanced melanoma
dying of drug-resistant disease.

Numerous mechanisms of resistance to BRAF inhibitors have been described, many
involving reactivation of the MAPK pathway (reviewed in (6)). As a result, the combined use
of BRAF inhibitors with MEK inhibitors (e.g. cobimetinib, trametinib) has been proposed as
a way to overcome the development of resistance (7-9). While this approach significantly
improves patient survival (resulting in a median expected survival of approximately 25
months for eligible patients), the efficacy of combinatorial therapies which target the same
signaling pathway ultimately may be limited because of augmented BRAF inhibitor drug
resistance mechanisms or secondary mutations (10, 11).

Additionally, secondary epigenetic events that do not necessarily affect MEK/ERK activity
can occur to limit the tumor cells’ dependence on the MAPK pathway, or restrict tumor
immune surveillance. These resistance mechanisms include changes in the methylome
affecting tumor cell apoptosis (12), increases in PI3BK/AKT activity (13-15) and/or increases
in receptor tyrosine kinase (RTK) signaling. For instance, loss of microphthalmia associated
transcription factor (MITF) expression correlates with increased RTK expression and
resistance (16). Vemurafenib-resistance induced increases in EGFR signaling have been
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shown to activate an EGFR-SRCSTAT3 signaling cascade in melanoma, and targeting this
pathway using inhibitors of SRC inhibits growth of vemurafenib-resistant xenografts (17, 18).

As well as cell autonomous effects, drug-induced stimulation of melanoma-associated
fibroblasts stimulates matrix remodeling and, in this case, signals via integrins to increase
SRC and FAK activity. This change in the microenvironment promotes melanoma cell
survival and provides a “safe haven” to enable emergence of drug resistant tumor cells (19).
Clearly, stromal remodeling and SRC activation have emerged as contributors to BRAF
inhibitor resistance, and it is apparent that the therapy induced secretome is key in driving
resistance. Increased transforming growth factor-p (TGFp) secretion may be part of the
therapy-induced secretome, and has been implicated in both in vitro derived drug resistance
(20) and in vemurafenib-resistant patient material (21). Increased TGFp signaling can result
in an upregulation of EGFR and PDGFR (21), positioning TGFf signaling upstream of well
described vemurafenib-resistance associated RTK pathways. Despite this, the potential for
TGFp pathway inhibitors in combating BRAF kinase inhibitor resistance has not been studied
to date.

TGFP ligand binds to the constitutively active high affinity type 2 serine/threonine kinase
receptor TGFBR2 which trans-phosphorylates and activates TGFBR1. As part of the
canonical signaling pathway, TGFBR1 phosphorylates and activates the intracellular
signaling transcription factors SMAD2 and SMAD3, and following binding to SMAD4, the
SMAD complex accumulates in the nucleus where it regulates target gene transcription.
Additionally, TGFp can signal via numerous noncanonical pathways including RHO/ROCK,
MAPK, and PI3-Kinase (reviewed in (22)). In normal melanocytes, TGFp inhibits
proliferation and DNA synthesis and induces melanocyte stem cell quiescence, however,
melanoma cells are able to evade the tumor suppressive effects of TGFB. TGFp levels are
elevated in the plasma of melanoma patients (regardless of their exposure to BRAF
inhibitors), and increases in expression are associated with progressive disease (23). The
mechanisms of growth arrest and their evasion by melanoma cells, however, have not been
fully characterized and are likely to be multi-factorial (reviewed in (24)).

There is little evidence of mutation of TGFp receptors in melanoma (25), so, it appears that
with functional receptors and apparently intact SMAD function (26, 27), melanoma cells are
able to evade growth suppressive effects of TGFB while simultaneously utilizing pro-
tumorigenic functions of TGFB. TGFp signaling promotes migration of BRAF-transformed
melanocytes in in vitro organotypic skin cultures (28) and is involved in metastasis of mouse
melanoma cells to the bone through expression of tissue-specific genes known to promote
bone osteolysis (26, 29). In addition, melanoma cells engineered to over-express TGFf exert
paracrine effects on stromal fibroblasts whereby they secrete matrix components (including
fibronectin, collagens, and tenascin) to promote melanoma tumor formation (30). These
observations are reminiscent of the vemurafenib-induced activation of melanoma-associated
fibroblasts providing a “safe haven” for melanoma tumor cells, however, no link has been
formally established between vemurafenib-induced fibroblast activation and TGFp signaling.

In this study, we now provide evidence that melanoma cells are “hard-wired” to depend on
autocrine TGFp signaling through TGFBR1 for tumor establishment and clonogenicity. We
show that the fundamental addiction of melanoma cells to TGFp is: induced by the presence
of mutant BRAF; mediated by a SMADA4-independent pathway; and correlates with TGFf
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regulation of RHOA activity, thus providing support for the notion that non-canonical
signaling pathways are key mediators of pro-tumorigenic TGFB function in melanoma.
Importantly, we also provide evidence that vemurafenib resistant patient-derived cells retain
sensitivity to inhibitors of TGFBR1. TGFBRL1 inhibitors block the enhanced proliferation of
paradoxically activated PLX-4720 treated melanoma cells, and can be used to effectively
inhibit metastatic melanoma in a zebrafish xenograft model.

Mutant BRAF confers TGFp addiction

We demonstrated previously that autocrine signaling through TGFBR1, is required for
transformation of rodent fibroblasts by oncogenic BRAF (31), but did not investigate this
dependence in human models of activated RAS/RAF-driven cancer. Since mutational
activation of BRAF is frequently observed in melanoma (2), we tested the susceptibility of
immortalised mouse melanocytes stably transfected with either wild-type or mutant BRAF to
inhibition by the TGFBR1 kinase inhibitor SB-431542. Unlike parental or wildtype BRAF
transfected cells, melanocytes transfected with oncogenic V600E BRAF required TGFBR1
kinase activity for their proliferation since SB-431542 decreased cell numbers (Figure 1a).
These data suggest that the presence of mutant BRAF in melanocytes confers a dependence
(or addiction) on the TGFB/TGFBRI1 signaling pathway for cell proliferation. Similar results
were observed in soft agar assays measuring anchorage independent growth (Figure 1b). We
determined the amount of autocrine TGFp produced by the transfected melanocytes, using a
bioassay of NIH3T3 cells stably transfected with a CAGA12-luciferase reporter construct
(Supplementary Figure 1a). The dependence on TGFBR1 activity for colony formation did
not correlate simply with an increase in latent autocrine TGFB production following
transfection with mutant BRAF (no active TGF( was detectable without medium
acidification) (Supplementary Figure 1b). There was also no elevated signaling via the TGFp
receptor-regulated intracellular signaling transcription factor, SMAD2 in SB-431542
sensitive cells (Supplementary Figure 1c).

We tested whether human cancer cells with activating mutations in MAPK pathway
components were also dependent on TGFBR1 for growth. A panel of human tumor cell lines
carrying wild type RAS/BRAF or mutations in BRAF, HRAS, KRAS or NRAS (details of all
cell lines are given in Supplementary Table 1) were tested for sensitivity to SB-431542
(Figure 1c). Inhibition of TGFBRL1 resulted in a range of cellular responses in the wildtype,
H-, K-, and N-RAS mutant groups, such that any dependence on TGFBR1 for colony
formation could not be predicted in cells carrying these mutations. However, consistent with
data obtained in mouse melanocytes (Figure 1b), colony formation in all seven human cell
lines carrying mutant BRAF was significantly inhibited (Figure 1c). Again, sensitivity to the
TGFBRI1 inhibitor did not correlate with levels of autocrine TGFB production
(Supplementary Table S2). The effect of SB-431542 was dose-dependent in low density 2D-
culture assay conditions established to assess more accurately clonogenic potential, reaching
statistically significant inhibitory concentrations at 10uM (Figure 1d and 1le). Similar dose
dependent effects were seen in anchorage-independent soft agar assays (Figure 1f). We
attempted to select out TGFBRL inhibitor-resistant cells following repeated rounds of
treatment for over a month, but saw no evidence of outgrowth of refractory subpopulations or
acquired resistance during this time frame (Figure 1g). Taken together these data suggest that
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cells with mutational activation of BRAF, require TGFBR1 for efficient colony formation
and that TGF would predictably function as a tumor promoter.
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Figure 1: BRAFV600E confers sensitivity to TGFBR1 inhibition. a., b. Melan-a cells expressing the
indicated BRAF construct were seeded on plastic a., or in soft agar for cells able to form anchorage
independent colonies (mutant BRAF only) b., in the presence of concentrations of SB-431542 as
shown. The mean (x SEM) cell number after 6 days a. or colony number after 3-4 weeks b.were
counted and presented as a percentage of the vehicle control. Data was pooled from n = 3-5
independent experiments each performed in triplicate. c. Cell lines with activating mutations in BRAF,
HRAS, KRAS or NRAS or with wildtype BRAF/RAS were seeded in soft agar in the presence of
10uM SB-431542. Data is presented as a mean (x SD) colony number as a percentage of the vehicle
control. Colony counts that were significantly different from controls following treatment with 10uM
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SB-431542 are indicated by (#) (TTEST, p < 0.05). SK-MEL-147 cells showed no colony formation
in the presence of 0.2% DMSO and were assigned a value of 1 to allow analysis. The proportion of
cell lines whose colony formation was inhibited by SB-431542 by more than 1/3 within each group is
indicated on the histogram (*). d.-g. Mutant BRAFV600E human melanoma cell lines A375(M2) (d-g)
and Colo829 f. were treated with either vehicle control or the indicated concentrations of SB-431542.
Colony growth on plastic d. or in soft agar f. were counted after 14 days and 4 weeks, respectively. e.
Live cell imaging using an IncuCyte Zoom was used to determine the growth kinetics of A375(M2)
cells seeded at low cell density (100 cells/ well of 96-well plate) and treated with SB-431542. The
mean percent confluence (+ SEM) of 4 images per well (n = 24 from a representative experiment) is
shown. Statistical analysis was carried out by pairwise comparison using the compareGrowthCurves
function in statmod (R project). The adjusted p value (p < 0.001) is shown g. A375(M2) cells were
serially passaged in the presence of 10uM SB-431542 to select resistant cells. Surviving cells after
each round of treatment were reseeded at low cell density. Cell counts were determined at the end of
each treatment round, and the results expressed as the mean (x SD) cell humber from 6 wells as a
percentage of the control (solvent control treated cells).

Autocrine TGFP is required for in vivo melanoma xenograft tumor
formation

Melanoma cells engineered to over-express TGFB1 have increased tumor forming ability (30).
To discover whether endogenous autocrine TGFp expression is required for tumor formation,
we generated ligand knockdown clones of A375(M2) cells using stably transfected shRNA
constructs targeting TGFB1. Knockdown of TGFf1 to levels below 20pg per 1x105 cells/hr
(Figure 2a) was sufficient to decrease the ability of A375(M2) cells to form colonies in vitro
(Figure 2b) and Supplementary Figure 2a). In xenograft assays, ligand knockdown reduced
the percentage of mice with palpable tumors at all recorded time-points (Figure 2c), and
significantly reduced tumor growth (Figure 2d). Immunohistochemical (IHC) staining of
xenograft sections revealed increased expression of the cyclin-dependent kinase inhibitor
CDKN1A (p21CIP1) in tumors generated by TGFB knockdown cells (Figure 2¢ and 2f).
Elevated CDKN1ACIP1 expression was also observed following SB-431542 treatment of
A375(M2) cells (Supplementary Figure 2b).

So far, our data implicate autocrine TGFp signaling through TGFBRL1 as a critical factor in
melanoma clonogenicity and tumor formation, however, it was important to rule out off-
target effects of the inhibitor. We therefore assessed colony formation following transient
transfection with two independent siRNAs targeting TGFBR1. TGFBR1 knockdown
(Supplementary Figure 3a) reduced TGFBR1 protein expression and phosphorylation of
SMAD?2 in response to exogenous TGFp (Figures 3a and 3b), and recapitulated the effect of
chemical inhibition of the receptor. Colony formation and cell proliferation decreased
following TGFBR1 knockdown (Figure 3c, 3d, and Supplementary Figure 3b and 3c),
confirming that TGFBR1 is required for melanoma colony formation.

To discover whether the canonical SMAD pathway is required for either melanoma cell
colony formation or for the inhibitory response to SB-431542, transient knockdown of the co-
SMAD, SMAD4 was performed. Knockdown of SMAD4 (Figure 3e) had no significant
effect on A375(M2) colony formation (Figure 3f) and significantly increased Colo829 cell
proliferation (Figure 3g). These data suggest that SMADA4-dependent signaling is not
necessary for colony outgrowth and may, in fact, repress colony growth in Colo829 cells.
SMAD4 knockdown also did not block the inhibitory effect of SB-431542 (Figure 3h),
indicating that the mechanism of inhibition is SMAD4 independent. In case the levels of
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knockdown were not sufficient to accurately assess the contribution of SMADA4, we tested a
mutant BRAF/SMAD4 null cell line (HT29). These cells were also sensitive to TGFBR1
inhibition (Supplementary Figure 4a and 4b) thus supporting our conclusion that functional
SMADA4 is not necessary for inhibition of colony formation by SB-431542.
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Figure 2: Colony and in vivo tumor formation require the autocrine production of TGFp1. A375(M2) clones stably
expressing a Control sShRNA, or a TGFB1 shRNA were analysed for TGFB1 production a. and seeded into soft
agar assays b.. a. TGFp1 levels were analysed by ELISA and are expressed as the amount (pg) of TGFp1
produced by 1x105 cells/hour. Data shown are the means + SD (n = 3) . Colonies were counted and presented as
the mean = SD colony number (n = 3) b.. Statistical significance was measured using Students TTESTS (* =p <
0.05, ** = p < 0.01, *** = p < 0.001). (c-f) A375 (M2) clones, stably expressing either vector control or TGFp1
shRNA were subcutaneously injected into the flanks of CD1 nude mice and tumors were allowed to develop.
Palpable tumors were first detected after 8 days and were measured for a further 21 days. ¢. The number of mice
(as a percentage of injected mice) that had palpable tumors on the indicated day (sh-Control, n = 16. sh-TGFp1,
n = 24). Statistical significance was measured using Students TTESTS (* = p < 0.05, ** = p < 0.01). d. Tumor
volumes (mm2, mean + SEM) were estimated on the indicated days post injection (sh-Control n = 16, sh-
TGFB1 n = 24). Statistical analysis was carried out using compare Growth Curves (Statmod). e., f. sh-control
and sh-TGFp1 tumor sections were stained for CDKN1A and counterstained with haematoxylin (sh-control, n =
8. sh-TGFp1, n = 9). Representative images are shown in e. and the quantification of the resultant images by
histoscore are shown in f.. The horizontal bar indicates the median histoscore, the grey boxes and vertical bars
indicate 95% CI and range, respectively. P value following statistical analysis using Mann-Whitney U-test is
shown.
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Figure 3: TGFBR1, but not SMAD4, is required for clonogenicity of mutant BRAFV600E melanoma cells. A375(M2)
a., ¢. and Colo829 b., d. cells were transiently transfected with a non-silencing control siRNA (NS) or two
independent siRNAs targeting TGFBR1 (#1 and #2). a., b. Western blot analysis of lysates from untreated or
TGFp treated cells (2 hours) were included to confirm a reduction in TGFBR1 expression and decreased
signaling via phospho-SMAD2 following TGFBR1 knockdown. ¢. A375(M2) knockdown cells were seeded
into soft agar assays in the presence of either vehicle control (DMSO, 0.1%) or SB-431542 (10uM). Mean
colony numbers (x SD) are given and significant [(*) p < 0.05] and non-significant (n.s.) changes in colony
number determined by Student’s TTEST are indicated. d. Colo829 cells transfected for 48 hours with non-
silencing, or TGFBR1 siRNA in triplicate were seeded in 6-well plates. Cells were fed by 50% media
replacement every 2 days and cell proliferation determined after 11 days. Mean (z SD) cell number is given and
analysed for statistical significance by Student’s TTEST compared to the non-silencing control. e. A375(M2)
and Colo829 cells were transiently transfected with a non-silencing control siRNA (NS) or smartpool siRNA
targeting SMADA4. Cell lysates were analysed by SDS-PAGE and western blotting for knockdown levels (f, g)
Colony formation f. or cell proliferation g. was determined following SMAD4 knockdown in A375(M2) and
Colo829 cells, respectively. Statistical analysis was performed using Students TTEST and n.s indicates non-
significant and * indicates p < 0.05. h. A375(M2) cells were transiently transfected with smartpool siRNA
targeting SMADA4, treated with either vehicle control (DMSO, 0.1%) or SB-431542 (10uM) and assayed by live
cell imaging for drug sensitivity. Data shown are the means + SEM percent confluence of 9 wells (4 fields/well)
from a representative experiment. Statistical analysis was performed using Students TTEST and n.s indicates
non-significant and *** indicates p < 0.001.
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We next considered any non-canonical signaling pathways that might be affected by TGFf3
signaling in  melanoma cells. We previously reported that a noncanonical
TGFB/TGFBR1/RHOA signaling pathway is necessary for initiation and maintenance of
rodent fibroblast BRAFV600E transformed cultures (31). Thus, in mutant BRAF human
melanoma cells, it seemed plausible that this pathway could be involved in regulating
melanoma cell clonogenicity. SB-431542 treatment reduced levels of active-GTP bound
RHOA (Supplementary Figure 4c), while transfection of melanoma cells with the exoenzyme
C3 transferase to inhibit RHOA (32) mimicked the effect SB-431542 (Supplementary Figure
4d).

In addition, overexpression of either constitutively active RHOA, or the constitutively active
RHOA specific guanine nucleotide exchange factors ASS8LARG or onco-LBC (to activate
endogenous RHOA) (33), blocked the effect of the TGFBR1 inhibitor on colony formation
(Supplementary Figure 4e). These data are consistent with our previous findings in rodent
fibroblasts.

To gain further insight into the cellular pathways involved in the inhibition of colony
formation, we analysed cells by microscopy for division and apoptosis, using BRDU
incorporation or fluorogenic apoptosis reagents respectively. Initial experiments revealed that
SB-431542 treatment significantly reduced BRDU incorporation but induced little apoptosis
(Supplementary Figure 5a and data not shown). We questioned whether an apparently modest
reduction in BRDU incorporation was sufficient to account for the dramatic reduction in
colony formation and cell proliferation.

To investigate in more detail, we generated A375(M2) cell lines stably transfected with an
H2B-red fluorescent protein (RFP) fusion protein expression construct to enable kinetic
single cell tracking using IncuCyte imaging. Imaging between days four and six of treatment
(Supplementary Figure 5b) showed a reduction in their number, and a significant increase in
the length of time cells remained in interphase (Supplementary Figure 5c¢). There were slight
increases in the mean number of cells that failed to enter into mitosis or detached upon
treatment, but these differences did not reach statistical significance (Supplementary Figure
5d and 5e). TGFBR1 inhibition, therefore, predominantly affects the proportion of cells in S-
phase, and significantly affects the clonogenic potential of BRAF mutant cells through effects
on the cell cycle.

BRAF inhibitor resistance

The addiction of mutant BRAF melanoma cells to signaling through TGFBR1 suggests a
potential novel therapeutic approach for mutant BRAF-driven cancers. Ideally, not only
would a novel treatment be effective as a single agent without evidence of refractory disease
(Figure 1), but the novel therapeutic drug would act in combination with existing therapies to
enhance their efficacy or prevent the development of resistance.

The current therapeutic modality for mutant BRAF metastatic melanoma is treatment with
BRAF inhibitors vemurafenib or dabrafenib in combination with MEK inhibitors for suitable
patients. However, the development of BRAF inhibitor-resistant disease through a variety of
different mechanisms, including the paradoxical activation of the MAPK pathway, remains a
significant clinical problem.
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Figure 4: Low dose BRAF inhibitor (PLX-4720) enhances proliferation of drug naive melanoma cells. a., b. Cell
proliferation assays were carried out by live cell imaging (IncuCyte Zoom). Colo829 (1500 cells/well of 96-well
pate) and A375(M2) cells (100 cells/well of 96-well plate) were seeded overnight and treated with PLX-4720 at
the concentrations indicated. The mean percent confluence (+ SEM) from 8 fields (Colo829) and 9 fields
(A375M2) from a representative experiment is shown. c. Colo829 cells were treated with solvent control
(DMSO, 0.1%), PLX-4720 (62.5n1M), the MEK inhibitor PD184352 (2uM) or PLX-4720 + PD184352 (BOTH)
and cell proliferation analysed by live cell imaging. The mean percent confluence (+ SEM) from 24 fields across
6 wells in a representative experiment is shown. d. A375(M2) cells were assayed for cell proliferation for 8 days
following treatment with inhibitors of both mutant BRAF (PLX-4720, 31.25 nM) and TGFBR1 (SB-431542,
10uM). Statistical analysis was performed using Students TTEST and * = p < 0.05 and *** = p < 0.001. e.
Colo829 cells (40000/10cm dish) were seeded overnight prior to treatment with solvent control (DMSO, 0.1%),
PLX-4720 (62.5nM), SB-431542 (10uM) or PLX-4720 + SB-431542. Cells were fed by 50% media
replacement every 3 days and colonies were fixed, stained and counted at day 16. Statistical analysis was
performed using Students TTEST and * = p < 0.05 and ** = p < 0.01. f. Clonogenicity assays with A375(M2)
cells seeded at 1 and 3 cells/well were carried out with vehicle control, SB-431542 (10uM), PLX- 4720
(31.25nM) or both drugs (BOTH) for 14 days. Representative plates stained with SRB are shown (left panel).
The mean surviving fraction of colonies (+ SD) (right panel) was determined (as described in the methods
section) from plates seeded with both 1 and 3 cells/ well from independent replicate experiments (n = 4).
Statistical analysis was performed using Students TTEST and * = p < 0.05 and ** = p < 0.01. g. A375(M2) cells
were assayed for cell proliferation following transfection with non-silencing (NS) siRNA or siRNA targeting
TGFBR1 followed by treatment with PLX-4720 (31.25nM). Statistical analysis was performed using Students
TTEST and * = p <0.05, ** = p < 0.01, *** = p < 0.001 and n.s = not significant.
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To assess the potential for a combination therapy targeting both BRAF and TGFBR1, we first
tested the sensitivity of previously drug naive A375(M2) and Colo829 to the mutant BRAF
kinase inhibitor PLX-4720 in our clonogenic, low density assay conditions. As expected, at
doses exceeding 250nM, growth of both cell lines was inhibited, however, at lower doses, we
noted an unexpected significant increase in cell proliferation (Figures 4a, 4b and
Supplementary Figure 6a). Suboptimal doses of PLX-4720 induced phosphorylation of ERK
(Supplementary Figure 6b), and the enhanced proliferation of Colo829 (Figure 4c) and
A375(M2) cells (data not shown) were abrogated by co-treatment with the MEK inhibitor
PD184352 (Figure 4c).

These data are consistent with low dose PLX-4720 paradoxically activating the RAS-MAPK
pathway. Since both cell lines carry BRAFV600E and are wild type for RAS, the most likely
interpretation is that low dose PLX-4720 relieves an inhibitory autophosphorylation (34).
Consistent with this hypothesis, low dose PLX-4720 did not promote the proliferation of
three melanoma cell lines carrying wild type RAF/RAS (Supplementary Figure 7).

Importantly cotreatment of PLX-4720 treated mutant BRAF cells with SB-431542 (10uM)
abolished the increase in cell growth caused by low dose PLX-4720 (Figure 4d and 4e). We
quantified the effect on clonogenicity (35) and showed that not only did SB-431542
significantly reduce clonogenicity as a single agent, but that the significant increase in
clonogenicity induced by PLX-4720 alone was reversed by SB-431542 (Figure 4f and
Supplementary Figure 6c¢). This result was recapitulated by siRNA knockdown of TGFBR1
(Figure 49).

To investigate further the potential for TGFBR1 inhibitors to prevent vemurafenib resistance,
we tested both in vitro derived resistant lines (A375R), and patient derived vemurafenib-
resistant recurrent tumor cells for sensitivity to SB-431542 (10uM). Patients #2 and #35
(stage V) achieved a partial response having received vemurafenib for 3 months. Patient #5
(stage 1V) had progressive disease and received vemurafenib for 2 months (Supplementary
Table 1). The growth of vemurafenibnaive A375 (Figure 5a) and patient tumor derived cells
(Patient#1) (Figure 5b) (18) were both inhibited by SB-431542.

Importantly, in vitro derived PLX-4720 resistant A375R cells (cultured in the presence of
1uM PLX-4720) were growth inhibited by SB-431542 (Figure 5a). The patient-derived
vemurafenib resistant cells had readily detectable levels of phosphorylated SMAD2 that were
reduced on SB-431542 treatment, indicating that they all had active autocrine TGFp signaling
(Figure 5c).

In addition, all vemurafenib-resistant lines derived from patients were growth inhibited by
SB-431542 in proliferation assays (Figure 5d) and in longer term colony formation assays
(Figure 5e). Vemurafenib resistant cells therefore retain their sensitivity to inhibitors of the
TGFp signaling pathway.

115




Chapter 6

a d e
Vemurafenib resistant recurrent melanomas
A375 naiv . )
375 naive Patient#5 + 1 uM PLX-4720 Patient#s
100 100 160
3 —&— Control o] RED.
p Q —
§ 80 £ 80 —&— Control 8120
= 60 { —O—SB-431542 2 o | —O—SB-431542 E
5 c (10pM) c
o (10puM) ] . 80
£ 40 - £ 40 5
g 3] =0.0022 o 40
S 20 e 20 P S
= [e & 0
g - 0 T E—
0 20 40 60 80 100 120 140 0 2 ' 4 6 8 10 SB-431542 (10uM)
Time Elapsed (Hours) Time elapsed (Days)
A375R: PLX-4720 resistant :
100 Patient#35 + 1 uM PLX-4720 Patient#35
w 100 ok
2 go{ —e—Control @ L 200
g 2 80 | —e—Control o
= g0 A —O=—SB-431542 a9 c 160
< 10uM = = =—(O=5B-432542
5 {10um) p=0.0026 < 60 (33542 ER
2 40 8 20 z
] = o 80
° c p=0.0016 <
3 E 20 Y 40
0 T T T T T T T o 06 ; ; . i i 0
0 20 40 60 80 100 120 140 0 2 4 6 3 10 - +
Time Elapsed (Hours) Time elapsed (Days) 5B-431542 (10pM)
b Untreated patient derived melanoma
Patient#1 Patient#2 + 1 uM PLX-4720 Patient#2
100 100 120
] © o
§ 80 —&— Control 2 g —@8— Control 2 100
E —0—5B-431542 3 0 | —O—SB-431542 £ w0
£ 60 10pM =
5 ok p=0.0165 5 (10nM) g 60
f_,c’ 40 E 40 S 40
— (=]
g 3 20 p=0.0092 S 5
D o8]
o a0 7 T T T T 0
0¢ Y Y Y T T T T 2 4 5 2 10 - +
0 2 4 6 8 10 12 14
Time elapsed (Days) 5B-431542 (10uM)
Time elapsed (Days)
Cc Patient  Patient Patient

#5 #35 #
- T4 - T+ =774 $B-431542(10uM)

SMAD2/3

Figure 5: Patient-derived BRAF inhibitor resistant tumor cells are sensitive to TGFBRL1 inhibition. a., b., d. Cells
seeded at 500 - 800/well in 96-well plates were assayed for proliferation in the presence of solvent control
(DMSO0, 0.1%) or SB-431542 (10uM). A375 cells and the PLX-4720 resistant derivative A375R a., patient-
derived drug naive b., and vemurafenib resistant patient tumor derived cell lines c., d. were tested. Vemurafenib
resistant patient-derived recurrent tumor cells shown in d. were routinely cultured in the presence of 1uM PLX-
4720. Data is presented as the mean percent confluence (£ SEM) from 6 replicate wells, 4 fields/well from
representative experiments. Statistical analysis was performed using compareGrowthCurves (Statmod). c.
Lysates from vemurafenib resistant patient-derived recurrent tumor cells were assayed by western blot for
constitutive TGFB signaling and the response to TGFBRI1 inhibition (4 hours, 10uM SB-431542).
Phosphorylation of SMAD2 was used as a marker of TGFp activity. e. Vemurafenib resistant recurrent
melanoma patient cell lines were seeded in 10cm dishes at 1000 cells (Patient#35, n = 4), 16,000 cells (Patient 5,
n = 4) and 1000 cells (Patient#2, n = 3) per dish and treated with solvent control or SB-431542 (10uM).
Colonies were stained, counted and the mean colony number £ SD presented. Statistical analysis was carried out
by Student TTEST, * = p < 0.05, *** = p < 0.001.
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Several reports indicate that the development of resistance to BRAF kinase inhibitors may be
associated with signaling through SRC-family kinases, and that resistance can be overcome
by inhibition of SRC activity (17-19, 36). We therefore tested whether TGF signaling was
associated with SRC phosphorylation in A375(M2) and Colo829 cells (Figure 6). We noted
that phosphorylated-SRC levels increased during the five-day incubation period in cells
initially plated at low density. SB-431542 (10uM) (Figure 6a) and TGFBR1 siRNA (Figure
6b) prevented any accumulation of phosphorylated SRC during the time course, and SB-
431542 blocked an increase in phospho-SRC levels induced by low-dose PLX-4720 in
A375(M2) cells (Figure 6a). An important implication of these data is that inhibition of
TGFBR1 signaling may restrict signaling through a known mediator of vemurafenib
resistance.

a
11 1 1 5 5 5 5 Day TGFBR1 SIRNA
C SBi PLXBoth C SBiPLXBoth Treatment NS #1#2
. Phospho-SRC - Phospho-SRC
A375(M2) =

s s . — —— — pan-SRC -8

s == Phospho-SRC A375(M2)

Colo829 =

Figure 6: SB-431542 treatment and TGFBR1 knockdown inhibit phosphorylation of SRC. a. A375(M2) and
Colo829 cells were seeded at low density in 10cm dishes in the presence of SB-431542 (SBi) (10uM) and/or
PLX-4720 (62.5nM and 31.25nM for A375(M2) and Colo829 cells respectively). Samples treated with both SB-
431542 and PLX-4720 are labelled (Both). At Day 1 and Day 5, cells were harvested and analysed by SDS-
PAGE and western blotting using the antibodies indicated. b. A375(M2) cells were transfected with non-
silencing siRNA or siRNAs (#1 and #2) targeting TGFBR1. Cells were seeded at low cell density and after five
days harvested for SDS-PAGE analysis and western blotting for the proteins indicated.

Zebrafish embryo xenograft metastasis model

So far, our murine xenograft assays, and inhibition of clonogenic potential of melanoma cells
in low cell density 3D and 2D culture systems, suggest that TGFBR1 inhibitors would be
effective in preventing establishment of disease. To further examine whether TGFBR1
inhibitors could effectively treat established cell cultures, we seeded cells at low cell density
and progressively delayed addition of drug throughout the lag phase of cell growth. SB-
431542 was effective if administered during the lag phase, but delaying treatment until the
cells start to exit the lag phase considerably reduced its efficacy (Supplementary Figure 8a).
Similarly, seeding cells at higher cell numbers also reduced the efficacy of SB-431542 in
both vemurafenib naive and resistant cells (Supplementary Figure 8b). Given these
observations, we posit that cell:cell contact and/or allowing the secretion of growth factors or
matrix components has a protective effect against TGFBRL1 inhibitors; the implication is that
TGFBR1 inhibitors might not be useful as first line, single agents or as debulking therapeutic
agents in established solid tumors. Nevertheless, the dependence of melanoma cells on
TGFBR1 for clonogenicity suggests that TGFBR1 inhibitors could be effective in preventing
spread or outgrowth of micrometastases. To test this hypothesis we used a zebrafish embryo
metastasis model (37, 38) to visualise and quantify numbers of invasive melanoma cells. This
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model has been used successfully to examine the effect of SB-431542 on breast cancer cell
invasion [39]. We generated stable TGFBR1 knockdown A375(M2) cell lines using LMP-
TGFBR1 shRNA plasmids, which had reduced TGFBR1 protein expression and reduced
capacity to signal (Figure 7a) as well as reduced ability to form colonies on plastic (Figure
7b). The stable lines were labelled with the mCherry fluorophore, injected into the Duct of
Cuvier (DoC) of zebrafish embryos and the numbers of invasive cells in the avascular tail
fins were analysed. Representative con-focal images of metastatic spread into the tail fin are
shown in Figure 7c. Control non-silencing (NS) A375(M2) cells were capable of metastatic
spread into the fish fin (arrows indicate micrometastases). Using doses of 1uM SB-431542
(SBi), we observed a significant decrease in the ability of SB-431542 treated NS cells to
invade. Stable TGFBR1 knockdown also reduced colonisation of zebrafish tissue (Figure 7d).
Our data overall suggest that TGFBR1 inhibitors would reduce the metastatic burden in
BRAF mutant melanoma by preventing invasion and/or outgrowth of metastatic colonies.
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Figure 7: TGFBRL is required for tumor cell metastasis in xenografted zebrafish. a., b. A375(M2) cells
stably transfected with a non-silencing shRNA control plasmid or two independent sShRNA vectors
targeting TGFBR1 were assessed by western blotting for a reduction in TGFBR1 expression and
signaling in response to exogenous TGFf addition a. and colony formation b.. c. Cells described in a.
were labelled with mCherry and implanted into the Duct of Cuvier of zebrafish at 2 days post-
fertilization (dpf). SB-431542 (1uM) was added to the egg water of the non-silencing (NS) + SB-
431542 group. Confocal images were taken at 4 days post implantation (dpi). Arrows indicate
invasive tumor cells, scale bar: 100 um. d. Invasive cell numbers in tail fin of each zebrafish in each
group. Statistical analysis was performed using one-way analysis of variance (ANOVA) followed by
the Tukey’s method for multiple comparison *** p < 0.001. Data are combined from four independent
experiments and the total number of embryos (n) in each group is indicated.

DISCUSSION

The outcome for patients with advanced melanoma has improved dramatically in recent years.
The development of targeted therapy of the MAPK pathway, and advances in immunotherapy
have resulted in improvements in median survival from 9 months to 25-31 months. However,
long-term prognosis remains uncertain. For targeted therapy using BRAFi, drug resistance
mechanisms identified to date are numerous, and there is no established effective second-line
targeted therapy for patients progressing on combination BRAFi + MEKI. Often, drug-
resistance mechanisms involve induction of either an autocrine, or a paracrine, drug-induced
secretome which helps to promote expansion and dissemination of the drug-resistant cells (15)
and/or protect potentially sensitive tumor cells from the inhibitory effects of the
chemotherapeutic agent (15, 19, 21). Phosphorylated ERK and SRC are frequently elevated
in resistant tumors (18) suggesting that paradoxical activation of the MAPK pathway and
growth factor signaling are involved in resistance development. In this study we investigated
the potential of targeting TGFB1 as second-line therapy for advanced melanoma.

We found that autocrine TGFp signaling through TGFBRL1 is an intrinsic requirement for the
clonogenic potential of mutant BRAF transformed cells, indicating that mutation of BRAF
may be useful as a biomarker for TGFB tumor promoting activity in melanoma. Although
TGFp levels are elevated post-vemurafenib treatment (20, 21), our data suggest that a
TGFB/TGFBR1-dependent state is an adaptation to the presence of mutant BRAF. Thus, with
pro-tumorigenic autocrine TGFf signaling pathways having already been established,
elevated levels of signaling during therapy are perhaps more readily selected for than would
otherwise be the case. How the initial switch from tumor suppressor to tumor promoter
function of TGFp in melanocytes is mediated by mutant BRAF remains to be determined.

Our in vitro assays were specifically designed to mimic conditions of cellular stress (i.e. low
density 2D and anchorage independent colony formation assays) to more accurately assess
the clonogenic potential of melanoma cells and their cancer stem-cell like properties.
TGFBR1 inhibition was highly effective in inhibiting growth of both naive and vemurafenib-
resistant cells when administered during the lag phase of growth; less so when cell seeding
numbers were increased. The implication of these data is that targeting TGF/TGFBR1 may
not be an effective therapeutic strategy in established tumors. A secondary consideration is
that TGFBRL1 inhibition affected proliferation of the tumor cells without inducing apoptosis,
and so may not result in significant tumor shrinkage. As a consequence, we predicted that
inhibiting TGFB/TGFBR1 signaling would more likely be effective in preventing tumor
metastasis and outgrowth of micrometastasis, rather than reducing established tumor burden.
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Indeed, our murine and zebrafish xenograft models show that targeting autocrine TGFf3
secretion and TGFBR1 kinase activity inhibits xenograft tumor establishment in mice and
prevents metastatic spread in zebrafish tissues. TGFBR1 inhibitors therefore may have
potential as an adjuvant therapy in high risk, resected disease, or a maintenance therapy in
patients responding to BRAF inhibitors. The inhibition of glioblastoma cancer initiating
(stem) cells by TGFBR1 inhibitors (40, 41) is consistent with our data, and provides support
for our conclusion that TGFBR1 activity is required for melanoma stem-cell like properties.

Given the vast number of context specific genes regulated by TGFp, it is likely that a number
of different downstream effectors will mediate the autocrine TGFp-induced promotion of
melanoma cell growth and drug-resistance. We showed that although melanoma cells rely on
TGFBR1 kinase activity, they do not require SMAD4 for either colony formation, or for the
response to TGFBRL1 inhibition. Signaling via RHOA, however, rescued the effect of SB-
431542 which is both consistent with our previous analysis of rodent fibroblast
transformation (31), and with a role for TGFp-activated non-canonical signaling pathways in
this response. The establishment of an adaptive autocrine TGFB/TGFBRI1 signaling pathway
through RHOA following BRAF mutation may be necessary to overcome CDKN1A
expression and growth arrest induced as a response to oncogenic stress (31, 42). Consistent
with this are our data showing CDKNI1A induction by disrupting TGFp signaling both in
vitro and in vivo (Figure 2 and Supplementary Figure S2). Interestingly, inhibition of ROCK
(using Y27632), a downstream target of RHOA signaling, also induces CDKN1A in
melanoma (43), and ROCKZ1 has been identified as a potential candidate for combinatorial
therapy with BRAF inhibitors. In these studies inhibition of ROCK1 sensitises melanoma
cells to PLX-4720 (44). Our data now suggest that the involvement of ROCK1 in resistance
mechanisms is potentially a result of TGF/TGFBR1/RHOA signaling. Although the SMAD-
dependent induction of RHO GEFs has been described in other studies, (45, 46) how
TGFBR1 directly activates RHOA in melanoma cells in a SMAD independent manner is
unclear at present.

Several other TGFp target genes have been implicated in melanoma biological responses.
Melanoma cells exposed to the high levels of exogenous TGFp present in bone, upregulate
osteolytic genes (including IL-11, PTHrP, and CTGF) which may aid more effective
colonisation of this metastatic niche. Blocking receptor function by over-expression of the
natural inhibitor SMAD7 extended survival of mice xenografted with SMAD?7 expressing
melanoma cells. However, a causal role for the TGFpB-regulated osteolytic genes in bone
metastasis was not directly demonstrated (26). Similarly, the balance between the TGFp
target gene GLI2 and the melanocyte specific isoform of MITF (M-MITF) appears important
for invasion through matrigel in vitro, with high GLI-2/low M-MITF correlating with
invasion. However, these expression profiles were independent of BRAF mutation status and
did not correlate with either proliferation in vitro or with subcutaneous xenograft tumor
establishment (47). We suspect that TGFB target genes induced by exogenous TGFf
exposure may be quite different from those genes regulated by non-canonical signaling as a
result of autocrine TGFP ‘addiction’ established following BRAF mutation. Further work to
identify which are the key TGFp target genes involved in both promoting these stem-cell
properties, and in driving drug-resistance, is underway and we expect that these studies will
suggest novel, selective therapeutic targets.
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We show that drug-naive melanoma cells are growth promoted by low-dose PLX-4720,
likely by paradoxical activation of the MAPK pathway. This may have important
implications clinically, since low doses of bioavailable BRAFi reaching some tumor tissue
could actually potentiate tumor growth. Importantly, we show that both paradoxically
activated, previously drug naive cells, as well as vemurafenib resistant cells, retain sensitivity
to TGFBR1 inhibitors. In addition, SB-431542 prevented phosphorylation of SRC which is
frequently associated with vemurafenib resistance, suggesting that TGFBR1 inhibitors would
prevent relapse with vemurafenib-resistant metastases. How SB-431542 regulates SRC
activation is currently under investigation in our laboratory. It will be important to test the
sensitivity of BRAFI/MEK:I resistant cells derived from patients treated with combination
therapy when established. Nevertheless, we predict that targeting an independent signaling
pathway may have some advantages over combination therapies which target different
components of the same signaling pathway. In addition, blocking the immunosuppressive
effects of TGFP could potentiate the efficacy of immune based therapeutics. Since
dependence on TGFp signaling appears to be universal in mutant BRAF melanoma cells,
targeting TGFB or downstream effectors may also provide useful therapeutic options for
blocking metastatic outgrowth of vemurafenib refractory disease which occurs in
approximately 20% of patients receiving treatment. There are currently a number of TGFf
pathway inhibitors progressing through Phase 1-3 clinical trials (48). The small molecule
TGFBR1 inhibitor Galunisertib is being evaluated in cancer patients with unmet need. This
inhibitor is deemed tolerable, with an acceptable margin of safety when administered using
intermittent dosing regimens (49), demonstrating that TGFBR1 inhibitors are suitable for
clinical use and may provide new opportunities for therapy of BRAF-inhibitor resistant
cancer.

MATERIALS AND METHODS
Western blotting

Cell lysates were analysed by SDS-PAGE using the following antibodies: PO4-SMAD2
(Ser465/467) (rabbit polyclonal, #3101, Cell Signaling Technology [CST]), SMAD2 (mouse
monoclonal, C16D3, CST), SMAD2/3 (mouse monoclonal, Clone 18, BD transduction
Laboratories), SMAD4 (mouse monoclonal, B-8, Santa Cruz Biotechnology), TGFBR1
(rabbit polyclonal, V-22, Santa Cruz Biotechnology), CDKN1A (rabbit polyclonal, C19,
Santa Cruz Biotechnology), RHOA (mouse monoclonal, 26C4, Santa Cruz Biotechnology),
PO4-SRC (Tyr416) (rabbit monoclonal, D49G4, CST), SRC (rabbit monoclonal, 36D10,
CST), PO4-p44/pd2 MAPK (ERK1/2) (Thr202/Tyr404) (rabbit polyclonal, #9101, CST),
p44/p42 MAPK (ERK1/2) (rabbit polyclonal, #9102, CST), B-actin (mouse monoclonal, AC-
74, Sigma). Secondary HRP-conjugated antibodies (Dako) and enhanced chemiluminescence
(GE Healthcare) was used to detect bound antibody.

Cell culture

Details of the cell lines and media supplements used are shown in Supplementary Table S1.
All cells lines were tested regularly for mycoplasma contamination by the Institute’s
mycoplasma testing service. Patient derived cell lines were passaged for approximately 1
month. Where indicated the cells were transfected with Lipofectamine or Lipofectamine 2000
(Invitrogen) using the following plasmids; pRK5 C3-transferase and pEF-Flag LARG A558
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(kind gifts of R. Grosse), pPRK5-RhoA V14 (kindly supplied by Alan Hall), pSR-Flag onco
LBC (kindly supplied by Mike Olson), or pSuper-TGFB1. LMP scrambled non-silencing (NS)
and LMP-TGFBR1 shRNA constructs were generated in house with the following hairpin
sequences:

NS - 5> CGAGAAGGTATATTGCTGTTGACAGTGAGCGACT

CATAGCGATGTGAACTCAATAGTGAAGCCACAGA
TGTATTGAGTTCACATCGCTATGAGCTGCCTACTG CCTCGG -3’

TGFBR1#1 -5’
TCGAGAAGGTATATTGCTGTTGACAGTGAGCGACTCATAGAGATTTGAAATCAATAGTGAAGCCA
CAGATGTATTGATTTCAAATCTCTATGAGCTGCCTACTGCCTCGG -3’

TGFBR1#2 - 5°
TCGAGAAGGTATATTGCTGTTGACAGTGAGCGACAGTGTAATAAAGTCAATTAATAGTGAAGCCA
CAGATGTATTAATTGACTTTATTACACTGCTGCCTACTGCCTCGG. -3°.

Cells were transfected with either Oligofectamine or HiPerFect (Qiagen) to introduce, at a
final concentration of 20 - -50nM, the following siRNA; allstars negative control, TGFBR1
[HS_TGFBR1_6 (TGFBR1#1) and HS_TGFBR1_7 (TGFBR1#2) (Qiagen)] or SMADA4
(Dharmacon smartpool). Mock transfections (no siRNA) were included in each experiment.
A375(M2) pSuper or pSuper-TGFB1 stable cell lines were selected and maintained in
0.6mg/mL puromycin. A375(M2) histone H2B-RFP stable cell lines were selected and
maintained in 800pug/mL G418, and LMP-scrambled or LMP-TGFBR1 shRNA derivatives
were maintained in 800pg/mL G418 plus 1pg/mL puromycin. Where indicated the cells were
treated with SB-431542 (Tocris) (50), PLX-4720 (Selleck Chemicals) or PD184352 (Cell
Signaling) (prepared in DMSO).

Soft agar assay

Soft agar assays were carried out essentially as previously described (31). Briefly, six well
plates were coated in 2mLs of media supplemented with 0.9% low melting point agar
(Invitrogen). 2mL cells (1x104/mL) in media supplemented with 0.45% low melting point
agar were overlaid with either SB-431542 or vehicle control. Wells were fed twice weekly
for 2-4 weeks, and the number of colonies ( > 80um in diameter) in nine fields of view was
scored using an Olympus CKX41 microscope, fitted with a 4X objective and an eyepiece
graticule (250pum gradations). Statistical analyses were carried out by Students TTEST unless
stated otherwise.

Proliferation assay

Cell proliferation kinetics were either monitored using an IncuCyte ZoomTM imaging system
and software (percent confluence) (Essen Biosciences), or by trypsinisation and cell counts
using a Casy cell-counter (model TT, Innovatis).

Colony formation and clonogenicity assays

Colony formation: Cells were seeded in 10cm dishes at an appropriate density to form
approximately 250 discrete colonies after 2-3 weeks in culture. Colonies were fixed in
methanol and stained with toluidine blue/borax solution for counting.

Clonogenicity: Cells were seeded overnight at 1 and 3 cells/well in 60 wells of a 96-well
plate, prior to treatment. Wells were fed twice weekly, and wells examined by light
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microscopy. After approximately two weeks, media was removed, colonies fixed in methanol
and stained with 0.4% (wi/v) sulforhodamineB (SRB)/1% acetic acid. Colonies > 50 cells in
size were counted, and the plating efficiency and surviving fractions after drug treatment
determined according to Franken et al [35].

TGFpB1 ELISA

The TGFp1 assay has been described previously (31). Briefly, cells were cultured in media
containing 0.1% FBS for 24 hours. Media was harvested and the cells trypsinized and
counted. The media was acid treated to activate latent TGFp, and TGFB1 levels determined
by ELISA using anti-TGFB1 (MAB1835) (capture antibody) and biotinylated anti-TGFp1
(BAF240) (detection antibody). Recombinant hTGFB1 (Peprotech) was used as a standard.
Results were expressed as TGFB1 produced per 1x105 cells/hour.

Mouse xenografts

Nude mouse subcutaneous xenograft experiments were performed according to Home Office
guidelines and were approved by the local research and ethics committee (BICRLREC).
1x106 cells were injected subcutaneously into the flank of CD1 nude mice (n = 8) (Charles
Rivers). Palpable tumors were observed 8 days post-injection and tumor volumes were
calculated using caliper measurement and the formula V = (E2xA)/2 where E =shortest and A
= the longest diameter measurement.

Immunohistochemistry

Sections from formalin, paraffin embedded, pSuper (Control shRNA) or pSuper-TGFp1
shRNA tumors were stained for CDKN1A (M19, Santa Cruz Biotechnology) using an
Envision kit (Dako) according to the manufacturer’s instructions. The sections were counter
stained with Haemotoxylin and were scored for CDKN1A expression. One representative
field of view (that contained a minimum of 350 cells) was scored (blind) for each tumor.

IncuCyte zoom and analysis

An IncuCyte Zoom live cell imaging microscope (Essen Biosciences) with 10x objective and
data management software was used to monitor Kinetic cell proliferation. The mean + SEM
percent confluence from four phase-contrast images/well, with a minimum of 3 replicate
wells/treatment was determined according to software processing definitions as
recommended by the manufacturer. Statistical analysis was carried out using Graphpad
software and pairwise comparisons using the compareGrowthCurves function (statmod, R
project, 10,000 permutations).

Embryo preparation and tumor cell implantation

Zebrafish and embryos were raised, staged and maintained according to standard procedures.
The Institutional Committee for Animal Welfare of the Leiden University Medical Center
(LUMC) approved this study. Tg(Flil:GFP) zebrafish embryos were dechorionated at two
days post-fertilisation (dpf). Single cell suspensions of melanoma cells were prepared in PBS
and kept at 4°C before implantation. The cell suspension was loaded into borosilicate glass
capillary needles (1 mm O.D. x 0.78 mm I.D.; Harvard Apparatus) and the injections were
performed using a Pneumatic Picopump and a manipulator (World Precision Instruments,
Stevenage, UK). Dechorionated embryos were anaesthetised with 0.003% 3-amino benzoic
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acid ethyl ester [tricaine, (Sigma)] and mounted on 10 cm Petridishes coated with 1% agarose.
Approximately 200 cells were injected at the duct of Cuvier (DoC). Implanted zebrafish
embryos were maintained at 33°C. Zebrafish in the Non-Silencing (NS) + SB431542 group
were treated with 1uM SB-431542 added to the eggwater. All implantations were repeated at
least three times with at least 30 embryos per group.

Microscopy and analysis of zebrafish

Zebrafish embryos were fixed with 4% paraformaldehyde for two hours at room temperature.
Embryos were imaged in PBS/0.1% Tween-20 (Merck, Amsterdam, Netherlands) using a
Leica SP5 STED confocal microscope (Leica, Rijswijk, Netherlands). Confocal stacks were
processed for maximum intensity projections with Image J. Images were adjusted for
brightness and contrast, and overlays created using Adobe Photoshop CS6. Statistical
analysis was performed using Prism 4 software (GraphPad, La Jolla, USA). Results are
expressed as the mean + SD. One-way analysis of variance (ANOVA) were performed
followed by the Tukey’s method for multiple comparison. P < 0.05 was considered to be
statistically significant (*0.01 < P < 0.05; **0.001< P < 0.01; *** P < 0.001). In one
experiment the results were scored blinded; all results were confirmed by an independent
observer.
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Chapter 7

Cancer is the second leading cause of death. Globally, approximately 1 in 6 deaths are due to
cancer (1). Patients with metastatic cancer are normally treated with systemic therapies,
including chemotherapy, targeted therapy, hormonal therapy, and more recently
immunotherapy (1). In breast cancer, HER2-positive patients can be treated with trastuzumab
(Herceptin), a monoclonal antibody targeting the HER2 protein (2). Breast cancer patients
who are carriers of germline BRCA mutations can be treated with poly(ADP-ribose)
polymerase (PARP) inhibitors (3). However, for most TNBC patients, who have the most
aggressive breast cancer phenotype and the worst poor prognosis, there is no clinically
meaningful targeted therapy available. Thus, there is an urgent need to identify new
therapeutic targets and develop novel treatment regimens (4). In this thesis, we focused on
uncovering novel signaling mechanisms that promote TNBC metastasis and identifying new
druggable targets for the treatment of TNBC patients. For metastatic melanoma, patients with
the V60OE BRAF mutation can benefit from BRAF inhibitors. However, approximately 40%
of patients will develop resistance during chemotherapy, and melanoma recurs (5). Hence, in
this thesis, | investigated the possibility of overcoming the drug resistance of metastatic
melanoma by targeting TGFp signaling with a small molecule TGFP type I receptor kinase
inhibitor.

Uncovering the DUB activity landscape in breast cancer

In the late stage of breast cancer, TGFB-induced cytostatic effects are blunted, and instead,
TGFB promotes cancer progression by stimulating epithelial to mesenchymal transition
(EMT), invasion and metastasis of cancer cells (6). The reversible ubiquitination of TGFf
signaling components is emerging as a key process regulating the intensity, duration and
specificity of TGFp intracellular signaling pathways. Deubiquitinating enzymes (DUBs) that
are overly active (or amplified or mutated in cancer) in aggressive cancers and promote
TGFp-induced pro-oncogenic effects are considered potential targets for specific inhibitor
development. In Chapter 2, we provide an overview of the DUBs that regulate TGF/BMP
signaling and discuss the potential of several DUB inhibitors for cancer treatment. Breast
cancer is a very heterogeneous disease, and it has been divided into multiple subclasses based
upon histopathological characteristics and molecular/cellular features. To further classify
breast cancer and develop prognostic and predictive biomarkers, large-scale conventional
genomic, proteomic and metabolomic profiling studies have been performed (7). However,
no large-scale DUB activity profiling has thus far been performed on breast cancer cell lines
and clinical samples. Thus, in Chapter 4, we describe experiments in which we established
two DUB activity profiling platforms to uncover the landscape of global DUBs in 52 human
breast cancer cell lines and 52 patient tumor tissues. In our study, both profiling methods
identified UCHL1 as a potential target in TNBC and aggressive tumors. These two DUB
activity profiling methods can also be applied in the future study of other cancers or diseases.

Establishing animal xenograft models for studying cancer metastasis

To better understand the molecular mechanisms that underlie cancer metastasis in vivo and
identify and validate new therapeutic targets, we need rapid, robust and clinically relevant
animal models. We established an efficient, reliable and low-cost model in which human
fluorescently labeled cancer cells are injected into early zebrafish embryos. In Chapter 3, a
detailed protocol is provided on how to construct these zebrafish xenograft model
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experiments by injecting human breast cancer cells into the perivitelline space or duct of
Cuvier (Doc) to analyze the intravasation or extravasation of cancer cells at 6 days after
injection. We took advantage of the transparency of transgenic (fli:EGFP) zebrafish embryos
(8), which have enhanced green fluorescent protein-labeled vasculature, to quickly assess the
invasive behavior of the injected mCherry fluorescently labeled cancer cells in the zebrafish
embryos. Moreover, the pharmacological inhibition of druggable targets can be easily
performed by adding small-molecule compounds to the water containing zebrafish eggs. We
applied this model in experiments in Chapter 4 to test UCHL1’s function in TNBC
metastasis by overexpressing/knocking down the gene encoding the UCHLL1 protein or
inhibiting UCHL1 activity with the specific covalent inhibitor 6RK73. In addition, we also
describe experiments using this model to investigate the potential for genetic and
pharmacological targeting of the TGFp type I receptor in vemurafenib-resistant melanoma in
Chapter 6. In addition to the zebrafish models, rodent xenograft cancer models were
employed, as detailed in Chapter 4, to further validate and consolidate the metastatic ability
of UCHL1 by intracardially injecting TNBC cells with misexpression of UCHLL1 into female
BALB/c athymic nude mice. Both the zebrafish and mouse xenograft TNBC models showed
that high UCHLL activity correlated with pronounced metastatic traits.

Unraveling the mechanism by which UCHL1 promotes TNBC metastasis

During breast cancer metastasis, EMT plays an important role by mediating breast cancer cell
invasion. During EMT, the cobble stone-appearing and highly polarized epithelial cancer cell
phenotype switches to a highly motile mesenchymal cell phenotype with a fibroblastic-like
appearance. In Chapter 4, we first investigated the effect of UCHL1 knockdown in TNBC
cells on several mesenchymal markers and found that UCHL1 depletion decreased
mesenchymal markers at both the RNA and protein levels. Since TGFf signaling is a key
driver of the EMT process, we next examined the correlation between UCHL1 expression
and TGFB/SMAD signaling. We observed that UCHLI1 can promote the levels of carboxy-tail
phosphorylated and activated SMAD2/SMAD3 by protecting TBRI and SMAD2 from
ubiquitination and subsequent degradation (Figure 1). The interaction of UCHLI and TPRI
occurred in early endosomes and was triggered by TGFp ligand stimulation. Importantly, the
promoting function of UCHLI1 in metastasis could be blocked by a selective TBRI chemical
inhibitor in TNBC cells. Although our results indicated a key role for UCHLL in stimulating
breast cancer metastasis by regulating TGFp signaling, we do not exclude the possibility that
UCHL1 may also promote metastasis by targeting other signaling pathways. Previous studies
have shown that UCHL1 can also regulate AKT signaling (9) and hypoxia-inducible factor
(HIF)la signaling (10).

Discovery of potential blood-based biomarkers for metastatic TNBC

As UCHL1 is abundantly present in all neurons (accounting for 1-2% of total brain protein)
(11), UCHLZ1 has been developed as a blood-based biomarker for the clinical diagnosis of
traumatic brain injury (12). To investigate the possibility of using UCHLL1 as a potential
biomarker for the clinical diagnosis of metastatic TNBC, we tested UCHLL1 levels by ELISA
and observed that TNBC patient sera contained higher UCHLL1 levels than sera from normal
individuals (Chapter 4). Furthermore, we found that UCHL1 was highly enriched in the
exosome fraction of ER- patient sera and TNBC cell conditioned media (Figure 1). Moreover,
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exosomes isolated from TNBC cells were found to promote TGFB/SMAD signaling and
promote the migration and extravasation of recipient TNBC cells. Recently, two groups also
detected UCHLL1 in exosomes. One group found higher UCHL1 protein levels in patient
serum exosomes than in serum exosomes from normal individuals, which could be correlated
with chemotherapy resistance in breast cancer (13). Another group detected higher levels of
UCHL1 mRNA in exosome preparations from serum samples from patients with early-stage
high-grade neuroendocrine lung cancer than in exosomes derived from patients with early-
stage non-small-cell lung cancer and healthy donors (14). Taken together, these studies
suggest that extracellular vesicle-derived UCHL1 levels play an important role and that
UCHL1 may act in cancer cells in both autonomous and paracrine manners to stimulate
tumorigenesis.
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Figure 1. A working model for the role of UCHL1 in TGFp signaling. UCHL1 promotes the
phosphorylation of SMAD2 by protecting TBRI and SMAD?2 from ubiquitination in TNBC cells. The
interaction between UCHL1 and TBRI occurs in the early endosome. The interaction between UCHL1
and SMAD?2 shifts from the cytoplasm to the nucleus after TGFp treatment. UCHL1 can also be
detected in TNBC cell exosomes.

Investigating a potential drug for targeting UCHLL1 activity in TNBC

The ability of UCHL1 to promote TGFB/SMAD signaling critically depends on its catalytic
DUB activity. Mutation of the UCHLL protein from WT to C90A (DUB activity-inactivating
mutation) abolishes its stimulatory effect on TGFf receptor signaling, migration and invasion
in TNBC cells. We therefore attempted to find a specific inhibitor of UCHLL activity. This
inhibitor was identified in a patent application of Mission Therapeutics (15). This led to the
chemical synthesis and characterization of highly selective and potent UCHLL inhibitors,
including 6RK73 (Chapter 4). The 6RK73 compound covalently binds to UCHL1 and
blocks its activity both in vitro and in vivo. When we tested 6RK73 in TNBC cells and patient
samples, it showed specific inhibition of UCHL1 among all the DUBs in the breast cancer
cell and patient tissue lysates. Mechanistically, 6RK73 strongly inhibited pSMAD2, which
functions in TGFf signaling, by inducing the degradation of TBRI/SMAD2 in TNBC cells
(Figure 2). Importantly, 6RK73 strongly inhibited TNBC cell migration and extravasation in
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the scratch assay and zebrafish xenograft model. Thus, 6RK73 (or its analogues) has the
potential to become a new drug for TNBC treatment. In addition, UCHLL has been reported
as a novel functional marker for liver fibroblasts and a therapeutic target in chronic liver
disease (16). This study highlighted the opportunity for applying UCHL1 activity inhibitors
in chronic liver disease treatment. However, many of the reported DUB inhibitors have off-
target effects, which inhibits their clinical development (17). For 6RK73, we have not yet
found such off-target effects, but future studies may reveal them. Another challenge is that
DUBs are promiscuous and have multiple substrates. This may also lead to unwanted side
effects of specific DUB inhibitors. A specific inhibitor that targets the DUB-substrate
interaction may provide more accurate DUB-target interference (18). Therefore, in the future,
we can target the UCHL1-TBRI interaction to more specifically interfere with the ability of
UCHL1 to promote TGFf receptor signaling.
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Figure 2. The role of 6RK73 in TGFp signaling. 6RK73 blocks UCHLI activity covalently and
inhibits the phosphorylation of SMAD2 by decreasing the levels of TBRI and SMAD2 in TNBC cells.

Development of an activity-based probe for monitoring UCHL1 activity in
Vivo

To further study UCHL1 activity in vivo, we attempted to make a UCHL1 activity-based
probe. However, we were faced with many challenges. More than 100 DUBs have been
identified, which can be grouped into different subfamilies. Within each subfamily, there is
extensive sequence/structural similarity in the catalytic domains, making the design of
selective inhibitors difficult. Additionally, creating inhibitors with the ability to penetrate the
cell membrane and retain DUB inhibitor activity upon modification with fluorescent groups
is difficult (19). In Chapter 5, we provided evidence for the first potential small-molecule
UCHL1 activity-based probe (8RK59) that can specifically label an active version of UCHL1
in vitro. Moreover, this probe can efficiently pass through the cell membrane and monitor
UCHL1 activity in (living) cells and in zebrafish embryos. In the follow-up study, we found
that this probe could be used for tracking UCHL1 activity in TNBC cells during the
metastatic process in a zebrafish xenograft model (Figure 3). Although 8RK59 only targets
UCHL1 among all the DUBs, we also identified a non-DUB target, Parkinson’s disease
protein 7 (PARKY), using an unbiased mass spectrometry-based approach. UCHL1 is also
called PARKS5; both UCHL1 and PARKY have been functionally linked to Parkinson's
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disease (20). In addition, profiling Parkin-binding partners identified UCHL1 and PARK?7 in
the same protein-protein interaction network using tandem affinity purification (21), which
indicated that these two proteins may interact with each other. However, further studies are
needed to clarify the underlying correlation between UCHL1 (PARKS5) and PARKY and to
further improve the selectivity of the UCHL1 activity probe.
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Figure 3. The application of 8RK59 in tracking UCHL1 activity during TNBC metastasis.

Targeting TGFp signaling to improve drug-resistant melanoma treatment

Drug resistance is a major reason for the high mortality rate in late-stage melanoma. Recent
studies have revealed elevated TGFp signaling in BRAF inhibitor-resistant melanoma (22).
However, the potential for targeting TGFf signaling in cases of advanced melanoma has not
been investigated. In Chapter 6, we provided evidence that the TPRI inhibitor SB-431542
blocked the proliferation and SMAD2 phosphorylation of vemurafenib-resistant patient-
derived cells. Importantly, pharmacological and genetic inhibition of TPRI effectively
blocked the clonogenicity of human BRAF-mutant melanoma cells and inhibited
extravasation of melanoma in a zebrafish xenograft model. Although targeting of TGFf
signaling has been considered a potential therapy in several metastatic cancers, first-
generation inhibitors targeting TBRI have failed because of overt cardiac toxicity (23). Hence,
when applying TPRI inhibitors in clinical treatment, unwanted side effects need to be taken
into consideration, and applying treatment with an intermittent dosing regimen may
overcome cardiac toxicity (24-26).

Conclusion

Overall, this thesis uncovered the DUB activity landscape in breast cancer and identified
UCHL1 as a potential tumor-promoting protein that facilitates TGFp-induced TNBC
metastasis. The UCHLL1 activity inhibitor 6RK73 strongly mitigated TNBC invasion and
metastasis. Moreover, the development of the UCHL1 activity-based probe 8RK59 has
opened a new window for monitoring UCHLL1 in vivo. Significantly, TNBC patient sera
contain high UCHL1 levels, suggesting that UCHL1 may be a candidate blood-based
biomarker. It will be interesting in future studies to test the value of measuring UCHLL1
expression and/or activity in detecting disease early, selecting patients and/or monitoring
therapy response. This thesis suggests the potential therapeutic value of targeting TGFf
signaling in the (pre)clinical setting for drug-resistant melanoma.
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Appendix

English Summary

In cancer cells, aberrant TGFf signaling can lead to loss of growth inhibition and increase in
epithelial to mesenchymal transition (EMT), migration and metastasis. Targeting TGFp is
currently being explored as a potential therapy against certain invasive and metastatic cancer
types. However, current drugs tested in clinical trials inhibit all TGFB (good and bad)
responses and suffer from unwanted side effects. The ubiquitin system is emerging as an
important post-translational regulatory mechanism for the TGFp pathway. Targeting of E3
ubiquitin ligases and deubiquitinating enzymes that are highly active in aggressive cancer and
promote tumor promoting functions of TGFB might offer new therapeutic opportunities. In
Chapter 2, we summarized the role of DUBs that contribute to the regulation of TGFf
signaling in cancer, and discussed the DUB inhibitors in preclinical trials for cancer treatment.

Metastasis is the underlying cause of death for majority of cancer patients. Numerous rodent
models are available for investigating cancer metastasis, but to enable a quick assessment of
the potential effect of (epi)genetic changes or pharmacological compounds we need more
efficient, reliable, low-cost in vivo models. In Chapter 3, we describe the possibility of using
zebrafish xenograft models to study the metastasis progression of breast cancer cells.

Among all the breast cancer cases, TNBC remains the most challenging subtype to treat. To
discovery new targets, in Chapter 4, we profiled global DUB activities in breast cancer cell
lines and tumor samples, and identified UCHL1 as a candidate oncoprotein. Mechanistically,
we found that UCHL1 facilitates TGFp signaling-induced metastasis by protecting TBRI and
SMAD?2 from ubiquitination. We further found a UCHL1 covalent activity inhibitor 6RK73
that specifically inhibited UCHLL activity and blocked metastasis in TNBC. Significantly,
we observed that TNBC patient sera contained high UCHLL1 levels, which may represent a
potential blood-based biomarker for diagnosis of metastatic TNBC.

In order to better study the activity of UCHL1 in vivo, we developed a cell permeable
fluorescent activity-based probe for UCHLL in Chapter 5. This probe 8RK59 binds to the
active-site cysteine residue of UCHLL in an activity-dependent manner and irreversibly. Its
application was demonstrated by labelling UCHL1 activity in vitro and in cells. Furthermore,
we applied the probe in monitoring UCHL1 activity in zebrafish embryos during
development. This small molecule probe may have potential other targets, such as PARKY.
Additional studies are needed to increase the selectivity of the probe.

For metastatic melanoma, the median survival of BRAF(V600E) patients has improved by
treatment with BRAF inhibitors, but drug resistance remains a problem for a significant
fraction (about 40%) of melanoma patients. Recent studies showed that TGFf signaling is
increased in BRAF inhibitor resistance melanoma. In Chapter 6, we investigated the
potential for targeting TGFp signaling in the treatment of drug resistance melanoma. We
found that pharmacologic or genetic inhibition of TPRI blocked BRAF mutant melanoma
cells metastasis in xenograft zebrafish model.

In summary, this thesis focused on the understanding the underlying mechanisms driving
TNBC metastatic progression. We established DUB activity profiling methods and identified
UCHLI as a candidate oncoprotein that promotes TGFB-induced breast cancer metastasis.
Importantly, we found UCHL1 activity inhibitor as a potential drug for TNBC therapy and
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developed UCHL1 activity-based probe. For vemurafenib-resistance melanoma, we provided
insights that targeting TGFp signaling may help to overcome drug resistant phenotype.

| hope that all the fundamental and translational studies in my PhD thesis may contribute to
increased survival and improved quality of life for cancer patients.
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Nederlandse Samenvatting

Ontregeling van “transforming growth factor-B” (TGFp)-signalering in kankercellen kan
leiden tot verlies van groeiremming en een toename in zogenaamde epitheliale naar
mesenchymale overgang (EMT), celmigratie en metastase. Remming van TGFf signalering
wordt momenteel onderzocht in de kliniek als een potentiéle therapie tegen invasieve en
metastatische kankertypen. Echter, de huidige TGF remmers blokkeren alle effecten, goed
en slecht, van TGFB en vertonen schadelijke bijeffecten. Het ubiquitine systeem is een
belangrijk post-translationeel regulatiemechanisme voor de TGFB-route en biedt als zodanig
aangrijpingsmogelijkheden voor de ontwikkeling van nieuwe anti-TGFf therapieén. In plaats
van het TGFp ligand of de TGFp receptor direct te remmen, kunnen de componenten van het
ubiquitine systeem worden geremd die specifiek de expressie of activiteit van TGFf
signaleringscomponenten stimuleren in agressieve tumoren. Hoofdstuk 2 geeft een
samenvatting van de rol die deubiquitinerings enzymen (DUBSs) spelen in TGF-signalering
bij kanker en worden DUB-remmers besproken waarvan de effecten nu worden geanalyseerd
in preklinische kanker studies.

Uitzaaiingen (metastasen) zijn de onderliggende doodsoorzaak voor de meerderheid van
kankerpatiénten. Er zijn talloze knaagdiermodellen beschikbaar voor het onderzoeken van
metastase van kanker, maar om snel toegang te krijgen tot het potentiéle effect van (epi)
genetische veranderingen of farmacologische verbindingen zijn er efficiénte, betrouwbare en
goedkope in vivo kankermodellen nodig. In hoofdstuk 3 wordt weergegeven hoe zebravis
xenograft-modellen kunnen worden gebruikt om dit te bewerkstelligen. Er wordt in detail
beschreven hoe de kwaadaardige uitzaaiing van menselijke borstkankercellen kan worden
bestudeerd in zebravis embryo’s.

Van alle gevallen van borstkanker blijft triple negatieve borstkanker ((TNBC) de meest
uitdagende borstkankersubtype om te behandelen. Om nieuwe therapeutische doelen te
ontdekken, worden in hoofdstuk 4 de globale DUB-activiteiten in borstkankercellijnen en
tumormonsters geanalyseerd. Hierin is UCHLL1 geidentificeerd als kandidaat-onco-eiwit. Er
is gevonden dat UCHL1 de TGFB-geinduceerde metastase mogelijk maakt door de TGFj
receptor en intracellulaire SMAD?2 effector te beschermen tegen ubiquitinering en afbraak. Er
is verder gevonden dat een UCHL1-covalente activiteitsremmer 6RK73 heel specifiek de
UCHL1-activiteit remde en metastase van TNBC blokkeerde. Tevens is er vastgesteld dat de
sera van TNBC-patiénten hoge UCHL1-niveaus bevatten. UCHLL is daarmee een potentiéle
op bloed gebaseerde biomarker voor de diagnose van metastasering van TNBC.

Om de activiteit van UCHLL in vivo te bestuderen, is er in hoofdstuk 5 een celpermeabele
fluorescente activiteits-gebaseerde probe voor UCHL1 ontwikkeld. Deze probe 8RK59 bindt
zich op een activiteitsafhankelijke manier en onomkeerbaar aan de cysteine in de actieve site
van het UCHL1 enzym. De toepasbaarheid van de probe werd gedemonstreerd door
UCHL1-activiteit in vitro en in levende cellen te labelen. Verder hebben we de
activiteitsprobe toegepast bij het volgen van de UCHL1-activiteit tijdens de ontwikkeling van
zebravis embryo's. Deze probe kan echter potentiéle andere doelen hebben, zoals PARK?Y.
Aanvullende studies zijn daarom nodig om de selectiviteit van de probe te verhogen.
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Voor het gemetastaseerd melanoom is de mediane overleving van BRAF (V600E) patiénten
verbeterd door toepassing van BRAF-remmers, maar resistentie tegen geneesmiddelen blijft
een probleem voor ongeveer 40% van melanoompatiénten. Recente studies hebben

aangetoond dat TGFp-signalering is verhoogd in melanoom dat resistent is tegen BRAF-
remmers. In hoofdstuk 6 is het effect onderzocht van het remmen TGFp-signalering in
resistente melanoom cellen. Er is gevonden dat farmacologische of genetische remming van
TBRI in BRAF-mutante melanoomcellen de invasie blokkeerde in het xenograft
zebravismodel.

Samenvattend, één van de belangrijke doelen van dit onderzoek was het verkrijgen van
nieuwe inzichten in de onderliggende mechanismen van TNBC metastasering. Er zijn
methoden ontwikkeld om DUB-activiteiten te profileren in bostkanker cellijnen en klinisch
materiaal. UCHLL1 is geidentificeerd als een kandidaat-onco-eiwit dat de TGFp-geinduceerde
metastase van borstkanker bevordert. Belangrijk is dat de UCHL1-activiteitsremmer als een
potentieel medicijn voor TNBC-therapie is gevonden en een op UCHL1-activiteit gebaseerde
probe is ontwikkeld. Voor vemurafenib-resistente huidkankers hebben we aangetoond dat het
remmen van TGFp-signalering kan helpen om de resistentie tegen het geneesmiddel te
overwinnen.

Hopelijk zullen de fundamentele en translationele studies beschreven in dit proefschrift
uiteindelijk bijdragen aan een verhoogde overleving en verbeterde kwaliteit van leven voor
kankerpatiénten.
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Abbreviations

ABP Activity-based probe

AKT Protein kinase B

AMSH Associated molecule with SH3 domain proteases
ATCC American Type Culture Collection

ATXN3 Ataxin-3

BGG Globulins from bovine blood

BLI Bioluminescent imaging

BMP Bone morphogenetic protein

BRCC36 BRCA1/BRCA2-containing complex subunit 36
CHIP Carboxy terminus of Hsc70-interacting protein
CHT Caudal hematopoietic tissue

CSN5 COP9 signalosome subunit 5

CuAAC Copper(l)-catalyzed azide alkyne cycloaddition
DoC Duct of Cuvier

dpf Days post-fertilization

dpi Days post-injection

DUB Deubiquitinase

El Ubiquitin-activating enzyme

E2 Ubiquitin-conjugating enzyme

E3 Ubiquitin ligase enzyme

Ecto Ectodermin

ELISA Enzyme-linked immunosorbent assay

EMT Epithelial-to-mesenchymal transition

ER Estrogen receptor

FBS Fetal bovine serum

GATD3B %utamme amidotransferase-like class-1 domain-containing protein
GSR Glutathione reductase

HECT Homologous to the E6AP carboxyl terminus
HER2 Human epidermal growth factor receptor 2
HIF1a Hypoxia-inducible factor 1 a

HNSCC Head and neck squamous cell carcinoma

hpf Hours post-fertilization

hpi Hours post-injection

IB Immunoblotting

1Cs0 Half-maximum inhibitory concentration

IF Immunofluorescence

IGF-1 Insulin-like growth factor 1

IKK IxB kinase

IP Immunoprecipitation

ISOC2 Isochorismatase domain-containing protein 2
JAB1 Jun activating binding protein

JAMMs JAB1/ MPN/MQV34 proteases

JNK C-Jun NH2-terminal kinase

JOSD1 Josephin domain containing 1
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LC/MS Liquid chromatography-tandem mass spectrometry
LFQ Label-free quantification

LPS Lipopolysaccharide

MAPKSs Mitogen-activated protein kinases

MITF Microphthalmia associated transcription factor
MJDs Machado-Joseph disease proteases

MPN Mpr1-Pad1-N-terminal

MPND MPN domain-containing protein

MYSM1 Myb-like with SWIRM and MPN domains 1
NEM N-ethylmaleimide

NSCLC Non-small cell lung cancer

NTA Nanoparticle tracking analysis

ouT Ovarian tumor protease

PARK5 Parkinson disease 5
PARK7 Parkinson disease 7

PFA Paraformaldehyde

PGP9.5 Neuron-specific protein PGP9.5

Pl Proteasome inhibitor

PI3K Phosphoinositde 3 kinase

PLA Proximity ligation assay

POH1 Proteasome-associated PAD1 homologl
PR Progesterone receptor

PSMD14 Proteasome 26S Subunit Non-ATPase 14
Rh-Ub-PA  Rhodamine-Ubiquitin-propargylamide

RING Really interesting new gene

RPMI Roswell Park Memorial Institute

RTK Receptor tyrosine kinase

Smad Sma and Mad related proteins

Smurf Smad ubiquitin regulatory factor

TAK1 Transforming growth factor-p-activated kinase 1
TAMRA 5-carboxytetramethylrhodamine

TCEP Tris(2-carboxyethyl)phosphine

TEM Transmission electron microscopy
TGFBR TGFp receptor

TGFp Transforming growth factor-

TNBC Triple-negative breast cancer

TNFa Tumor necrosis factor-a

TRAFs Tumor necrosis factor receptor-associated factors
Tregs T cells

Ub Ubiquitin

UBA Ubiquitin-associated domain

UCHL1 Ubiquitin Carboxy-terminal Hydrolase L1
uiM Ubiquitin-interacting motif

USP Ubiquitin specific protease

VME Vinyl methyl ester
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