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Abstract

Characterization of MYC Interaction with Nuclear Receptor SET Domain Protein 3 (NSD3)

By Valentina Gonzalez-Pecchi

As genomics advances reveal the cancer genome landscape, a daunting task is to
understand how these genes contribute to dysregulated oncogenic pathways. Integration of
cancer genes into networks offers opportunities to reveal protein-protein interactions (PPI)
with functional and therapeutic significance. The generation of a cancer-focused PPI network
termed OncoPPi, identify 397 cancer-associated PPIs. PPI hubs reveal new regulatory
mechanisms for cancer genes like MYC.

The MYC transcription factor plays a crucial role in cell growth control. Enhanced
MYC protein stability has been found to promote tumorigenesis. Thus, understanding how
MYC stability is controlled may have significant implications for revealing MYC-driven
growth regulatory mechanisms in physiological and pathological processes. Our previous work
identified the histone lysine methyltransferase Nuclear Receptor SET Domain protein 3
(NSD3) as a MYC modulator. NSD3S, a non-catalytic isoform of NSD3 with oncogenic
activity. However, the mechanism by which NSD3S regulates MYC remains to be elucidated.
To uncover the nature of the interaction and the underlying mechanism of MYC regulation
by NSD3S, my research revealed that NSD3S binds, stabilizes, and activates the transcriptional
activity of MYC. Further characterization of the binding interface between both proteins
narrowed the interface to a 15 amino acid region in NSD3S that is required for MYC
regulation. Mechanistically, NSD3S binds to MYC and reduces the association of F-box and
WD repeat domain containing 7 (FBXW?7) with MYC, which results in suppression of
FBXW7-mediated proteasomal degradation of MYC and an in increase MYC protein half-life.

These results support a critical role for NSD3S in the regulation of MYC function and
provide a novel mechanism for NSD3S oncogenic function through inhibition of FBXW7-
mediated degradation of MYC. The study suggests a novel regulatory axis between NSD3S
and MYC and a potential therapeutic approach for treating patients with MY C-driven tumors.
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Chapter 1: Introduction



Cellular regulatory systems are interconnected and orchestrated to lead to normal physiological
output. Those regulatory systems are often mediated by molecular interactions, such as protein-protein
interactions (PPI). PPIs sense environmental cues and transmit them into the cell regulatory machinery
to exert defined biological outputs. Malfunctioning of those PPIs may lead to various disease states,
such as cancer. My dissertation focusses on two proteins, MYC, and NSD3S in the regulation of
cancer cells. This chapter will outline the general properties of cancer, followed by a summary on PPIs

with a focus on MYC and NSD3S proteins.

1.1 Cancer

Cancer is the second leading cause of death worldwide, with an estimate of 1 in 6 deaths due to
cancer (WHO September 2018). It is a disease characterized by the uncontrolled growth of abnormal
or cancerous cells which invade and spread to different parts of the body. Defined also as the
imbalance between oncogenes and tumor suppressor genes, genes that when activated or inactivated,
respectively, increase the growth advantage of cells (1). Hallmarks of cancer have been described as
tumor cells having eight capabilities that enable tumor growth and dissemination. These are: sustained
proliferative signaling, evading growth suppressors, resisting cell death, enabling replicative
immortality, inducing angiogenesis, activating invasion and metastasis, reprogramming of energy
metabolism and evading immune destruction (2, 3). Two enabling capabilities underlie all of these
hallmarks, genome instability and tumor inflammation (3). These hallmarks often are determined by

aberrant PPIs.

1.2 Protein-Protein Interaction Network
All cells of the body contain proteins, and these are major players in signaling pathways that drive
the function of a particular cell type. Because of the relevance of proteins in regulating cell signaling

and function, proteins are a major target for the development of new therapeutic options for cancer



and other diseases. The interaction between two proteins is how an external or internal signal is
transmitted through the cell, making PPIs the backbone of cellular signaling pathways. In cancer, PPIs
form signaling nodes that promote tumorigenesis. Aberrant regulation of essential PPIs in cells can
contribute to the acquisition of the eight hallmarks of cancer, described in section 1.1 (4).
Understanding the cancer-associated PPI network may help to identify those interactions that are
crucial for cancer cell survival. Targeting PPI interfaces has become of interest as it may represent an
anti-cancer strategy through cell signaling pathway perturbation (5). However, for many years PPIs
were considered undruggable. The large contact interface and the general flatness of the interaction
are two reasons that make disruption of PPIs difficult (5). Despite these challenges, there have been
successful small inhibitors of PPIs (6, 7), suggesting that targeting the binding interface between two
proteins may be a feasible therapeutic approach. Thus, by studying cancer associated PPIs networks,

we intend to identify novel protein interaction interfaces that could lead to new intervention strategies.

To establish a PPI network in lung cancer, our laboratory and the Emory Chemical Biology and
Discovery Center (ECBDC) developed a cancer genomics high-throughput screening (HTS) assay.
This assay will be discussed in more detail in Chapter 2. We selected genes altered in lung cancer from
The Cancer Genome Atlas (TCGA) and performed the HTS screening assay using Time-Resolved
Fluorescence Resonance Energy Transfer (TR-FRET) technology. From the screening we identified
397 novel PPIs, generating the OncoPPi (v.1) network (8) (Figure 1-1). MYC, a well-studied oncogene,
was identified as a hub of the PPI network interacting with more than 20 proteins. MYC is essential
for cancer cell survival, thus a promised cancer drug target. However, it has proven difficult to target
MYC, partially because it is a disordered protein and lacks enzymatic activity. Until now, no MYC
inhibitor has been FDA (Food and Drug Administration) approved. We postulate that by studying

MYC PPIs, we can indirectly target MYC function.






Figure 1-1. OncoPPi (v.1) network in lung cancer.
Diagram showing the OncoPPi network generated by the high-throughput PPI screening using TR-

FRET assay in lung cancer cells. Shown in green circles are protein hubs on the network (8).



1.3 MYC

MYC was identified in experiments performed around the year 1980. Investigators found
homology between an overexpressed gene in human bursal tumors (MYC) and an oncogene carried
by the avian Myelocytomatosis virus (v-MYC) (9). Later, three cellular isoforms of MYC were
described, c-MYC, N-MYC, and L-MYC, that share between 35 to 50% sequence homology. c-MYC
(MYC) is overexpressed in a broad spectrum of hematologic and solid malignancies, while N-MYC

overexpression is found in neuroblastoma and glioma, and L.-MYC in small cell lung cancer (10, 11).

1.3.1 MYC protein structure

MYC is a 439 amino acid protein, and it consists of a transactivation domain (TAD) in the N-
terminus, a central portion, and the C-terminal domain involved in DNA binding. MYC is composed
of conserved sequences within the three isoforms, named MYC boxes (MBI to MBIV) (Figure 1-2).
The TAD is unstructured unless it is bound to partner proteins to either activate or repress
transcription (12) and it is composed of MBI (amino acid (aa) 44-63) and MBII (aa 128-143). MBI and
MBII are required for cellular transformation (13). MBII also drives tumorigenesis 7 vivo (14) and
activates or represses transcription of target genes by binding with co-activators or co-repressors (15,
16). The central portion of MYC contains MBIIIa (aa 188-199), MBIIIb (aa 259-270), MBIV (aa 304-
324) and the nuclear localization signal (NLS) (aa 320-328). MBIlla is required for i vitro
transformation, 7 vivo tumorigenesis (17), and for transcriptional repression (18). Until now, no
function for MBIIIb has been described (11). MBIV has been linked to MYC pro-apoptotic functions
(19). The C-terminal DNA binding domain is composed of the basic-helix-loop-helix-leucine zipper
(bHLH-LZ) region (20), that recognizes the consensus DNA sequence “CACGTG,” termed
“Enhancer box” (E-box). MYC binds the E-box as a heterodimer with MAX protein, as discussed

later in section 1.3.4 (21).
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Figure 1-2. MYC protein structure.

From the N-terminal of MYC, there are the MYC boxes (MBI, II, IIIa, IIIb and IV) which are
conserved across different members of the MYC family of proteins. Right next to MBIV is the nuclear
localization signal (NLS) and the basic helix-loop-helix leucine zipper (BHLH-LZ) domain. The amino

acids for each domain are labeled on top.



1.3.2 MYC alterations in cancer

Normal cells express a few thousand molecules of MYC (22), but in tumor cells, this number can
increase up to 40 folds (23, 24). MYC is an “immediate early” gene (24), defined as, not usually
expressed in quiescent cells, but its transcription is induced rapidly after exposure to growth factors
(25). After transcription, MYC mRNA is exported to the cytoplasm under the control of mitogenic
signals (20), where it has a short half-life of approximately 20 minutes (27). After protein synthesis,
the half-life of MYC protein is also short, about 20 to 30 minutes in normal cells (28). MYC protein
turnover is regulated by post-translational modifications (PTM), such as phosphorylation, acetylation,
glycosylation, and ubiquitylation (29). Another level of protein regulation is PPIs, which leads to

particular states of MYC expression or activity (discussed in section 1.3.3) (30).

For a normal cell to become transformed by MYC, requires only overexpression of the wild-type

protein (31, 32). Three mechanisms can lead to MYC overexpression.

(i) Amplification — Amplification of the MYC gene is observed in different human cancer types.
On average 50% of human cancers have a MYC locus amplification. The extent of
amplification correlates with a more aggressive tumor (33). MYC amplification may be even
higher, as the studies do not consider the deregulation of the protein by PTMs or PPIs. These
mechanisms can elevate the activity of MY C without having a locus amplification (11). As one
example, some colorectal cancers have a loss of adenomatous polyposis coli (APC) gene,
which leads to B-catenin accumulation and activation of a transctiption factor that stimulates
constitutive high expression of MYC (34).

(if) Chromosomal translocation — MYC locus is translocated in 100% of Burkitt’s lymphoma
patients (35). It places MY Cunder the control of the immunoglobulin p heavy chain enhancer,

thus increasing MYC mRNA synthesis and overexpression of the protein (36, 37).
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(i) Mutations — Found in about 50% of Burkitt’s lymphoma and AIDS-associated hematological
tumors, mutations are often combined with genomic rearrangement that leads to elevated
MYC (38-40). Mutations cluster on the MYC TAD domain a region also relevant for MYC
degradation; thus, mutations tend to increase MYC stability, leading to protein overexpression
(41). MYC amplification is enough to promote tumorigenesis, so it is thought that mutations

do not contribute significantly to cancer development (11).

1.3.3 MYC interactome

MYC protein interacts with approximately 10 to 15% of proteins in the genome to regulate
numerous biological activities (42). Due to the large number of proteins interacting with MYC, a small
fraction of positive and negative MYC regulators and relevant to the current dissertation will be

summarized in Table 1-1.
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Protein The region in
rote MYC where it The function associated with MYC Ref.
name .
binds
Axinl N-terminal (1-100) | Facilitates binding of MYC to GSK3p, Pinl and (43)
PP2A for MYC degradation
BRCA1 HLH (371-412) Inhibits transcriptional activation (44)
B-T+CP 278-283 Ubiquitylates MY C antagonizing FBXW7- (45)
degradation
ERa Transcriptional activation (46)
ERK N-terminal Increase MYC stability 47)
FBXW7 | MBI (phospho-T58) = Ubiquitylates MYC for proteasomal degradation | (48, 49)
FOXO03 Transcriptional repression (50)
GCN5 MBII Transcriptional activation through the complex (51)
with TRRAP
GSK3pB N-terminal (1-100) Phosphorylates T58 and promotes MYC (52, 53)
degradation
HDAC1 bHLH-LZ Transcriptional repression (18)
HIFla Inhibits transcriptional activation (54)
MAX HLH-LZ (368-435) Required for transcriptional activation and 21)
repression
Miz-1 HLH (371-412) Transcriptional repression (55)
p-TEFb N-terminal (36-70) Transcriptional activation through elongation (56, 57)
pause release
Pinl Phospho-T58 Isomerization of MYC for PP2A (58)
dephosphorylation
PP2A Phospho-562 Dephosphorylates p-S62 of MYC (58)
RPL11 MBII Inhibits transcriptional activation 59)
Skp2 MBII, HLH-L.Z Ubiquitylates MYC for degradation and (60, 61)
transcriptional activation
SMAD2/3 Internal region Transcriptional repression (62)
(251-360)
SMARCA4 Inhibits transcriptional activation (63)
TRRAP N-terminal and Transcriptional activation (64, 65)
MBII
VHL Transcriptional repression through recruitment (66)

of HDACI1
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Table 1-1. Part of MYC interactome.

Relevant MYC binding partners for the dissertation are listed, along with the region where they bind

in MYC and the function associated with MYC regulation. Adapted from (42).



13

1.3.4 MYC transcriptional regulation

MYC is a basic-helix-loop-helix-leucine zipper (bHLH-LZ) transcription factor that
heterodimerizes, through the HLH motif, with a second protein belonging to the bHLH-LZ family,
called MYC-Associated Factor X (MAX) (20). Unlike MYC, MAX protein is highly stable, but its
association with MYC does not increase MYC half-life. In contrast to MYC, MAX is in excess and
tends to form homodimers in cells. Therefore, when MYC is present, it competes with MAX/MAX
dimers to form MYC/MAX heterodimers (21). MYC by itself cannot bind to chromatin; however,
MYC/MAX complex forms a functional DNA-binding domain (DBD) which binds to E-box
promoters on the chromatin (67). E-boxes are present at a frequency of one every 4kb, and MYC
binding increases on segments where there is tri-methylation of histone 3 lysine 4 (H3K4me3),
associated with open chromatin (68, 69). MYC also interacts and recruits co-activators or co-
repressors, respectively, to induce or suppress transcriptional activity. A portion of these proteins is

listed in Table 1-1.

The discovery of MYC as a transcriptional activator lead scientists to study MYC target genes
that would provide the connection of the oncogene to important cancer cell processes. MYC has a
preference to bind genes that are actively being transcribed, i.e., genes which have already been
activated by other transcription factors (70). The consequence is transcriptional amplification,
producing increased levels of gene products. Thus, instead of binding and regulating a new set of
genes, MYC usually amplifies the output of the existing gene expression program within a cell. This

program may explain the diverse effects of MYC in a cancer cell (23, 71).

1.3.5 MYC degradation
As already mentioned, the abundance of MYC in cells is a highly controlled process due to the

numerous relevant functions in regulating tumorigenesis. Thus, MYC degradation is crucial to
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maintaining low cellular levels of this oncogenic protein. There are two mechanisms to keep low levels
of MYC. One is calpain-dependent cleavage, and the second, believed to have a more significant
impact on MYC turnover is the ubiquitin-proteasome system (UPS) (30, 72), which will be discussed

in more detail.

MYC s cleaved by proteases called calpains in the cytosol (73), and it eliminates the C-terminal
domain of the protein, leaving a portion of the protein termed “MYC-nick” (298 aa), which functions

in cytoplasmic reorganization and cell differentiation (74).

UPS is a highly specific process, in which ubiquitin is covalently attached to the target protein
on lysine residues. The selectivity of ubiquitination is due to degron elements present in the target
proteins, as the enzymes that catalyze the addition of ubiquitin, called E3 ligases, bind to those regions.
The resulted poly-ubiquitinated target proteins then are degraded by the proteasome (75). MYC itself
has a degron region for E3 ligase binding with the N-terminus that is the main site for MYC
ubiquitination (41). Along with the degron domain, there are other regions of MYC that control for
protein degradation: the D-element relevant for proteolysis but not for ubiquitination (76), the PEST
element (region enriched in proline (P), glutamic acid (E), serine (S) and threonine (T)) deletion of this
element stabilizes MYC (77) and finally the “stabilon” element, which stabilizes MYC through binding

to Miz-1 and repressed transcriptional activation (41).

There are more than ten E3 ligases that contribute to MYC turnover. However, the most well
studied and relevant for the dissertation is the SCF™™%7 (Skp-Cullin-F box). The degradation of MYC
by the F-box and WD repeat domain-containing 7 (FBXW7), an E3 ligase, is a controlled and
sequential event. First, MYC is phosphorylated on serine 62 (S62) by extracellular signal-related

kinases (ERK), which stabilizes the MYC protein (47). Phospho-S62 MYC creates a consensus site

for recognition and phosphorylation of threonine 58 (T58) by glycogen synthase kinase-33 (GSK3p),
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a phosphorylation event required for subsequent MYC degradation (52). Phosphorylation of MYC at
T58 promotes dephosphorylation of S62 by protein phosphatase 2A (PP2A) (58). The peptidyl-prolyl
isomerase Pinl is essential for PP2A action, as it catalyzes the isomerization from cs to #rans Proline
63 of MYC, which facilitates de interaction of PP2A (78). pT58-MYC is recognized by FBXW7 which
ubiquitylates MY C with K48 linkage and marks the oncogene for degradation by the proteasome (48,

49) (Figure 1-3).

Other examples of E3 ligases that control MYC turnover are, beta-TrCP (F-box and WD
repeat domain containing protein 1A or FBXW1) which ubiquitylates MYC, building a “heterotypic”-
poly-ubiquitin chain (K48 and K63 linkages), stabilizing MYC (45). HectH9 (Homologous to EGAP
carboxyl terminus homologous protein 9) ubiquitylates MYC through a K63 linkage, which results in
activation of MYC transcriptional activity (79). Examples of E3 ligases that degrade and inactivate
MYC atre; TRIM32 (Tripattite Motif Containing 32), FBX29 (F-box/WD repeat-containing protein 8
or FBXWS), TRUSS (transient receptor potential cation channel subfamily C member associated 4)
and CHIP (C terminus of HSC70-Interacting Protein) (80-83). E3 ligases targeting MYC act under
certain cell environments, for example, FBXW7 only acts when MYC is in the nucleolus, HectH9 acts
on a subset of MYC dependent promoters and beta-TrCP regulates MYC just in S-phase arrest

conditions (72).

UPS is a reversible process; deubiquitylating enzymes (dUBs) prevent the degradation of
proteins. For MYC, there have been dUBs described (84), and the combined action of E3 ligases and
dUBs will regulate the fate of MYC protein. As an example, USP28 (Ubiquitin Specific Peptidase 28)
is a dUB; it binds to MYC and opposes the action of FBXW?7 increasing MYC stability in response to

DNA damage (85).
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There is also fine-tuning between acetylation and ubiquitination of MYC, as both PTMs occurs
on lysine residues on a protein. Histone acetyltransferases (HAT) such as CBP/p300 (CREB-binding
protein /E1A binding protein p300), GCN5 (general control of amino acid synthesis protein 5-like 2)
or TIP60 (60 kDa Tat-interactive protein) acetylates MYC on lysine residues, thus interfering with

MYC ubiquitination and increasing protein stability (86-88).


https://en.wikipedia.org/wiki/CREB-binding_protein
https://en.wikipedia.org/wiki/CREB-binding_protein
https://en.wikipedia.org/wiki/Adenovirus_early_region_1A
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Figure 1-3: SCF™™Y proteasomal degradation pathway of MYC oncoprotein.
Sequential events of phosphorylation and dephosphorylation lead to ubiquitination of MYC by

FBXW?7 and proteasomal degradation.
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1.3.6 Functions of MYC in tumorigenesis
MYC is involved in the regulation of different hallmarks of cancer, which finally lead to the
initiation, maintenance, and progression of tumorigenesis, because of this MYC has been termed “the

oncogene from hell” (89).

o Cell Cycle — MYC specifically acts to accelerate G1 and G2 phases of the cell cycle, in the
presence or absence of growth factors (90, 91). Part of this role results from activation of
cyclin/CDK (cyclin-dependent kinases) expression by MYC transcriptional activity (92).

o Apoptosis — MYC promotes apoptosis only when survival factors are absent (93). MYC
induces cell death by diverse mechanisms, one of them by disturbing the balance between pro-
and anti-apoptotic proteins (94, 95), and indirectly by stimulating the expression of proteins
that activate apoptosis (96). Finally, the most common way of MYC inducing apoptosis is by
increasing p53 (tumor protein 53) tumor suppressor activity (97).

o Cell growth — High levels of MY C stimulate cell growth by activating ribosome biogenesis and
protein translation (98). The consequence is a cell of twice the size, producing twice the
amount of proteins and RNA compared to a cell with normal levels of MYC (11).

0 Metabolism — Tumor cells with high MYC levels, became dependent on glucose and glutamine
for survival (99, 100), due to the increase of genes involved in glycolysis and glutamine
metabolism (101).

o Genomic Instability — High levels of MYC make cancer cells more susceptible to DNA
damage, due to the increase of reactive oxygen species (ROS) by MYC (102), and also promote
DNA replication stress by disrupting the DNA replication fork symmetry (11).

o Tumor microenvironment — MYC increases expression of vascular endothelial growth factor

(VEGF), inducing the development of vascular supply for the tumor (103). MYC also
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increases expression of genes related to tumor invasion, cell-cell adhesion proteins and

promoting epithelial to mesenchymal transition, processes related to tumor metastasis (104).

1.3.7 Approaches to target MYC

A lot of effort has been directed toward targeting MYC. Studies over time have established
that targeting MYC protein could have promising benefits for human tumors, as cancer cells with
MYC amplification are “addicted” to the oncogene (105-107). But still, MYC is considered
undruggable, primarily because it is an unstructured protein without a defined ligand binding site, and

for lacking and inhibitable enzymatic activity.

Until now there have been mainly three approached to inhibit MYC function in tumors. One
is direct MYC inhibitors, such as the generation of Omomyc, a dominant negative inhibitor of MYC
that has a good response in animal models (105, 108). A second approach is the inhibition of
downstream signaling or transcriptional regulation by MYC. A strategy in this category has been
interrupting MYC/MAX heterodimer formation and subsequent DNA binding. Although studies
have shown promising results 7z vitro, evidence for the efficacy in 7z vivo models is lacking (109-111).
Finally, the third category is inhibitors which target upstream regulation of MYC. For example, by
targeting the Ub-proteasome system, generating small molecules that increase the rate of MYC

destruction or inhibits proteins that stabilize MYC protein (11, 85).

1.4 Novel MYC binding partners

By studying MYC interactors, we can better understand how MYC oncogenic function is
regulated on cancer cells. Utilizing the information from the novel MYC binding partners, new
avenues on how to target this oncogene can be explored, either by upstream regulation of MYC or
downstream regulating the transcriptional activity. Among the MYC binding partners that we found

in the OncoPPi screening, known MYC partners validated our assay, and novel MYC PPIs were
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identified. One interesting novel PPI that we found, and is the focus of this dissertation, is the
interaction with nuclear receptor SET domain protein 3 (NSD3S), which is an epigenetic regulator,
specifically a histone lysine methyltransferase. MYC, until now, has been related to epigenetics, but
mainly through histone acetylation and DNA methylation. Also, the fact that the interaction involves
the isoform of NSD3 that lacks the enzymatic activity (NSD3S) could mean a novel function

independent of the catalytic activity of NSD3.

1.5 Epigenetics and NSD3

Epigenetics is the modification of gene expression without involving changes in the DNA
sequence. Epigenetics involves covalent PTMs of the DNA (methylation) or histones (methylation,
acetylation, phosphorylation, ubiquitination or sumoylation). Histone PTMs occurs on the N-terminal
histone tails and have a critical role in chromatin structure, function and gene expression. There are
enzymes that deposit modifications in histones called “writers,” enzymes which remove these PTMs
called “erasers” and finally proteins which recognize the PTMs referred to as “readers.” Histone
methyltransferases (HMTs) are writers and readers of the chromatin. As writers, they are responsible
for catalyzing the addition of methyl groups in arginine (PRMT/CARM) or lysine residues (HKMT).
Most of the lysine methylation is carried out by SET-domain containing proteins (112). The different
states of methyl groups in lysine residues in the chromatin elicit distinct effects on chromatin function.
For example, methylation of H3K4, H3K36 and H3K79 associates with euchromatin, permissive for
gene transcription, in contrary, methylation of H3K9, H3K27 and H4K20 links with heterochromatin
and transcriptional repression. The nuclear receptor-binding SET domain (NSD) family is a subgroup
of the HKMTs, and it is composed by three members: NSD1, NSD2/MMSET/WHSC1, and

NSD3/WHSC1L1 (hereafter labeled as NSD1, NSD2, and NSD3) (113-115).



22

1.5.1 NSD3 protein structure

NSD3 (Nuclear receptor-binding su(var)3-9, enhancer of zeste, trithorax [SET] domain
containing gene 3) or WHSC1L1 (Wolf-Hirschhorn syndrome candidate-1-like-1) was first described
in 2000, by studying the proline-tryptophan-tryptophan-proline (PWWP) domain of NSD2 (WHSC1
or MMSET), performing a database search for proteins containing this domain in their structure (113).
NSD3 shows homology with NSD2 (WHSC1) (116). The gene encoding NSD3 is found in
chromosome 8p11.2 (117) with a cDNA size of 5.5Kb, encoding a protein of 1437 amino acids,
termed NSD3 long isoform (NSD3L) or full-length protein (Figure 1-4) (118). The NSD3 gene
encodes three different isoforms, one of them being the full-length protein. NSD3L contains five
plant-home-domain-type zinc finger motifs (PHD), two PWWP domain, and the methyltransferase
SET domain. Right next to the SET domain, there is the SET-associated Cys-rich domain (SAC), and
tinally, near the end of the protein, there is a Cys-His-rich domain termed C5HCH motif (118). There
is a smaller isoform, named NSD3 short (NSD3S) generated by alternative splicing of exon 10 and
polyadenylation that encodes a protein of 645 amino acids. NSD3S is identical to NSD3L on the first
619 amino acids, including the first PWWP domain, losing the conserved domains between the NSD
family of proteins, including the methyltransferase SET domain, that gives the enzymatic activity to
the protein (117, 118). Finally, there is the WHISTLE (WHSCl-like 1 isoform 9 with
methyltransferase activity to lysine) isoform, a second alternative splice version of NSD3L. This
isoform encodes a protein of 506 amino acids that includes the second PWWP, SET, post-SET and
PHD5 finger domains of NSD3L (117, 118) (Figure 1-4). Comparing the sequence with other
members of the NSD family of proteins, NSD3 shares a similarity of 68% with NSD1 and 55% with

NSD2, in regions with conserved domains (on NSD3L between residues 703 and 1409) (118).

Each domain found on NSD3 protein has a different function. The PWWP domains mediate

PPIs (116) and also acts as a reader domain for DNA and methylated histone 3 lysine 36 (H3K36me)
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(119-121). The PDH domain is also a reader domain which binds to chromatin. The catalytic SET
domain is a region conserved between the proteins belonging to the SET family of methyltransferases,
giving them the specificity for mono or di-methylation of H3K36. The SET domain itself is separated
into three smaller regions, the pre-SET, SET and post-SET segments, all of them required for the
catalytic activity (122), however, the post-SET region is relevant for binding to nucleosomes (123).
When nucleosomes are used as the substrate, NSD3L is highly specific for mono and di-methylation
of H3K36 (124). NSD3L has both the writer (SET domain) and reader (PWWPs and PHDs domains)
capacity. However, NSD3S isoform has only the reader function, binding to methylated H3K36 marks

through the first PWWP domain.



1

1437

— - T
Pre Post
PWWP1 PHD14 PWWP2 (1= SET 2 PHDS
1 645
NSD3S | | ] |
PWWP1
1 506
— T
pwwp2 P geT PoStpyps

SET SET

24



25

Figure 1-4: NSD3 isoforms and protein structure.

NSD?3 has three isoforms, NSD3 long (NSD3L) or full-length protein, NSD3 short (NSD3S) and
WHISTLE. The protein structure of each isoform consists of different domains; all of them found
on NSD3L. From the N-terminal there is a PWWP domain found in both -L and -S isoform, then
only in -L isoform there are 4 PHD and a second PWWP domain. More to the C-terminal region, is

the SET catalytic domain and the last PHD domain, both of them found in -I. and WHISTLE isoform.
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1.5.2 NSD3 alterations in cancer

NSD3L and NSD3S are ubiquitously expressed in human tissues with higher expression in

heart, brain, and placenta (118). Among the isoforms, NSD3S expression is higher than NSD3L (117,

125). In contrast, the WHISTLE isoform is only expressed in testis (113). The oncogenic role of

NSD3 has been supported by locus amplification and translocations generating oncogenic fusions

(126).

®

(i)

Amplification - NSD3 gene is located in the short arm of chromosome 8p11, a region that is
commonly amplified in breast cancer, non-small-cell lung cancer (NSCLC), lung
adenocarcinoma (AC), pancreatic ductal adenocarcinoma (PDAC) and squamous cell
carcinoma of the head and neck (SCCHN) (125, 127, 128). Several oncogenes are encoded by
the region 8pl1, such as FGFRT (fibroblast growth factor receptor 1), LSM7 (U6 snRNA-
associated Sm-like protein), PPAPDCTB (Phospholipid phosphatase 5) among others.
Amplification of 8p11 is found in about 10 to 15% of breast cancer tumor samples and is
correlated with poor prognosis (125, 129-132). NSD3 is one of the genes amplified in those
samples and proposed as one of the major candidate oncogenes, apart from FGFR7 (125,
133).

Translocation - NSD3 gene was first found as part of a fusion with NUP9J8 gene in a patient
with acute myeloid leukemia (AML) (134). The t(8;11)(p11.2;p15) fuses NUPYS to the 3 end
of NSD3, containing the SET and last PHD domain. The fusion transcript includes the FG
repeats of NUPYS, that are known to bind transcription factors, such as CREB-binding
protein (134), suggesting a relevant role of the fusion for transcriptional misregulation in
leukemic cells. Translocations are often found in hematological cancers; in contrast, epithelial
tumors usually are driven by amplification, deletion or mutation of proteins. One exception is

nuclear protein in testis (NUT) midline carcinoma (NMC) that is driven by chromosomal
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translocations of the NUT gene. In about 65% of the cases, NUT is fused to BRD4, in 25%
NUT is tused to BRD3, with the remaining 10% having unknown partners. Interestingly,
recent reports have found NUT fused to NSD3 (135-138). The first NMC patient with NSD3-
NUT fusion t(8;15)(p12;q15) was identified in 2014. The fusion is defined as a protein
comprising exons 1-7 of NSD3 connected to exons 2-7 of NUT protein, encoding a protein
of 1694 amino acids, containing residues 1 to 569 of NSD3 and 8 to 1132 of NUT (135).
Unlike the NUP98-NSD3 fusion, the NSD3-NUT fusion has only the N-terminal region of
NSD3 protein, almost the complete NSD3S isoform, lacking the methyltransferase activity.
NSD3-NUT oncofusion is necessary and sufficient for the blockage of differentiation and the
proliferation of NMC cells (135). NSD3-INUT oncofusion has also been described in patients

with NMC of the lung including the same 5 exons of NSD3 described previously (1306).

1.5.3 NSD3 interactome

Compared to MYC less is known about what proteins normally interact with NSD3. LSD2
(Iysine-specific histone demethylase 2 or KDM1B, an H3K4 specific demethylase) and G9a (histone-
lysine N-methyltransferase or EHMT2, an H3K9 specific methyltransferase) are two proteins that
bind to NSD3 and together form a tertiary complex, localizing to the bodies of actively transcribed
genes. This complex coordinates the methyl modifications at H3K4, H3K9, and H3K36 during

elongation for transcription (139).

NSD3 also interacts with BRD4 (bromodomain-containing protein 4), specifically with the
ET (extra-terminal) domain, to generate a pTEFb-independent transcriptional activation function in
BRD4 and also to regulate the methylation of H3K36 at BRD4 target genes for transcription (140).
Later, Shen et al. characterized the binding of BRD4 to a small 11 amino acid region on the N-terminal

of NSD3 (aa 152-163). Interestingly, the same publication showed that the short isoform, NSD3S,
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was required and sufficient for driving leukemogenesis, indicating a methyltransferase-independent
function of the protein. NSD3S also binds to the chromatin remodeler CHD8 (Chromodomain
Helicase DNA Binding Protein 8) through the C-terminal region of NSD3S, acting as an adaptor
protein, linking BRD4 to CHDS8 on the chromatin. NSD3S, BRD4, and CHDS proteins colocalize in
areas of the genome and they are released from MY C super-enhancers using the BRD4 inhibitor, JQ-

1 (141).

We recently established that NSD3S interacts with MYC via the C-terminal domain of the
protein, and postulate that the interaction can stabilize MYC protein and increase transcriptional

activity (details on Chapter 2) (8).

1.5.4 Function of NSD3 in tumorigenesis

HMTSs have been showed to methylate not only histones but also proteins. NSD3 mono-
methylates Lys721 of EGFR (epidermal growth factor receptor) within the kinase domain. This
modification increases the kinase activity and downstream oncogenic signaling independent of
interaction with the ligand EGF (epidermal growth factor) and stimulates cell cycle progression (142).
NSD3 also mono-methylates IRF3 (interferon regulatory factor 3). The consequence of the protein
methylation is an increased IRF3 transcriptional activity. Specifically, methylation of IRF3 sustains
phosphorylation of IRF3 by interfering with the binding between IRF3 and phosphatase PPlcc

(setine/threonine-protein phosphatase PP1-gamma catalytic subunit) (143).

Numerous studies have supported the oncogenic role of NSD3. As previously mentioned,
NSD3 regulates survival, transformation, and invasiveness of breast cancer cell lines containing the
8p11 amplicon (125, 133, 144). Interestingly, a patient with breast cancer harboring 8p11 amplicon
contained a deletion in the C-terminal region of NSD3, with specific amplification of exons 1 to 10,

encoding the NSD3S isoform, suggesting a role for the short isoform, NSD3S in driving tumorigenesis



29

(145). In lung, pancreatic and osteosarcoma cancer cell lines, deletion of NSD3 decreases the viability,
colony formation capacity and increases apoptosis of cancer cells (128, 132, 146). NSD3, as an
epigenetic regulator, has also been implicated in controlling transcription of target genes. NSD3
regulates gene expression of CDC6 (cell division cycle 6) and CDKZ (Cyclin-dependent kinase 2),
acting on G1 to S transition during the cell cycle (147). Another study reported NSD3 activating
expression of CCNGT (cyclin G1) and NEK7 (NIMA Related Kinase 7), showing an essential role in
G2 to M phase transition during the cell cycle (148). Combination of these studies shows important

functions of NSD?3 in regulating proliferation, growth, and apoptosis of cancer cells.

Particularly, NSD3S isoform has been correlated to the oncogenic WNT signaling pathway.
Overexpression of NSD3S decreases the expression of SFRP7 gene (secreted frizzled-related protein
1), a negative regulator of WNT signaling. It also increases the expression of IRX3 (Iroquois-class
homeodomain protein IRX-3), and both, SFRP7 and IRX3 have been linked to WNT signaling

regulation in embryonic stem cell growth (125, 149).

Although the oncogenic function of NSD3 has been established and validated in multiple cell
models, there is one study in 2010 that described NSD3L isoform as a tumor suppressor in human
breast cancer cell lines. This study demonstrated that depletion of NSD3L increases pathways related
to cell growth, cell cycle, motility and decreased apoptosis (150). Interestingly, the WHISTLE isoform
has been proposed as a tumor suppressor also, repressing transcription and promoting apoptosis in

an HMT dependent manner in cancer cells (113, 151).

Taken together, the current knowledge concerning NSD3 suggests that the short isoform,
NSD3S is a critical mediator of oncogenesis. Further investigation of its downstream effects will

inform the rational design of improved targeted epigenetic cancer therapeutics.
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1.6 Scope of the dissertation

This dissertation aims to describe the protein-protein interaction between MYC and NSD3S and
how it regulates MYC function. In Chapter 2, I will provide evidence of the interaction by orthogonal
assays and regulation of MYC stability and transcriptional activity. Chapter 3 will address the
identification of the binding interface between the two proteins and describe a mechanism by which
NSD3S stabilizes the MYC protein by interrupting binding of MYC to FBXW?7. Studying the
interaction and mechanism of regulation between MYC and NSD3S adds to understanding the
complex regulation of cancer by MYC, and may also reveal the oncogenic MYC/NSD3S PPI as a

potential drug target for therapeutic discovery (Appendix A.2).
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Chapter 2: The OncoPPi network of cancer-focused protein-protein interactions to inform

novel MYC binding partners

A portion of this chapter was published as:

Li Z*, Ivanov AA*, Su R*, Gonzalez-Pecchi V, et al., “The OncoPPi network of cancer-focused
protein-protein interactions to inform biological insights and therapeutic strategies.” Nature

Communications (2017) doi: 10.1038.
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2.1 Introduction

Protein-protein interactions (PPI) form the backbone of signal transduction pathways and
networks in diverse physiological processes (152). Due to their critical roles in relaying cell growth
signals in both normal and cancer cells, once ‘undruggable’ PPIs have attracted much attention as a
potential new class of drug targets (4, 5). In support of this pursuit, large-scale proteomics approaches
have been utilized to generate highly informative PPI interactomes (153-155). These studies have
resulted in rich resources leading to critical insights into intricate biological regulatory systems.
However, the large number of novel PPIs discovered in these large-scale studies demonstrate that
only a small portion of the PPI landscape is currently known (153, 156, 157). Further, for specific
diseases such as cancer, utilization of these large-scale datasets is limited by lack of inclusion of many
disease-specific genes, lack of experimental data in relevant cellular environments as well as
inconsistent PPI data quality among various databases. The human interactome space, particularly for
disease-focused studies, remains largely open (153, 154, 158). In contrast, cancer genomics studies
have advanced towards comprehensive molecular characterization of human cancers, revealing an
expanded cancer gene landscape (1, 159) and defining a subset of the proteome that is intimately
associated with cancer. Importantly, a large fraction of this cancer genomics space is occupied by non-
enzymatic proteins that can only be therapeutically targeted through their molecular interactions (1,
159). To complement large-scale proteomics efforts and leverage cancer genomics data, we undertook
a focused proteomics study to discover protein interactions among a set of genes selected for their
involvement in lung cancer (160, 161). Our approach is supported by the understanding that proteins
involved in a certain disease tend to interact with each other to form a disease-specific interaction
network, such as those in cancer (162, 163). In this study, we establish a cancer-associated PPI
network, termed the OncoPPi network (version 1), through the implementation of a streamlined time-

resolved Forster resonance energy transfer (TR-FRET) technology platform for systematic binary PPI
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discovery in an efficient high throughput format. We discover more than 260 high-confidence PPIs
not identified in previous large-scale datasets. OncoPPi identifies prominent protein interaction hubs
with new PPI partners revolving around key cancer drivers such as MYC, STK11, RASSF1 and CDK4,
uncovers interactions for non-enzymatic proteins, suggests crosstalk between oncogenic pathways,
implicates novel mechanisms of action for major oncogene drivers such as transcription factor MYC,
and reveals connectivity of tumor suppressors with actionable targets. The OncoPPi network expands
the lung cancer-associated protein interaction landscape for the discovery of novel cancer targets and
connects tumor suppressors to available drugs, offering an experimental resource for exploitation of

PPI-mediated cancer vulnerabilities.

2.2 Material and methods

The detailed methods have been published in Nature Communications (2017) doi: 10.1038 (8).

Expression libraries for lung cancer-associated genes

Lung cancer-associated genes collected for the current study were subcloned into the indicated
Gateway entry vector (Invitrogen). The integrity of the genes was confirmed by BsrGI restriction
digestion and by sequencing, generating the Entry-vector library. Genes in the entry vector library
were transferred using the Gateway recombination system to destination expression vectors to
produce a GST-gene fusion and a Venus-flag-gene fusion for each gene, generating the OncoPPi

expression vector library.

High throughput PPI screening

We utilized the unique spectral overlap of terbium with Venus to develop a TR-FRET system that
only requires the addition of one fluorophore during the assay process (164). GST- and Venus-fusion
proteins allow the coupling of anti-GST antibody-conjugated donor fluorophore, terbium, to fused

Venus for FRET detection in solution to identify direct PPIs (Figure 2-1). For every PPI, GST- and
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Venus-only negative controls were included in parallel in every round of screening. To enable HTS
for large-scale PPI detection, a cell lysate-based TR-FRET assay in a 384-well HTS format was
developed. Briefly, H1299 lung cancer cells (2,500) were cultured in 384-well plates at 37°C before
they were co-transfected in wells with Venus-tagged genes in combination with GST-tagged genes
using the Fugene HD reagent (Promega, Cat# E2311), assisted by robotic operations with the Sciclone
ALH 3,000 liquid handling workstation (PerkinElmer). After incubation for 48 h, whole cell lysates
were prepared by replacing the medium with lysis buffer (40 mM Tris-HCl pH 8.0, 137 mM NaCl, 1
mM NaCl, 5 mM NaF, 5 mM NaPyrophosphate, 1% nonident P-40 (Sigma-Aldrich, IGEPAL CA-
630) with protease inhibitors and phosphatase inhibitors) followed by a freeze-and-thaw cycle. Anti-
GST-terbium antibody (Cisbio Bioassays, Cat# 61GSTTLB, 1:1,000 dilution) was dispensed into each
well with Multidrop Combi Reagent Dispenser (ThermoScientific). The lysate-antibody mixtures were
incubated at 4°C before the TR-FRET signal was recorded (EnVision reader setting: Ex 337nm, Em1:

520nm, Em2: 486nm; mirror: D400/D505 dual; time delay: 50ms).
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Figure 2-1. Time Resolved-Fluorescence Resonance Energy Transfer (TR-FRET) principle.
Diagram illustrating the principle of TR-FRET used on the OncoPPi HTS. Excitation of GST-Tb
antibody bound to GST-protein A (donor protein) generates an energy transfer to the Venus-flag
protein B (acceptor protein), only if they are between 10 nm of distance. The energy transfer causes

an emission of Venus-tagged protein that is captured by the EnVision Multilabel plate reader.



37

Cell culture

Human lung cancer cells H1299 (ATCC CRL-5803), H1944 (ATCC CRL-5907) were cultured in
RPMI 1640 containing L-glutamine (VWR, Cat# 45000-396) supplemented with 10% fetal bovine
setum and 100 units/ml of penicillin/streptomycin. Breast cancer cells MCF-7 (ATCC HTB-22),
colon cancer HT-29 (ATCC HTB-38) and embryonic kidney cells HEK293T (ATCC CRL-3216) cells
were maintained in Dulbecco’s Modified Eagle’s Medium (DMEM), with 4.5g/L glucose, L-glutamine
and sodium pyruvate (VWR, Cat# 45000-304) supplemented with 10% fetal bovine serum and 1X
penicillin/streptomycin  solution (CellGro, Cat# 30-002-CI). Cells were incubated at 37°C in

humidified conditions with 5% CO,. All cell lines have been tested for mycoplasma contamination.

Affinity pull-down and co-immunoprecipitation assays

For GST-affinity pulldown assays, cells were lysed in 1% NP-40 buffer (150 mM NaCl, 10 mM
HEPES (pH 7.5), 1% nonident P-40, 5 mM sodium pyrophosphate, 5 mM NaF, 2 mM sodium
orthovanadate, 10 mg/L aprotinin, 10 mg/L leupeptin and 1 mM PMSF) and incubated with
glutathione-conjugated beads (GE, Cat# 17-0756-05) for 2 h at 4°C. Beads were washed three times
with 1% NP-40 buffer and eluted by boiling in sodium dodecyl sulfate-polyacrylamide gel

electrophoresis (SDS-PAGE) loading buffer.

For immunoprecipitation, cell lysates were collected, quantified and were mixed with respective
antibodies. For each co-immunoprecipitation, lysates containing 1.5 mg of total proteins were used,
and the antibody/lysate mixtures were incubated overnight at 4°C. Then protein A/G PLUS-agarose
beads (Santa Cruz, Cat# sc-2003) were added to the mixtute followed by incubation at 4°C for another
4 h. Beads were washed four times with lysis buffer, and proteins were eluted with SDS-PAGE sample
buffer and analyzed with indicated antibodies. The following primary antibodies were used for western

blotting at the final dilution of 1:1,000 unless otherwise indicated: rabbit anti-GST (Santa Cruz, Cat#
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sc-459, 1:2,500 dilution); mouse anti-Flag (Sigma-Aldrich, Cat# A8592, 1:2,500 dilution, or Sigma-
Aldrich, Cat# F3165, 1:2,500 dilution); rabbit anti-MYC (Santa Cruz, Cat# sc-764); mouse anti-b-
Actin (Sigma-Aldrich, Cat# A5441); goat anti-NSD3 (Proteintech, Cat# 11345-1-AP, 1:200 dilution).
The rabbit anti-MYC (Santa Cruz, Cat# sc-764, 1:100 dilution) was used for immunoprecipitation

assays.
Protein stability assays

Protein stability assays were performed according to established methods (165). In brief, HEK293T
cells were transfected using Xtreme-Gene (Roche, Cat# 06366546001) following the manufacturer’s
instructions. After transfection, cells were incubated for 48 h in DMEM media supplemented with
10% FBS, then were treated with 100 mg/mL cycloheximide (Cell signaling, Cat# 2112) in DMEM
media with 10% FBS at the indicated times. 100 ml of 2X SDS-PAGE sample buffer was added, and
the cells were scraped from the wells, boiled for 10 min, then cell lysates were stored at 80°C. After
all, lysates were collected, each sample was loaded onto a 10% SDS-PAGE gel and then analyzed by
western blotting with rabbit anti-MYC antibody (Cell signaling, Cat# 5605, 1:1,000) to monitor MYC
protein level. Protein expression was quantified from the western blot using GelQuant software. For
analysis, MYC levels were normalized to tubulin protein levels (Sigma-Aldrich, Cat# T-5320, 1:2,000).

Assays were performed three times.

MYC reporter assay

HEK293T cells were grown in six-well plates and transfected using Xtreme-Gene (Roche, Cat#
06366546001) with Venus-flag-NSD3S or Venus-flag-vector along with MYC-E-box-containing
luciferase reporter plasmids, with either wild-type (GCCACGTGGCCACGTGGCCACGTGGC) or

mutant (GCCTCGAGGCCTCGAGGCCTCGAGGC) E-boxes driving expression of firefly

luciferase (166). Renilla luciferase was included as an internal control. After transfection, cells were
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incubated for 48 h in DMEM media supplemented with 10% FBS. Cells were harvested mechanically,
centrifuged at 1,600 r.p.m. for 10 min, and then re-suspended in 300 ml of DMEM media. The cells
were transferred to 384-well plate, and the MYC reporter assay was performed using the Dual-Glo
luciferase kit (Promega, Cat# E2920) following the manufacturer’s instructions. Firefly luciferase
expression was normalized to the internal control Renilla expression. Data were analyzed with

GraphPad Prism software. Assays were performed three times.

2.3 Results
2.3.1 Defining the OncoPPi network

To generate a cancer-focused PPI network, a robust PPI detection platform was established
using TR-FRET technology to systematically map the association of a library of test proteins in a
pairwise fashion (164). A set of 83 genes was selected based on the frequency of alterations in lung
cancer and known involvement in cancer signaling pathways (167-169). Our miniaturized, TR-FRET-
based PPI platform enables high throughput mapping in a mammalian cell environment. Due to the
stringent proximity requirement (<100A) to obtain a positive FRET signal, the identified positive PPIs
generally reflect direct interactions in protein complexes (164). With streamlined workflow for PPI
detection, we systematically tested the selected lung cancer gene set in a pairwise manner in H1299
lung cancer cells to characterize their inter-molecular connectivity. H1299 lung cancer cells provide a
relevant cellular environment and, with high transfection efficiency, consistent TR-FRET assay
performance. A total of 3,486 interactions were examined. To ensure a quality screening dataset, each
PPI pair was tested with two fusion tags for each gene, triplicate samples and three independent
rounds of screening with fusion vector-only negative controls plus positive controls and expression
sensors included in parallel for each PPI pair, resulting in a total dataset of 462,000 data points. We
defined a set of statistically significant PPIs and a more stringent set of high confidence PPIs (HC-

PPI) based on statistical analysis of FRET signals. The SS-PPI set includes 798 interactions. Through
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comparison to publicly available PPI databases including the BioPlex human interactome, we
identified 670 novel interactions and confirmed 128 previously reported PPIs as direct interactions in
lung cancer cells. A set of 397 high confidence lung cancer-associated PPIs, forms the OncoPPi
network (version 1) (Figure 2-2). The experimental HC-PPI dataset is enriched for known PPIs (total
128), with 269 novel interactions, OncoPPi greatly expands the landscape of interactions among this
selected set of lung cancer genes and defines interactions with potential significance for cancer PPI
target discovery, such as MYC/NSD3S (WHSC1L1). These datasets are freely available through the

NCI’s Cancer Target Discovery and Development (CTD2) Network Data Portal and Dashboard

(http://ctd2-dashboard.nci.nih.gov/) (170).


http://ctd2-dashboard.nci.nih.gov/
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Figure 2-2. Generation of OncoPPi network.

Genes altered in lung cancer were obtained from the cancer genome atlas (TCGA) to generate the
OncoPPi expression vector library for pairwise TR-FRET-based high-throughput screening in H1299.
Fold over control (FOC) was calculated for each interaction, by dividing the TR-FRET signal of the
PPI by the highest negative control signal. Venn diagram representation of the OncoPPi network as
a defined set of statistically significant PPIs (SS-PPI) or high confident PPI (HC-PPI). Reported PPlIs,

which served as positive controls, were also detected on our assay.



43

2.3.1 Defining MYC as a node for signaling pathway connection

Comparing degree and betweenness centrality (BC) index values for network nodes revealed
MYC as a hub protein most critical for the OncoPPi network. On average, each protein in OncoPPi
connects with nine protein partners, compared to an estimated median of five protein partners in the
general proteome (153, 154), supporting the notion that proteins involved in the same disease, such
as cancer, tend to interact with each other (162). The OncoPPi network also revealed prominent PPI
hubs with novel connectivity exposing potentially critical biological insights for cancer genes such as
MYC (Figure 2-3A). MYC contains multiple structural motifs that mediate interactions with a number
of regulatory proteins (171). Our OncoPPi network confirmed reported MYC binders, such as GCN5
and SMAD?2, and also revealed 23 new potential interaction partners for MYC, including NSD3S
(Figure 2-3B). We used mutual exclusivity data to provide independent support for the involvement
of the described PPIs in a common pathway. Mutual exclusivity analysis takes advantage of the
observation that alterations in genes participating in the same biological process tend not to occur
together in the same cancer patient (172). Mutual exclusivity analysis also supports the placement of
MYC in signaling pathways with an epigenetic modulator NSD3 (WHSC1L1) (118) (Figure 2-3C),
suggesting a new mechanism for MYC regulation. Interestingly, looking at genomic data, NSD3
amplification correlates with upregulation of MYC target genes, CCNEZ2, CCN.AZ2, and CDK4, in lung
adenocarcinoma patients. To test an OncoPPi-generated hypothesis and gain mechanistic insights, the
MYC/NSD3S interaction was further examined. NSD3 is a member of the nuclear receptor-binding
SET domain (NSD) family of histone H3 lysine 36 (H3K36) methyltransferases. It is frequently
amplified and functions as an oncoprotein in lung tumors and a range of other cancers (118). NSD3
has two isoforms, a long form with the methyltransferase domain and a short form (NSD3S) without

the enzymatic activity. Interestingly, NSD3S serves as an adaptor to link BRD4 to the CHDS8
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chromatin remodeling protein (141). NSD3S binding to MYC as revealed in OncoPPi may regulate

MYC’s access to designated chromatin complexes in a methyltransferase-independent manner.
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Figure 2-3. MYC as a hub in PPI and relevant for pathway connection.

A. MYC was found to have the highest betweenness centrality index and degree of interactors placing
MYC as a relevant protein for pathway connection in lung cancer cell signaling. B. MYC interactors.
The red, blue and green sectors inside the nodes represent the percent of LUAD cases (Lung
adenocarcinoma, provisional dataset) with gene amplification, deletions or mutations, respectively.
Already reported PPIs are indicated with dashed lines. Newly discovered PPIs are shown with solid
lines. PPIs positive in mutual exclusivity analyses are highlighted with blue lines. C. Mutual exclusivity
data for MYC and NSD3 in three different types of cancer, lung adenocarcinoma, esophagus-stomach
cancers, and head and neck squamous cell carcinoma. For each cancer, the percentage of alteration
for both genes are indicated and then on red, blue and green represents gene amplification, deletion
or mutation, respectively, of the gene on a patient. D. Upregulation of MYC-target genes (CCNEZ2,

CCNA2, and CDK4) are correlated with NSD3 amplification in lung adenocarcinoma patients.
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2.3.3 NSD3S is a novel MYC binding partner

To validate the interaction between MYC and NSD3S found in the OncoPPi network, we first
used the solution-based TR-FRET assay. TR-FRET is the same assay that was used in the original
OncoPPi screen, but instead of using a single point signal, we performed a dose-dependent TR-FRET.
We transfected GST-MYC with Venus-flag-NSD3S in HEK293T cells. Indeed, dose-dependent TR-
FRET gave a positive signal between MYC and NSD3S. As a background control, no TR-FRET signal
was detected with the co-expression of either protein with the vector control (Figure 2-4A). To
confirm the MYC/NSD3S interaction detected by TR-FRET, an affinity-based affinity assay was used,
GST pull-down assay. GST-MYC was pull down with GST beads in HEK293T cells, and Venus-flag-
NSD3S was found in the MYC complex. Binding of NSD3S to GST vector or Venus-flag-vector to
MYC were both negative, demonstrating a specific association between MYC and NSD3S (Figure 2-
4B). Finally, to evaluate if the two proteins interacted under physiological conditions in cancer cells,
we performed endogenous co-immunoprecipitation. We utilized MYC antibody to isolate endogenous
MYC protein, and we detected endogenous NSD3S on the MYC complex in H1299, H1944, MCF-7
and HT-29 cancer cell lines (Figure 2-4C). Orthogonal assays validated MYC/NSD3S interaction and

detected under physiological conditions in lung, breast, and colon cancer cell lines.

NSD3S binds to BRD4 through the N-terminal region (amino acid 152-163) (141), we
generated two truncations of NSD3S, residue 1 to 347 and 347 to 645, and tested the binding to GST-
MYC by GST pull-down. A positive signal was found for full-length NSD3S and NSD3S 347-645,
indicating that MYC interaction appears to be mediated by a region C-terminal to the PWWP motif

of NSD3S, different to the part where BRD4 binds (Figure 2-5).
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Figure 2-4. Validation of MYC/NSD3S PPI.

A. TR-FRET assay performed using HEK293T cells lysates with overexpression of GST-MYC and
Venus-flag-NSD3S or vectors controls. Th-conjugated anti-GST-antibodies were incubated with cell
lysates to detect GST-MYC. The TR-FRET signal is expressed as the FRET ratio (520nm/486nm *
10%) Representative results of three independent experiments are shown. The error bars show the
meants.d. of three replicates. B. GST-pull down assay performed to isolate GST-MYC complexes in
lysate from HEK293T cells with Venus-flag-NSD3S co-expressed. The presence of NSD3S on the
complex was evaluated with anti-flag antibody by western blot. GST antibody was used to control the
amount of protein pull down. Expression in the whole cell lysate (WCL) was used as a control. C. Co-
immunoprecipitation assay conducted in H1299, H1944, MCF-7 and HT-29 cancer cell lines using
MYC antibody to isolate MYC complex, or anti-IgG as a negative control. Detection of endogenous
NSD3S in the MYC complex was examined by western blot with an antibody against NSD3. Levels

in the WCL were used as a control.
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Figure 2-5. Identification of binding region on NSD3S.

(Left) Diagram of NSD3S protein structure and the two truncations generated for deletion analyses,
amino acids 1 to 347 and 347 to 645. Summary of binding to MYC on the side of each structure.
(Right) GST-pull down assay in HEK293T cells overexpressing GST-MYC with Venus-flag-NSD3S
full length or truncations. Binding of NSD3S plasmids to MYC was evaluated with anti-flag antibody.

Levels of proteins in the WCL was used as a control.
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2.3.4 NSD3S regulates MYC half-life and transcriptional activity

We sought to explore the effect of NSD3S in MYC function. As mentioned previously in
Chapter 1, the MYC half-life is short, and there are numerous proteins which regulate MYC
stability/degradation pathways, as levels of MYC are crucial for driving tumorigenesis. First, we
examine the effect on MYC protein stability by performing a protein turnover assay, the cycloheximide
assay. Cycloheximide (CHX) is a protein synthesis inhibitor; we added CHX to cells and collected cell
lysate at different time points and observed endogenous MYC protein levels. With over-expression of
Venus-flag-vector MYC half-life was approximately 45 min as expected. Addition of Venus-flag-
NSD3S increases MYC half-life, demonstrating a stabilization effect in MYC protein. Interestingly,
the MYC-binding defective fragment of NSD3S (residues 1 to 347) did not increase MYC half-life,
suggesting that the binding between NSD3S to MYC is required for the stabilization effect (Figure 2-

GA and 2-GB).

MYC is a transcription factor regulating the expression of a large number of genes involved
in different oncogenic processes. To evaluate the effect of NSD3S in the transcriptional activity of
MYC we used a MYC reporter assay, where luciferase expression is under the control of E-box
promoter. We co-transfected Venus-flag-vector or -NSD3S along with E-box wild type (WT) or
mutant (MUT), where MYC does and does not bind, respectively. Indeed, when NSD3S is
overexpressed, there is an increase of luciferase expression compared to the negative controls, only
with the E-box WT (Figure 2-6C), suggesting a specific increase of MYC transcriptional activity by

NSD3S.
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Figure 2-6. Effect of NSD3S on MYC protein stability and transcriptional activity.

A. Immunoblot showing endogenous MYC and tubulin levels in HEK293T cells at different time
points after inhibition of protein synthesis with cycloheximide (CHX) with the expression of NSD3S,
NSD3S 1-347 or vector control. B. Graph of MYC protein levels at indicated time points after CHX
addition based on densitometric analysis of results in (A) 100% corresponds to the total MYC detected
at the O-time point. MYC levels are normalized to tubulin protein levels. C. HEK293T cells were co-
transfected with Venus-flag-NSD3S or vector control and either wild-type (WT) or mutant (Mut) E-
box luciferase reporter. Relative luciferase activity was measured, normalized to internal Renilla
luciferase control. Representative results of three independent experiments are shown. The error bars

show the meanzs.d. of three replicates.
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2.3.5 Connection between MYC and BRD4 through NSD3S

The data shown on the previous sections led to the hypothesis that NSD3S functions as a new
activator of MYC oncogenic activity by bridging MYC with BRD4 to allow the regulation of MYC
function in response to epigenetic modulators. Indeed, by affinity-based GST pull-down assay,
NSD?3S can precipitate both MYC and BRD4 (Figure 2-7A). Concerning the binding, BRD4 and MYC

bind to different regions on NSD3S (141).

NSD3S acts as an adaptor protein by bridging together BRD4 to CHDS8 and promoting
leukemia progression (141). BRD4 is an oncogene; it regulates MYC expression in cancer. However,
the connection between BRD4 and MYC is not entirely understood. To evaluate the possibility if
BRDA4 is required for MYC/NSD3S interaction, we used a BRD4 degrader called ZBC260 (173). This
compound uses the technology PROTAC (Protein-targeting chimeric molecules) that allows
transiently to degrade the target protein by bringing them close to E3 ligase complex and promoting
proteasomal degradation (174) (Figure 2-7B). Treatment of HEK293T cells with compound ZBC260
shows a concentration-dependent decrease in BRD4 protein expression over time (Figure 2-7C). The
reduction is noticeable at 10 nM after 3 h of incubation, conditions used for further experiments. By
GST pull-down assay in HEK293T cells the interaction between MYC and NSD3S was similar under
the condition with DMSQO, as control, and with ZBC260 treatment (Figure 2-7D). The binding pattern

suggests that MYC/NSD3S interaction is independent of the presence of BRD4 in cells.

Our results led to a working model that BRD4 regulates MYC through a transcription-
independent mechanism by means of the BRD4-NSD3S-MYC pathway, in addition to the well-
established BRD4-pTEFb-mediated pathway (Figure 2-7E), which may have significant clinical
implications for the response of MYC-driven tumors to BRD4 inhibitors that are currently in clinical

trials.
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Figure 2-7. NSD3S binds both MYC and BRDA4.

A. GST-NSD3S was co-transfected with Venus-flag-tagged constructs for MYC, NSD3S and BRD4
into HEK293T cells, followed by GST-pull down assay to isolate NSD3S complex. Western blot
against flag proteins was used to detect the binding pattern. Levels of proteins in the WCL was used
as a control. B. Diagram of the mechanism of action of BRD4 degrader using PROTAC technology.
Target protein, BRD4 in this case, is brought to proximity to E3 ligase complex by the degrader, for
subsequent ubiquitination and proteasomal degradation of BRD4. C. Treatment of HEK293T cells
with BRD4 degrader ZBC260 (from Dr. Shaomeng Wang of the University of Michigan), at different
time points and different concentrations. Levels of endogenous proteins in HEK293T cell lysate were
evaluated by western blot with specific antibodies. D. GST-pull down assay with overexpressed GST-
MYC and Venus-flag-NSD3S with or without ZBC260 treatment (10 nM for 3 h). Levels of proteins
in the pull-down or WCL samples were examined with anti-flag or GST antibodies. E. Proposed
working model. BRD4 utilizes its ET domain to regulate MYC through a transcription-independent
mechanism via the BRD4-NSD3S-MYC pathway, in addition to the well-established BRD4-pTEFb-
mediated pathway via the C-terminal fragment of BRD4. Both BRD4 and NSD3S interact with

modified histones.
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2.4 Discussion

This study reports the generation of an expanded lung cancer associated PPI network, termed
OncoPPi (v.1), through the implementation of a TR-FRET-based high-throughput screening
approach. The focused binary PPI screening coupled with a robust miniaturized screening platform
allows a rigorous experimental design is generating 18 data points for each PPI to ensure high-
confidence PPI data for future hypothesis-driven investigations. OncoPPi unveils important PPIs in
cancer not detected in previous interactome studies. Previous large-scale interactome studies have
indicated that much of the PPI landscape is still undescribed. Indeed, with our focused set of 83 lung
cancer genes, we identify 4260 novel interactions, expanding the PPI landscape for this gene set by
4200%, including for well-studied cancer genes like MYC. Available to the community, OncoPPi is a
valuable resource for discovery of cancer-associated PPIs as potential drug targets, examining
network-informed signaling crosstalk, and predicting network-implicated tumor vulnerability,
informative biomarkers and new strategies to target challenging cancer drivers. Usefulness of high-
throughput-derived PPI data depends on its reproducibility, as well as the ability to detect true positive
interactions. Overall, we found that 480% of tested OncoPPi interactions could be confirmed by GST
pull-down. Of note, unlike the TR-FRET assay, GST pull-downs require stringent wash steps; thus,
the 20% of PPIs not confirmed could represent both false positives and lower affinity interactions
disrupted by wash steps. Despite transformative advances in cancer care towards precision oncology,
clinical successes from genomics-based targeted cancer therapies remain largely focused on oncogenic
enzymes, particularly protein kinases. Such enzymes offer druggable sites for therapeutic modulation
of their catalytic activities. However, the majority of cancer driver genes identified through cancer
genomics efforts encode ‘undruggable’ proteins such as (1) tumor suppressors with loss of function in
cancer and (i) adaptor proteins with no enzymatic activity, posing a major hurdle for therapeutic

intervention (1). These challenging cancer drivers function by participating in protein complexes that
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are involved in diverse cellular functions. Our approach addresses these challenges by placing cancer
driver genes, both oncogenes and tumor suppressors, in the context of growth signaling PPI networks,
offering unique opportunities to define promising therapeutic strategies for protein targets with or
without enzymatic activity. It should be noted that our TR-FRET-based high throughput PPI
screening method utilizes co-expression of exogenous protein pairs. The presence of these
interactions under physiological and pathological conditions should be validated to examine their
functional importance. As examples, we illustrate OncoPPi-generated new hypotheses for future
pathway perturbagen discovery through interrogating MYC PPIs. Demonstration of selected PPI,
MYC/NSD3S, under endogenous conditions in multiple cancer cell lines strongly supports the validity
of the OncoPPi network data set for further examination. The MYC oncogene, which represents a
highly validated and studied oncogenic cancer target, has no approved therapies that directly target
the protein. This is due, in part, to the lack of enzymatic activity and defined catalytic site for structure-
activity guided design of potent compounds. Thus, it is recognized that the MYC interactome may
represent a viable option to inhibit this pathway for therapeutic benefit (171). Newly uncovered MYC
binding partners in the OncoPPi network serve as examples to illustrate OncoPPi-inferred new
signaling pathways for regulation of MYC-driven cell growth and oncogenic programs. We selected
the physical interaction of MYC with NSD3S for validation and uncovered a potential positive
regulatory function for NSD3S in activating MYC, implicating the BRD4/NSD3S/MYC pathway as
a potential target for interrogating MYC-driven tumors. Because BRD4 inhibitors, such as JQ1, have
been shown to be active against MY C-driven tumors, the intimate connection of NSD3S with BRD4
and with MYC supports the hypothesis that NSID3S may play a critical role in directing MY C-driven
oncogenic programs and may recruit MYC to a chromatin location through NSD3S recognition of
H3K36me3 and its association with acetylated lysine-BRD4, which warrants further investigation. The

potential clinical importance of this connectivity is supported by the NSD3S/MYC interaction in the
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NSD3-NUT fusion-driven NUT midline carcinoma (135). It is very likely that the NSD3-NUT fusion
may be critical for the maintenance of MYC expression in these cancer cells. It is expected that other
cancer drivers beyond MYC can also be exploited similarly to guide functional validation and
therapeutic discoveries. To build on such success, our studies provide both potential PPI targets for
manipulating oncogenic pathways, as well as highly sensitive high throughput screening (HTS) assays
for PPI pathway perturbagen discovery. The TR-FRET assay format has been widely used in the HTS
field for small molecule PPI modulator discovery (164). These HTS assays are readily applicable for

future HTS campaigns to discover PPI modulators.
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3.1 Introduction

c-MYC (MYC) encodes a transcription factor and was one of the first oncogenes to be discovered
in human cancers (9, 31). MYC functions by altering cellular characteristics associated with oncogenic
transformation, such as proliferation (90, 175), apoptosis (93), metabolism (176, 177), and
angiogenesis (103). Dysregulation of MYC activity, which occurs most commonly via MYC gene
amplification, is found in a variety of human cancer types: on average, 50% of human cancers have
increased expression of MYC. High MY C expression levels are furthermore correlated with increased

tumor aggressiveness (25, 33).

The MYC protein is composed of four conserved regions known as MYC boxes (MBI, MBII,
MBIII, MBIV). The C-terminal portion of MYC contains a basic-helix-loop-helix-leucine zipper
domain (bHLH-LZ) that is responsible for heterodimerization with MY C-associated factor x (MAX)
(67). The MYC/MAX complex binds to specific sequences in the DNA known as Enhancer box (E-
box) sequences and recruits transcriptional co-activators to drive expression of MY C target genes (20,

178, 179).

MYC protein levels are tightly controlled by several mechanisms, including post-translational
modifications (PTMs) and protein-protein interactions (PPIs). An example of such a PTM is
phosphorylation of serine 62 (S62) by extracellular-regulated kinase 1,2 (ERK1, 2), which leads to the
stabilization of MYC (47). This phosphorylation event creates a consensus region for subsequent
phosphorylation of threonine 58 (T58) by glycogen synthase kinase 3 3 (GSK3@) (58), which marks
MYC for degradation (52). Ultimately, phosphorylation of T58 and dephosphorylation of S62 (180)
provide a binding site for FBXW7, a substrate recognition subunit of SCF E3 ubiquitin ligase
complexes that target MYC for ubiquitin-mediated proteasomal degradation (48, 49). Through its

intricate interactions with FBXW?7 and other regulatory proteins, MYC serves as a central node that
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integrates upstream signaling events to control diverse intracellular transcriptional programs during
normal physiological development. Dysregulation of MYC protein levels through MYC
overexpression or reduced degradation may lead to multiple diseases, including cancer. Thus,
understanding how the MYC protein stability is properly controlled through these molecular
interactions has broad implications for the regulation of cell growth under physiological and
pathological conditions. Our previous work on the establishment of the OncoPPi network revealed a

new member of the MYC regulatory proteins, NSD3 (8, 181).

NSD3 is a lysine methyltransferase that belongs to the family of NSD proteins, including
NSD1, NSD2, and NSD3 (117). NSD3 is thought to act as an oncogene, as it is frequently amplified
in breast, lung and pancreatic cancers (128, 130). NSD3 has three isoforms: NSD3 long (NSD3L) that
encodes the full-length protein with histone methyltransferase catalytic activity, NSD3 short (NSD3S)
that lacks the catalytic SET domain-containing C-terminal fragment of the protein, and a testis-specific
isoform named Whistle (117, 118). Interestingly, unique functions for the NSD3S isoforms have been
reported, including a role in oncogenesis that is independent of methyltransferase activity. In leukemia
cells, NSD3S has been shown to be essential for cancer progression by bridging the interaction
between the bromodomain-containing protein 4 (BRD4) and chromodomain helicase DNA binding
protein 8§ (CHDS) (141). In NUT-midline carcinoma, NSD3 has been found to generate an oncogenic
fusion with nuclear protein in testis (NUT) (NSD3-NUT), and the portion of NSD3 present in the
fusion is almost the complete NSD3S sequence. The oncogenic fusion decreases cellular
differentiation and increases proliferation of NUT-midline carcinoma cell lines (135, 136). We
previously found that the same non-catalytic isoform of NSD3, NSD3S, was able to interact with
MYC and promote its protein stability (8). However, the precise mechanism by which NSD3S
regulates MYC stability remains unclear. To address this issue, we have defined the protein-protein

interaction interfaces between NSD3S and MYC and revealed major binding sites on MYC and
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NSD3S, respectively. Mechanistic studies showed that NSD3S competes with FBXW?7 for binding to
MYC, providing a potential model for the regulation of MYC stability through FBXW?7 (182). This
functional connection between MYC and NSD3S provides a novel link between two oncogenic
proteins that are known to drive cancer cell survival and may serve as a promising target for therapeutic

intervention in MY C-driven tumors.

3.2 Material and Methods

Plasmids and reagents

Plasmids for mammalian expression of Glutathione S-transferase- (GST), Venus-flag- and Human
influenza hemagglutinin- (HA) tagged proteins were generated using the Gateway cloning system
(Invitrogen, Waltham, MA, USA) according to the manufacturer’s protocol. Human MYC and
NSD3S ¢cDNA were used as previously described (8). FBXW7 and ERK ¢cDNA were obtained from
DNASU, and GSK3B was provided by Dr. Kenneth Scott. MYC and NSD3S truncations were
generated by introducing a stop codon using a PCR-based mutagenesis protocol. All plasmids were
confirmed by FastDigest Bsp14071 (ThermoScientific, Cat# FD0934) enzyme digestion and by
sequencing analysis. The protein synthesis inhibitor, cycloheximide (CHX) (Cell Signaling, Cat# 2112),
was used for the MYC stability assays at a final concentration of 100 pg/mlL. The proteasome
inhibitor, MG-132 (Cell Signaling, Cat# 2194), was used at a final concentration of 20 uM for 3 h

before cell collection.

Cell culture

HEK293T embryonic kidney cells (ATCC CRL-3216) and NCI-H1299 lung cancer cells (ATCC CRL-
5803) were obtained from American Type Cell Culture Collection (ATCC, Rockville, MD, USA) and

maintained in Dulbecco’s modified Eagle’s medium (DMEM) (VWR, Cat# 45000-304) or RPMI
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1640 containing I.-glutamine (VWR, Cat# 45000-396), respectively. Culture media was supplemented
with 10% fetal bovine serum and 1% penicillin/streptomycin solution (CellGro, Cat# 30-002-CI).
Cells were cultured at 37°C with 5% CO; in a humidified incubator. Between passages, cells were

detached with 0.25% trypsin with ethylenediaminetetraacetic acid (EDTA) (VWR, Cat# 45000-664).

Gene expression

HEK293T and H1299 cells were transfected with expression plasmids at a confluence of 60-70%
using X-tremeGENE (Roche, Cat# 006366546001) or FuGENE HD (Promega, Cat# E2311)
transfection reagent, respectively. A ratio of 3 ul transfection reagent to 1 pg of plasmid DNA was
utilized in a volume of 100 ul of Opti-MEM reduced serum medium (Thermo Fisher, Cat# 31985070)
for plasmid delivery, according to manufacturer's instructions. Expression of transfected genes was

monitored by Western blotting with corresponding antibodies.

GST-pull down and immunoprecipitation

HEK293T or H1299 cells were seeded in 6-well plates and transfected. After 48 h, cells were collected
and lysed with 200 pl of lysis buffer (150 mM NaCl, 10 mM HEPES pH 7.5, 0.25% Triton X-100,
Phosphatase Inhibitor (Sigma, Cat# P5726) and Protease Inhibitor Cocktail (Sigma, Cat# P8340)) by
sonication. The lysate was centrifuged to eliminate cellular debris. 20 pl was saved for an input control,
and the rest was incubated either with, 20 pl of 50% glutathione-conjugated sepharose beads (GE,
Cat# 17-0756-05) for GST-pull down experiments, 5 pl of EZview Red Anti-Flag M2 Affinity Gel
(Sigma, Cat# F2420) for flag-immunoprecipitation, or 10 pl of EZview Red Anti-HA Affinity Gel
(Sigma, Cat # E6779) for HA-immunoprecipitation, for 3 h rotating at 4°C. Beads were washed three
times in 0.25% Triton X-100 lysis buffer and eluted by boiling for 5 minutes in sodium dodecyl sulfate
(SDS) loading buffer. Samples were then analyzed by SDS-Polyacrylamide gel electrophoresis (SDS-

PAGE) and Western blotting.
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MYC reporter assay

HEK293T cells were seeded in 12-well plates. The next day, cells were transfected with Venus-flag-
plasmids along with firefly luciferase reporter plasmid under the control of wild-type
(GCCACGTGGCCACGTGGCCACGTGGC) or mutant (GCCTCGAGGCCTCGAGGCCTC
GAGGC) E-box and renilla luciferase which served as an internal control. Cells were collected,
centrifuged at 1200 rpm, and re-suspended in 50 ul of phosphate-buffered saline (PBS) (VWR, Cat#
45000-446). 10 pl of cells were transferred to a 384-well plate, and the MYC reporter assay was
performed using the Dual-Glo luciferase kit (Promega, Cat# E2920) following the manufacturer’s
instructions. Firefly luciferase expression was normalized to the control of renilla expression. Data

was analyzed on GraphPad Prism software.

Protein stability assay

HEK293T cells were seeded on 24-well plates and transfected. After 48 h, cells were treated with 100
ng/ml of CHX. At the indicated times, cells were collected with 80 pl of 2X SDS loading buffer,
boiled for 10 minutes, and resolved by SDS- PAGE. Protein expression was detected by Western
blotting and quantified using GelQuant software. Hsp60 protein levels were used as an internal control

for MYC protein normalization.

Endogenous co-immunoprecipitation

HEK293T or H1299 cells were plated on 15 cm dishes and transfected. After 48 h, cells were collected
and lysed with 0.25% Triton X-100 lysis buffer by sonication. The lysate was centrifuged, and 40 ul
of the supernatant was saved for input control, the rest was incubated with MYC antibody (Santa
Cruz, Cat# sc-40) overnight at 4°C. Then, protein A/G PLUS-agarose beads (Santa Cruz, Cat# sc-

2003) were added to the mixture and were incubated at 4°C for another 4 h. Beads were washed three
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times with 0.25% Triton X-100 lysis buffer, and proteins were eluted with SDS-PAGE loading buffer

and analyzed by Western blot.

Antibodies

The following antibodies and conjugates were used for the western blotting: Flag-HRP (Sigma, Cat#
A8592, dilution 1:2,000), GST-HRP (Sigma, Cat# A7340, dilution 1:3,000), HA-HRP (Sigma, Cat#
H06533, dilution 1:3,000), goat anti-mouse IgG-HRP (Jackson ImmunoResearch, Cat# 115-035-003,
dilution 1:3,000), and goat anti-rabbit IgG-HRP (Jackson ImmunoResearch, Cat# 111-035-003,
dilution 1:3,000), and antibodies for MYC (Cell Signaling, Cat# 56058, dilution 1:1,000), MYC (Santa
Cruz, Cat# sc-40, dilution 1:1,000), FBXW7 (Abcam, Cat# ab109617, dilution 1:1,000), ERK (Cell
Signaling, Cat# 4695, dilution 1:1,000), GSK3p (Cell Signaling, Cat# 9315, dilution 1:1,000), actin
(Sigma, Cat# A5441, dilution 1:3,000), GFP (Abcam, Cat# ab290, 1:6,000), and Hsp60 (Cell Signaling,

Cat#t 4870, dilution 1:1,000).

Computational modeling

The model of NSD3S 356 to 426 region was built using the Schrodinger Prime software. The BLAST
search was utilized to identify the template proteins with highest sequence similarity. The secondary
structure (SS) analysis of NSD3S 356 to 426 was performed with the Prime program and matched
with the secondary structures of the template proteins. The BLAST search of the crystallized proteins
available in the Protein Data Bank has revealed that NSD3S 356 to 396 fragment demonstrate the
highest sequence and structure similarity (Prime alignment score: 89, sequence similarity: 63%) with
the crystallized region of PWWP1 domain of WHSC1 protein (PDB ID: 5VC8). Therefore, this
structure was utilized as a template to construct NSD3 356 to 396 fragment. Since further residues of

WHSC1 were not solved in the crystal structure, we sought for another template protein to build a

model of NSD3 397 to 426. Through the BLAST and the SS analysis, the structure of Parkin E3 ligase
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(PDB ID: 411H) was identified as the most suitable temple (Prime alignment score: 55.0, sequence
similarity: 60%). Since the crystal structures of WHSC1 and the Parkin E3 ligases lack similar regions
for structural alignment, the NSD3 356 to 396 and NSD3 356 to 426 were first built separately, and
then connected using the Schrodinger Crosslink Proteins tool. The resulting structure of NSD3 356
to 426 was optimized by energy minimization in the OPLS2005 force field using the Polak-Ribier
Conjugate Gradient algorithm. First, only the protein side chains were subjected to the energy
minimization by 2,500 interactions and the convergence threshold of 0.05. Then, the constraints were
released, and the whole structure of NSD3 356 to 426 was optimized by 10,000 interactions and the

convergence threshold of 0.05.

The resulting model was further optimized by 100 ns molecular dynamics (MD) simulation performed
with the Desmond program implemented in the Schrodinger Suite. The NSD3S model was placed in
a box that contained 9,852 SPC water molecules and eight chloride anions. The resulting system
contained a total of 30,791 atoms. The MD simulation was run for 100 ns under the Normal
Temperature and Pressure (NTP) conditions, with the following parameters: Thermostate method:
Nose-Hoover chain, relaxation time 1.0 ps; Barostate method: Martyna-Tobias-Klein, relaxation time:
2.0 ps; time step: 2 fs; Short range cutoff radius: 9.0A, Energy recording time: 1.2 ps, Trajectory
recording time: 10 ps. The energy of the resulting structure of NSD3S 356 to 426 obtained after the

MD simulation was minimized as described above.
Data analysis

All data were performed and repeated three times. The data quantification of the MYC reporter and

protein stability assays was performed using the GraphPad Prism software.
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3.3 Results
3.3.1 NSD3S binds MYC at a distinct site

To understand the molecular basis of the MYC/NSD3S interaction, we examined MYC
structural elements that are required for NSD3 binding through deletion analyses. MYC contains four
conserved domains with defined functions for MYC regulation. Four large truncations of MYC were
first generated: T1 containing MBI and MBII (1-185), T2 with only MBII (113-185), T3 spanning
MBII to MBIV (130-338), and T4 with MBIII, MBIV and the basic helix loop helix domain (186-439)
(Figure 3-1A). Co-expression of GST-MYC truncations with Venus-flag-tagged NSD3S was followed
by immunoprecipitation with anti-Flag antibodies to pull down the NSD3S complex. Consistent with
our previous report (8), full-length MYC was confirmed to interact with NSD3S (Figure 3-1B), which
served as a positive control for binding site mapping. Fragments T3 (130-338) and T4 (186-439) of
MYC showed similar strength of interaction with NSD3S as the full-length MYC (Figure 3-1B).
Conversely, MYC truncations lacking regions T3 or T4 exhibited reduced binding to NSD3S (Figure
3-1B). These results suggest that the region shared between truncations T3 and T4, residues 186 to
338 of MYC, are required for binding to NSD3S (Figure 3-1A). To further narrow down the region
of MYC that mediates the NSD3S/MYC interaction, we generated refined MYC fragments spanning
residues 186 to 338 (Figure 3-1C) and performed further pulldown experiments. While full-length
MYC and fragment 186-339 were found to interact with NSD3S, none of the smaller MYC truncations
were detected in complex with NSD3S (Figure 3-1D). Together, these results suggest that the internal
region, residues 186 to 338, between MBIII and MBIV of MYC are involved in the interaction with

NSD3S.



A MYC Binding
L P N I [T T 439 Yes
MBI MBIl MBI MBIV bHLH-LZ
AL S No
T2 1131185 No
T3 101338 Yes
T4 1861 1439 Yes
B A o~ fad [yl
GST-MYC - + + — — = *—
GSTvector + - - - - - - - - - -
Venus-flag-NSD3S + - + - + - + - + - +
Venus-flag-vector - + - + - + - + - + -
GST
Flag-IP
GFP
GST
Input
GFP

Cc

D

MYC Binding
AT T TT T 439 Yes
MBI MBIl MBIl MBIV bHLH-LZ
T5 1861338 Yes
T6 1861235 No
T7 201235 No
T8 2331272 No
T9 2561290 No
T10 288[1338 No
o
GST-MYC - + + PR
GSTvector + - - - - - - - -
Venus-flag-NSD3S + - + + + + + + +
Venus-flag-vector - + - - - - - - -
- 95
GST -
I 43
- Flag-IP
§ SEEEEEE o
crr @ Se==82S
- " 34
- =95
GST -
43
-
ed - Input
| e w130
GFP
- - 34

70



71

Figure 3-1. Identification of MYC sequence that binds to NSD3S.

A. Diagram of MYC protein domains showing truncations used in the study labeled with residue
numbers. B. Determination of MYC fragments involved in NSD3S binding. Venus-flag-NSD3S was
co-expressed with GST-MYC and MYC truncations (Tl to T4) in HEK293T cells. The Venus-flag-
NSD3S protein complex was immunoprecipitated with anti-Flag antibodies (Flag-IP). The presence
of GST-MYC proteins in the NSD3S complex was detected by western blotting with an anti-GST
antibody. Expression levels of Venus-flag-NSD3S and GST-MYC constructs were shown in input
(WCL) cell lysates used for Flag-IP. C. Diagram of refined truncations of MYC (amino acids 186-
338). D. Determination of MYC fragments (T5 to T10) for NSD3S binding. Flag-IP and western

blotting were carried out as described in legend B.
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3.3.2 A 15 amino acid peptide of NSD3S mediates MYC binding

The C-terminal 347 to 645 amino acid region of NSD3S was previously found to mediate
binding to MYC (8). Further characterization of the residues on NSD3S involved in MYC binding
may reveal the molecular basis for the interaction and identify strategies to manipulate the interaction
for functional studies. We used a computational molecular modeling approach to guide the design of
smaller C-terminal truncations of NSD3S shown in Figure 3-2A. Positive controls were first validated
using the GST pull-down assay using glutathione-conjugated beads to isolate overexpressed GST-
MYC and to identify NSD3S in the MYC complex. Indeed, full-length NSD3S and NSD3S fragment
T-a (347 to 645) were found in complex with MYC (Figure 3-2B). Deletion of NSD3S residues 347
to 645 appeared to reduce, though not completely abolish, NSD3S interaction with MYC, suggesting
a potential binding site within the region T-b (356 to 426). In support of this notion, NSD3S fragments
lacking residues 356-426 exhibited no binding to MYC (Figure 3-2B). To test whether a MYC-binding
site in the 356-426 region could be further delineated, we generated smaller truncations based on
computational modeling predictions (Figure 3-2C). To guide the design of structural elements for
testing, a computational molecular modeling approach was employed to define potential sub-structural
regions within NSD3S fragment 356 to 426. The model obtained after a 100 ns molecular dynamics
(MD) simulation suggested potential alpha-helical structures in regions W368 to K377 and R383 to
Q389 of NSD3S, while the region encompassing Y390 to 1.426 is largely disordered (Figure 3-2C).
The secondary structures (SS) observed for NSD3S region 356 to 426 in this model agrees with
predictions made using Prime software [PMID 15048827]. Based on these secondary structure
predictions, refined truncations within residues 356 to 426 (T-b) of NSD3S were generated (Figure 3-
2D). Venus-flag-NSD3S truncations were tested for interaction with GST-MYC by GST pull-down
with glutathione beads (Figure 3-2D). Positive binding signals were detected between full-length MYC

and NSD3S truncations T-g (378 to 404) and T-i (378 to 426) (Figure 3-2E). In contrast, no binding
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was observed between full-length MYC and NSD3S fragments T-f (356-378) and T-h (404-420),
supporting a specific role for NSD3S residues 378 to 404 in mediating binding to MYC (Figure 3-2E).
The 27-amino acid MYC-binding peptide of NSD3S was further divided into two segments (Figure
3-2F). Co-expression of GST-MYC and Venus-flag-NSD3S truncations was followed by GST pull-
down assay as described above. NSD3S residues 389 to 404 demonstrated interaction with MYC,
while the peptide containing residues 378-389 failed to show positive interaction (Figure 3-2G). Our
results indicate that the 15-amino acid peptide spanning residues 389-404 on NSD3S (NSD3S-pep15)

is sufficient to enable interaction with MYC protein.
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Figure 3-2. Determination of structural elements of NSD3S for MYC binding.

A. Diagram of NSD3S protein domains and truncations used for the study. Fragments (T-a to T-e)
were labeled with residue numbers, and binding activity was indicated with plus signs. B.
Determination of NSD3S fragments responsible for MYC binding by GST-pull down in HEK293T
cells. GST-MYC protein was isolated with glutathione beads, and binding of Venus-flag-NSD3S
truncations to GST-MYC was detected using anti-flag antibody. Binding of MYC to full-length
NSD3S was included as a control. Expression of test proteins was shown as input (or WCL). C. A
computational model of NSD3S 356 to 426 with predicted structural elements indicated: 356 to 378
(blue), 378 to 404 (yellow), and 404 to 426 (red). D. Diagram of NSD3S truncations (T-f to T-i) of
fragment T-b (356 to 426) design according to the computational model generated. Truncations are
labeled based on the residue number. E. Characterization of binding between Venus-flag-NSD3S and
GST-MYC by GST pulldown in HEK293T cells. GST beads were used to pull down GST-MYC
protein and detection of binding to NSD3S truncations was seen by western blot using flag antibody.
Binding of MYC to full-length NSD3S and fragment T-b (356 to 426) was included as a control and
expression of proteins was determined in the input. F. Diagram of refined truncations spanning
residues T-g (378 to 404) of NSD3S. G. Characterization of refined NSD3S peptides responsible for
binding to MYC by GST pull-down assay in HEK293T cells. GST-MYC was pulled down, and
binding of Venus-flag-NSD3S peptides was detected by western blotting with flag antibody. Binding
of MYC to full-length NSD3S and fragment T-g (378 to 404) was included as a control, expression of

proteins was seen in the input.
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3.3.3 NSD3S-pep15 is required for functional regulation of MYC

To understand the functional importance of MYC/NSD3S PPI, we tested the effect of
NSD3S-pep15 in the interaction of NSD3S with MYC. By performing GST pull-down assay isolating
GST-MYC protein, the binding of full-length Venus-flag-NSD3S to MYC was equal with or without
NSD3S-pep15 (Figure 3-3A). These 15 residues appeared to be sufficient for MYC binding, but it was
incapable of disrupting binding between these two full-length proteins. Our results suggest that

NSD?3S residues 389 to 404 may represent one, or a partial, interacting epitope to MYC.

The effect of the 15-residue deletion on NSD3S interaction with MYC was examined with the
GST pull-down assay. The GST-MYC complex was found to contain NSD3SA15. The MYC binding
signal for NSD3SA15 was similar to the one seen for the positive control, full-length NSD3S (Figure
3-3B). These data further support the model that region with amino acids 389 to 404 of NSD3S
represents an interaction site, or a partial site, for MYC binding. More than one epitope may be

involved in interacting with MYC (Figure 3-2G and 3-3B).

To probe for a functional role of NSD3S residues 389-404 in the regulation of MYC, we
generated a deletion mutant of NSD3S lacking residues 389-404 (NSD3SA15). It has previously been
demonstrated that NSD3S overexpression can extend the half-life of MYC (8). Thus, the effect of
NSD3SA15 deletion on MYC protein half-life was evaluated. Cell treatment with a protein synthesis
inhibitor, cycloheximide, allows the monitoring of half-life of the MYC protein over time (180), which
was used for the study. Consistent with our previous results (8), overexpression of NSD3S stabilized
MYC protein levels and increased MY C half-life. Compared to NSD3S, overexpression of NSD3SA15
exhibited a reduced stabilization effect on MYC, suggesting a partial role for this 15-residue NSD3S
sequence in the stabilization of MYC (Figure 3-3C and 3-3D). Extended MYC protein half-life has

been correlated with increased MYC transcriptional activity. To test the effect of NSD3SA15 on
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MY C-driven transcription, an E-box-dependent luciferase-based MYC reporter assay was used (160,
183). Consistent with our previous report, overexpression of NSD3S was correlated with increased
MYC transcriptional activity as shown by increased E-box dependent luciferase signal (8) (Figure 3-
3E). In contrast, expression of NSD3SA15 failed to fully activate the MYC transcriptional activity,
showing significantly decreased luciferase signal compared to that with NSD3S (Figure 3-3E). These
data demonstrate that NSD3S residues 389-404 are crucial for NSD3S enhancement of MYC
transcriptional activity. Together, these results suggest that amino acids 389 to 404 of NSD3S are

required to regulate MYC function, increasing protein half-life and transcriptional activity.
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Figure 3-3. Deletion effect of NSD3S binding peptide on MYC transcriptional activity and
stability.

A. Detection of the disrupting effect of MYC binding peptide, residues 389-404 of NSD3S in the
interaction between full-length proteins by GST pull-down assay in HEK293T. Presence of NSD3S
on the MYC complex was detected with flag antibody and compared to the expression in the input.
B. Characterization of binding between Venus-flag-NSD3S deletion 389 to 404 and GST-MYC by
GST pulldown assay in HEK293T cells. GST MYC was pull down with glutathione beads, and binding
of the deletion was detected using flag antibody. NSD3S full length and truncation 389 to 404 were
included as positive controls, expression of proteins was seen in the input. C. Effect of NSD3SA15
on MYC stability by cycloheximide (CHX) treatment in HEK293T cells. Levels of endogenous MYC
protein were developed with a specific antibody, at different time points after inhibition of protein
synthesis by CHX with Venus-flag-vector, -NSD3S or -NSD3SA15 overexpressed. D. Quantification
of western blot showed in panel C of MYC levels at different time points of CHX treatment based
on the densitometric analysis. MYC protein levels were normalized to Hsp60 protein levels as the
loading control. E. Effect of NSD3SA15 on MYC reporter transcriptional assay in HEK293T cells.
Luciferase activity was measured under conditions overexpressing Venus-flag-vector, Venus-flag-
NSD3S or Venus-flag-NSD3SA15 and either wild-type (WT) or mutant (Mut) E-box luciferase
reporter plasmid. Relative luminescence is the ratio between luciferase and the internal renilla activity

control. Shown is a representative result of three independent experiments. The error bars indicate

the mean * s.d. of three replicates.
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3.3.4 NSD3S stabilizes MYC by interfering with FBXW7-mediated proteasomal degradation

MYC is a transcription factor that acts as a master regulator of gene expression in cancer.
Because of its significant role in regulating different characteristics of cancer cells to promote
tumorigenesis, MY C activity is tightly controlled through intracellular protein-protein interactions (42,
184). To further understand the mechanism of MYC stabilization and activation by NSD3S, we
investigated potential effects of NSD3S on MYC binding partners known to regulate MYC stability
or transcriptional regulation. Overexpression of NSD3S along with some of the MY C binding partners
(VHL, AURKA, SMAD3, SMAD2, BRCA1, SMARCA4, SMARCB1, RPL11, and FOXO3) does not
significantly change MYC levels in the input sample, or the binding of either NSD3S or the MYC

binding partner to MYC (Figure 3-4).

There was one protein that did show differences, FBXW?7, a substrate recognition subunit of
SCF E3 ubiquitin ligase complexes that are involved in one of the most extensively characterized
proteolytic degradation pathways for MYC. For FBXW?7 to associate with and mediate ubiquitination
of MYC, MYC requires phosphorylation by two kinases, ERK, and GSK3 (72). Interestingly,
expression of FBXW7 reduced MYC protein levels as expected, while co-expression of NSD3S with
FBXW?7 increased MYC levels, suggesting an antagonistic effect of NSD3S on FBXW?7 function
(Figure 3-5A). Because ERK and GSK3 are well-established regulators of MYC, the impact of
NSD3S on MYC stability was examined under conditions with differential expression of ERK or
GSK3B. As shown in Figure 3-5B, co-expression of NSD3S with either ERK or GSK3p exhibited
MYC levels that were comparable to those under conditions of ERK, GSK3B or NSD3S

overexpression alone.

Since NSD3S increases MYC protein stability and suppresses the action of FBXW7 on

degrading MYC, we tested whether NSD3S expression could influence the interaction between
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FBXW7 and MYC. We performed a GST pull-down assay against GST-MYC protein with
overexpression of Venus-flag-NSD3S or Venus-flag-vector control. Overexpression of Venus-flag-
NSD3S correlated with reduced interaction of endogenous FBXW7 with GST-MYC in HEK293T
cells (Figure 3-5C). In H1299 lung cancer cells, we perform the same GST pull-down assay. Even
though the band for FBXW?7 in the MYC-pull down samples in both conditions is the same, the
amount of MYC in the input and isolated by the beads is higher on the condition with NSD3S,
indicating us that the levels of FBXW?7 that are interacting to MYC are less with NSD3S overexpressed
(Figure 3-5D). As in Figure 3-5B, NSD3S overexpression resulted in no changes in the interactions
between MYC/ERK or MYC/GSK3g interactions (Figure 3-5C and 3-5D). We then evaluated
whether NSD3S was able to disrupt endogenous binding between MYC and FBXW7. We performed
an endogenous co-immunoprecipitation (co-IP) in HEK293T cells and H1299 cancer cell line using
a MYC antibody, with overexpressed Venus-flag-NSD3S or Venus-flag-vector. In agreement with the
results in the MYC overexpression system, NSD3S overexpression resulted in reduced interaction
between endogenous FBXW7 and MYC but did not affect the association of ERK or GSK38 with
MYC (Figure 3-5E and 3-5F). Again, as the GST pull-down assay in H1299 lung cancer cells, we see
that NSD3S increases endogenous levels of MYC, so even though the band of FBXW?7 bound to
MYC in the IP samples is the same under both conditions, the levels of MYC are higher when NSD3S
is overexpressed (Figure 3-5F). The effect of NSD3S overexpression in increasing MYC levels in
H1299 lung cancer cells agrees with the stabilizing effect of NSD3S on MYC protein stability in

HEK293T cells (Figure 3-3C and 3-3D).

FBXW?7 is an SCF E3 ubiquitin ligase subunit that targets proteins for ubiquitination and
proteasomal degradation (182). We thus investigated the effects of NSD3S expression on FBXW7-
mediated ubiquitination of MYC. HA-tagged ubiquitin was overexpressed and immunoprecipitated

using anti-HA antibodies, and ubiquitination of endogenous MYC was evaluated. NSD3S
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overexpression resulted in reduced ubiquitin bound MYC on the IP samples in HEK293T cells and
H1299 lung cancer cells (Figure 3-5G and 3-5H). Disruption of the interaction between MYC and
FBXW?7 by NSD3S thus correlates with decreased MYC ubiquitination and increased MYC protein
levels in cells (Figure 3-6). Taken together, these results suggest a novel mechanism for how NSD3S

stabilizes MYC protein levels by opposing FBXW7-mediated degradation pathway.
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Figure 3-4. Effect of NSD3S in MYC binding partners.

HEK293T GST pull-down assay for the detection of GST-MYC complexes with co-expression of
NSD3S and some of MYC binding partners (VHL, AURKA, SMAD3, SMAD2, BRCA1, SMARCA4,
SMARCBI1, RPL11, and FOXO3). Levels of tagged-proteins in the WCL or input were used as

controls.
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Figure 3-5. Effect of NSD3S in MYC proteasomal degradation by FBXW?7.

A. HEK293T cell lysate for the detection of GST-MYC levels with NSD3S in combination with
FBXW?7. Levels of MYC were compared against the NSD3S or FBXW?7 alone, and actin was used as
a loading control. B. Detection of MYC levels in cell lysate from HEK293T with NSD3S in
combination with GSK38 or ERK. MYC levels were compared against the NSD3S, GSK3 or ERK
alone and actin was used as a loading control (C-D). Detection of endogenous binding of FBXW7,
GSK3p and ERK to GST-MYC in the presence of NSD3S by GST pulldown. Levels detected on the
pulldown were compared to expression in the input and actin as a loading control in C. HEK293T
cells. D. H1299 lung cancer cells. (E-F). Evaluation of FBXW?7 binding to MYC by co-
immunoprecipitation (co-IP) in the presence of NSD3S. Endogenous levels of FBXW7 were detected
in complex with endogenous MYC that was immunoprecipitated with MYC antibody, levels were
compared to those seen in the input samples, and Hsp60 protein was used as a loading control in E.
HEK293T cells F. H1299 lung cancer cells (G-H). Determination of ubiquitinated MYC levels by
HA-immunoprecipitation of HA-ubiquitin in the presence or absence of NSD3S. Levels of
endogenous MYC detected on the HA-ubiquitin complex were quantified and compared to the
expression of proteins in the input sample and actin as a loading control in G. HEK293T cells. H.

H1299 lung cancer cells.
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Figure 3-6. Proposed model for NSD3S role in MYC protein stability.
NSD3S impacts a major pathway, the FBXW7-mediated proteasomal degradation pathway, that

regulates MYC half-life. NSD3S binds to MYC and suppresses the FBXW?7 activity by disrupting the

interaction with MYC, increasing MYC protein half-life and transcriptional activity.
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3.4 Discussion
MYC is a master regulator of cell growth, and its activity is tightly regulated by diverse
mechanisms (185). Here we present evidence in support of a novel mechanism by which NSD3S

stabilizes MYC through disruption of the FBXW7/MYC interaction.

To gain insights into the molecular interaction between NSD3S and MYC, we identified an
internal region of MYC that extends through MBIII and MBIV as an NSD3S binding site (Figure 3-
1D). In contrast to the MBI and MBII regions that are localized in the transactivation domain (TAD)
and are essential for cell transformation (186), and the C-terminal bHLH-L.Z domain that is important
for MAX dimerization and DNA binding, the internal segment of MYC is highly disordered, and the
functions of MBIII and MBIV have not been extensively characterized. Also, most of MYC binding
partners bind the N- or C-terminus of the protein (21, 42, 187). For example, these binding sites
include ERK (N-terminal) (47, 53), GSK38 (residues 1-100) (52, 53), and FBXW7 (MBI, residue
phospho-T58) (48, 49). Thus, mapping the binding site for NSD3S reveals a new functional site on

MYC with a potential regulatory role for MYC stabilization.

On NSD3S, we narrowed down the MYC binding site to a 15-amino acid peptide. NSD3S
has one defined structural domain, termed the PWWP domain, which has been shown to mediate
binding to methylated H3K36me2/3 (188) and other proteins (116). Currently, only two NSD3
binding proteins have been mapped: BRD4, which binds to amino acids 152 to 163, and CHDS, which
binds to C-terminal amino acids 384 to 645 (141). Here, we add MYC as a binding partner of NSD3S
that specifically binds to residues 389 to 404. Those 15 amino acids are sufficient but not required for
MYC binding and not able to disrupt the PPI, implying that more than one epitope or a

conformational change on NSD3S may be important for interacting to MYC. Importantly, our data
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reveal a critical role for NSD3S-pep15 in the regulation of MYC function, as deletion of this segment

leads to decreased MYC transcriptional activity and degradation.

MYC is an “immediate early gene” (25, 189) known to be a serum-activated protein with a
short half-life of about 30 minutes in proliferating cells (28). Different regulatory mechanisms have
been reported to alter MYC protein stability that could directly impact MYC signaling under
physiological and pathological conditions (30). One well-established mechanism is the priming of
MYC by two kinases, ERK and GSK38, that leads to the binding of FBXW?7, a protein that directly
regulates MY C degradation (190). Previously, we reported that NSD3S increases MY C protein stability
and that the stabilization effect is possibly through binding (8). Our current findings reveal that
NSD3S stabilizes MYC by interfering with the interaction between MYC and FBXW?7, an E3 ligase
subunit known to mediate MYC ubiquitination and degradation (48, 49). NSD3S does not influence
ERK or GSK3@ activity, but it appears to suppress FBXW7 function (Figure 3-5). Interestingly,
NSD3S interferes with FBXW?7 binding to MYC, preventing ubiquitination and proteasomal
degradation of MYC. GSK3 phosphorylation of MYC at T58 allows interaction of FBXW?7 with
MYC through its MBI domain (191). Here we show that NSD3S binds to the internal region of MYC
(residues 186-338). Although NSD3S and FBXW?7 do not compete for binding to the same fragment
of MYC, it is possible that the binding of NSD3S alters the three-dimensional protein structure of

MYC, thus reducing MYC binding to FBXW?7.

NSD?3S belongs to the NSD family of proteins that have been implicated in oncogenesis (114).
Specifically, NSD3S, a short isoform of the NSD3 histone lysine methyltransferase, lacking
methyltransferase activity, has been linked with progression of leukemia (141) and NUT-midline
carcinoma (135, 136). Here, we report a novel mechanism for how NSD3S may contribute to

tumorigenesis by acting as a positive regulator of the MYC oncogene. Moreover, this regulation shows
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a broader mechanism of action of NSD3S, as MYC acts as a driver in multiple solid and hematological

cancers (33) and this study suggests regulation of MYC by NSD3S in various cellular environments.

Results from this paper defined a binding interface between NSD3S and MYC, which may
provide a basis for further understanding of the interaction for functional manipulation. This study
also revealed the importance of NSD3 residues 389 to 404 in MYC regulation, which may lead to
future strategies to regulate MY C function. Furthermore, we uncovered a novel regulatory mechanism
of MYC by NSD3S binding, adding a novel regulatory element to the well-characterized FBXW7
proteasomal degradation pathway for MYC. This regulatory circuit between FBXW7/MYC/NSD3S
makes the MYC/NSD3S PPI an interesting target for therapeutic exploration in MY C-driven tumors,
as it impacts both transcriptional activity and the half-life of MYC protein. Targeting the
MYC/NSD3S PPI interface may prove beneficial for patients with MYC amplification, as their

disruption may restore the binding between MYC and the tumor suppressor FBXW?7.
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4.1 MYC as a central node in the PPI network

Cancer is a multistep disease, meaning multiple alterations of genes are required for its
development (192). In a cell, PPIs regulates many signaling pathways. Cancer cells are no exception,
and the generation of OncoPPi (v.1) revealed 397 lung cancer associated-PPIs (8). Genetic and
epigenetic changes may alter the normal PPI network of a cell, as genes are amplified, deleted or
mutated. With the information obtained from OncoPPi (v.1), MYC was identified as a hub in PPIs
and as important for pathway connectivity (8). MYC itself is a disordered protein. This characteristic,
along with its many interaction partners, may suggest MYC engages different conformations
depending on the protein which it interacts. Also, MYC PPIs may be regulated in a temporal and
spatial dimension; all of MYC binding partners are unlikely to interact simultaneously. Most of the
PPIs might be transient interactions, depending on when the proteins are expressed or induced in a
cell (193). In addition to being a disordered protein, MYC also lacks enzymatic activity, and most
cancer therapeutics are being developed against proteins with catalytic activity (1). Here, we
characterized the PPI formed by two proteins lacking enzymatic activity, MYC oncogene, and NSD3S

isoform, belonging to the HMT's family of proteins.

The connection between MYC and HMTs have been reported previously. The SMYD3
methyltransferase that maintains H3K4me3 at promoters, a mark that correlates with the higher
presence of MYC on those regions of the chromatin (194). MYC also has an inhibitory action on
KDM5A/B demethylase, maintaining H3K4me3 permissive-MYC binding state (195). Interestingly,
however, our data revealed a connection between MYC and NSD3S. An isoform that lacks the
methyltransferase activity, NSD3S contains the PWWP domain, thus acting only as a chromatin

“reader” protein.
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Support for direct crosstalk between MYC and NSD3S signaling has not been provided in
previous work; yet, a study published in 2014 linked co-amplification of the genomic region 8p11-12
(NSD3 included) and the MYC oncogene on 8q24.21 in primary invasive breast carcinoma (196).
Indirect work has supported the connection between these two proteins through BRD4, which
increases MYC transcriptional activity and also interacts with NSD3S (140, 141, 197). Our work placed
NSD3S upstream of MYC signaling, and the PPI is formed with or without BRD4 presence. Whether
MYC/NSD3S/BRD4 signaling functions together to promote tumor progression remains to be

tested.

4.2 Elements of MYC and NSD?3S relevant for binding

Here we characterized the binding interface between MYC and NSD3S. Identification of the
structural elements involved in binding not only describes the nature of the interaction but also
provides a basis for the design of PPI disruptors that can be used as functional probes or therapeutic
agents. As described above, MYC interacts with a variety of proteins that regulate its function; it
predominantly does so through its N- and C-terminal domains (42, 171). We described NSD3S as a
novel MYC interactor, binding to the internal portion of MYC. About NSD3S, a 15 amino acid
peptide (residues 378 to 404), labeled as NSD3S-pep15, seems to be relevant for binding to MYC.
Both the short and full-length protein contained in the sequence those 15 residues. By affinity
overexpressed assays, we were able to detect the binding between MY C and NSD3L (data not shown).
However, we failed to detect under endogenous levels of proteins by co-immunoprecipitation. The
reason for the inconclusive result might be that the sensitivity of the antibody was not enough or due

to the higher expression of NSD3S on cancer cell lines, as reported previously (117, 125). Deletion of
those 15 amino acids, NSD3SA15, still binds to MYC, implying that more than one NSD3S epitope

may be involved in MYC interaction. These findings suggest that NSD3S-pep15 is sufficient, but not
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required for MYC binding. However, those 15 residues are important for the functional regulation of

MYC oncogene.

4.3 NSD3S regulates MYC function through a well-defined degradation pathway

The findings of this dissertation discovered NSD3S as a positive regulator of MYC protein
stability and uncovered the molecular mechanism behind the increased half-life of MYC, by interfering
with FBXW?7 binding. Our study adds knowledge of a molecular player, NSD3S, that acts on FBXW7
proteasomal degradation pathway, specifically in the last step, the binding of FBXW7 to MYC. NSD3S
seems not to affect the proteins involved in the phosphorylation events leading to the proteasomal
degradation of MYC. Our data also revealed that NSD3S and FBXW?7 bind to different regions on
MYC. What remains to be determined is how NSD3S interferes with MYC/FBXW?7 binding. The
region where FBXW7 and NSD3 bind on MYC structure (residues 58-62 and 186-338, respectively)
have not been crystallized. It would be interesting to solve the MYC crystal structure and study how
those domains connect. Another possibility is that NSD3S binding to MYC generates a
conformational change in MYC; it may be affecting the binding of Pin1 or PP2A, therefore reducing
binding of FBXW?7. However, this remains to be tested. While the findings reported here begin to
uncover the mechanism of regulation that NSD3S has in increasing MYC half-life, it does not directly
address the effect of NSD3S on MYC proteasomal degradation. The work presented shows a decrease
of ubiquitylated-MYC when NSD3S is overexpressed, suggesting a role for the proteasome. Further

studies are required to fully characterize the action of NSD3S on proteasomal degradation of MYC.

Through our work, we expanded the set of proteins known to control MYC stability by adding
NSD3S. MYC is an oncogene overexpressed in nearly every human cancer. However, only a third of

them have MYC locus amplification or translocation (10). Thus, deregulation of NSD3S
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(amplification) or FBXW?7 (deletion), could partially contribute and explain the increase in MYC

overexpression without having MYC loci amplification.

NSD3S, described here, is not the only protein belonging to the NSD family to impact MYC
stability. Indeed, overexpression of NSD2 can upregulate MYC protein expression indirectly by
silencing the miR-126* tumor suppressor, inducing cell growth in multiple myeloma cell lines. In the
study, increased binding of NSD2 to the miR-126* promoter was not associated with increased

H3K36 methylation, suggesting a methyltransferase independent activity (198).

4.4 Potential mechanisms for the increase of MYC transcriptional activity by NSD3S

In this dissertation, we presented NSD3S as a positive regulator of MYC transcriptional
activity. We reported that deletion of residues 378 to 404, NSID3SA15, cannot increase luciferase
expression on a MYC reporter assay, suggesting a critical role for that NSD3S short segment.
However, the mechanism by which NSD3S generates this effect on MYC remains to be elucidated.
NSD3S could contribute to MYC transcriptional activity in a number of manners, three of which I

will discuss below.

<

First, it is known that chromatin “readers,” “writers” and “erasers” usually associate with large
protein complexes to act together on chromatin regulation (199). It remains to be determined if
NSD3S directly binds to MYC. Our studies suggest direct binding, due to TR-FRET assay, as a
positive signal is only read when proteins are within 10 nm of distance (200). However, we cannot
rule out the possibility that NSD3S is forming a protein complex and thereby binding to MYC and
increasing transcriptional activity. According to the knowledge we have on NSD3S and MYC, BRD4

could be postulated as one of the proteins that could be involved in the protein complex, through

binding to acetylated lysine on the chromatin. In addition, there could also be a sequential event on
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MYC transcriptional activity through BRD4-MYC-NSD3S protein axis, meaning that binding

between them could promote binding in certain regions of the chromatin.

Second, considering that NSD3S, through the PWWP domain, binds to active marks for
transcription (H3K36me) and that MYC preferentially binds to euchromatin state, NSD3S could be
an adaptor protein that brings MYC to active portions of the chromatin, therefore increasing gene
transcription. To test this hypothesis, we could generate a PWWP mutant, unable to bind to chromatin
PWWP W284A on NSD3S) (141), and see the effect of the wild-type and mutant NSD3S on

regulating MYC transcriptional activity.

Finally, another potential mechanism worthy of consideration is through MAX. MYC by itself
cannot bind to DNA; it needs to dimerize with MAX to be able to bind to chromatin (21). Since
NSD3S and MAX interact in different regions of MYC structure (186-338 and bHLH-LZ,
respectively), it is not altogether surprising that NSD3S does not compete with MAX for MYC
binding. Moreover, MAX seems to enhance the binding between MYC and NSD3S (Appendix A.1).
Also, Figure A-1A and A-1B show that NSD3S can also bind to MAX protein. However, the
consequence of this cooperation between MAX/MYC/NSD3S proteins remains to be tested. Further
biochemical characterization of the MYC/NSD3S PPI may help distinguish between the mechanisms

discussed here or other alternative mechanisms not explored in this section.

4.5 Therapeutic implications

Precision medicine proposes a therapy that is targeted to specific individual’s cancer
depending on their genetic background. Our work adds on this notion, as we study how genetic
alterations in oncogenes or tumor suppressor genes changes PPI networks in cancer, and finally

signaling pathways. Specifically, here we discovered novel PPIs for MYC oncogene and characterized
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in detail MYC/NSD3S PPL. Centering at MYC and NSD3S proteins, we discuss their therapeutic

implications.

4.51 MYC

MYC has emerged as a viable therapeutic target in cancer (108). Indeed, MYC is amplified and
a driver in different tumor types. Therefore, finding a small molecule to distupt MYC/NSD3S PPI
(Preliminary results on Appendix A.2), will represent an indirect approach to target this oncoprotein

in a broad spectrum of MYC-dependent tumor types.

4.5.2 NSD3S

NSD3S is amplified in different cancers; however, reviewing the studies, it is not entirely
established if it acts as a driver or passenger in cancer progression. On one cancer type that NSD3S
may be relevant, is in NUT midline carcinoma. NSD3-NUT oncofusion contains almost the complete
sequence of NSD3S isoform, including the 15 amino acids required for the increase on MYC stability
and transcriptional activity. Therefore, by targeting NSD3S/MYC PPI, we may be disrupting one of
the mechanisms that the fusion protein may have to promote tumorigenesis. Interestingly, in NUT
midline carcinomas driven by BRD4-NUT oncofusion, NSD3S/MYC PPI may also be relevant, due
to the potential connection between BRD4, MYC and NSD3S protein, already discussed before. Also,
BRD4-NUT fusion may bind to NSD3S/MYC complex and by that mechanism promote
tumorigenesis. In Appendix A.3 we also show preliminary data for the identification of inhibitors for

NSD3S/BRD4 PPI.

4.6 Summary and future directions
In summary, the work presented in this dissertation provides a novel mechanism of regulation

of the MYC oncogene. We described and characterized a new PPI between MYC and NSD3S,

therefore connecting an oncogenic pathway to an epigenetic regulator. We also uncover an oncogenic
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function for NSD3S isoform, increasing MYC half-life and transcriptional activity. Overall, the dual
effect that NSD3S has in MYC may be driven by different signaling molecules (Figure 4-1). The impact
in MYC stability, as we show here, might be in part by acting through the FBXW7 pathway. The MYC
transcriptional activity effect could be through MAX or involving other proteins. It is also possible
that the increased transcriptional activity of MYC is due to the increased amount of MYC half-life
with reduced degradation induced by NSD3S. This work adds knowledge for the development of a
PPI distruptor for MYC/NSD3S, that could benefit cancer patients with MYC or NSD3S

amplification or oncofusions.

Future directions of this work would advance MYC/NSD3S knowledge to a translational
aspect of cancer biology. First, it is important to determine the connection between MYC/NSD3S
PPI with the different hallmarks of cancer. This will allow us to understand the functional importance
of the PPI and give us insights into what steps of cancer progression this PPI could be linked. Next,
studying deeper the mechanism by which NSD3S increases the transcriptional activity of MYC. MYC
as a transcription factor acts through the activation/repression of target genes, so understanding how
NSD3S achieves the enhancement could be relevant for developing small molecule inhibitors.
Similarly, there is more to discover on the regulation of FBXW?7 pathway. Lastly, the development of
small molecule inhibitors for MYC/NSD3S PPI (Appendix A.2) and testing those inhibitors in MYC-

driven tumors and NUT midline carcinoma cell lines may have significant therapeutic implications.



100

stability

1
1
1
1
1
|1.ERK !
]
1
1

2. GSK3b
—p Gene

expression
:- — Gene_
! expression
1
1
1
i
1
- 1
. oo Proteasomal '
“FU00o gegradation
1
%o L —) Gene

expression




101

Figure 4-1. Proposed model.

NSD3S increases MYC stability and transcriptional activity. The enhancement of MYC half-life is
pattially through the interruption of FBXW7/MYC binding. The effect of NSD3S in MYC
transcriptional activity may be due to numerous mechanisms. Here we illustrate just three of them.
First, forming a complex with other epigenetic regulators (labeled as protein “X,” “Y” or “Z”), second,

by binding to H3K36me through the PWWP domain, and finally by interacting to MAX.
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A.1 Connection between NSD3S/MYC/MAX

Introduction

MYC and MAX are transcription factors that belong to the bHLLH-LZ family of proteins. We have
already shown that NSD3S increases MYC transcriptional activity. For MYC to bind E-box
promoters, it needs to heterodimerize with MAX protein. We sought to investigate the connection or

collaboration between NSD3S, MYC, and MAX.

Results

We examined if NSD3S can also bind to MAX, and indeed by TR-FRET and GST pull-down, we
could detect a positive signal for GST-MAX and Venus-flag-NSD3S (Figure A-1A and A-1B).
Interestingly, when co-expressing the three proteins together and isolating GST-MYC, we can see that
NSD?3S binding to MYC is enhanced under the presence of MAX (Figure A-1C). Also, when isolating
GST-MAX, the binding of NSD3S to MAX is increased when MYC is co-expressed together (Figure
A-1D). On both assays, the binding between MYC and MAX seems to be similar with or without
NSD3S (Figute A-1C and A1-D). Furthermore, the increase was seen between NSD3S/MYC with

MAX, and NSD3S/MAX with MYC, tend to be dose-dependent (Figure A-1E and A-1F).

Conclusions

The data shown here, suggest a positive collaboration between MYC/MAX with NSD3S interactions.
Additionally, results presented could explain the increase of MYC transcriptional activity by NSD3S,

maybe forming a complex and bringing it to active transcription sites by the chromatin reader, the

PWWP domain.



TR-FRET signal (520/488nm)

- 888 B8

GST-MAX + ¢+

GET-veclor -
\enus-fag-NSD35 +
Vanus-flag-vector + #

E GST-MYC + + + + +
Venus-flag-NSD35 + + + + -
Venus-flag-Max - el +

Flag

GET
—_———
Flag
— -
GET |=====
actin (| meem———

Venus-flag-NSD3S
Venus-flag-MYC - - -

*

GET-MAX + - *+ -
GSTvector

Venus-flag-vector + - = = -

GET
pulldown

i 1
Flag
- . w0
GET
i .
—_—— 30
Flag
- - - 4
— - =] ot
GET
=1

F GET-MAX + + + + +
enus-flag-NSD3S5 + + + + -
Venus-flag-MYC - el +

Fsg | CSSml
osT Emm=et

=22

===
f=——=]

G5

actin

c

GST
pulidown

WCL

130

4

GST-MYC + + +
Venus-flag-NSD35 + + -
Venus-flag-MaX - + +

Flag

GST|

Flag

GST
actin

-
:H-n-
GET-MAX + + +

Wenus-flag-NSD3S + + -
Venus-flag-MYC - + +

Flag

M

GET

* [wew
43

'

43

126

GST

WCL

GST
pullidown

WCL




127

Figure A-1. Examination of the interplay between NSD3S, MYC and MAX proteins.

A. TR-FRET assay performed using HEK293T cell lysate with overexpression of GST-MAX and
Venus-flag-NSD3S or vector controls. Th-conjugated anti-GST-antibodies were used to detect GST-
MAX. The TR-FRET signal is expressed as the FRET ratio. Representative results of three
independent experiments are shown. B. GST-pull down assay performed to isolate GST-MYC
complexes in lysate from HEK293T cells with Venus-flag-NSD3S and/or -MAX overexpressed. The
presence of NSD3S and/or MAX on the complex was evaluated with anti-flag antibody by western
blot. GST antibody was used to control the amount of protein pull down. Expression in the whole
cell lysate (WCL) was used as a control. C. GST pull-down assay performed as panel B to isolate GST-
MAX with Venus-flag-NSD3S or-MYC overexpressed. D. GST pull-down same as panel B, only that
increasing amounts of Venus-flag-MAX were overexpressed (different amount of plasmid
transfected). E. GST pull-down with same conditions as panel C, only that increasing amounts of

Venus-flag-MYC were overexpressed.
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A.2 Ultra-high-throughput screening of small molecules for MYC/NSD3S PPI

Introduction

MYC is a well-validated oncoprotein. It has been extensively studied as a potential target for cancer
therapy due to its demonstrated functions in processes that drive cell transformation. This dissertation
revealed the novel interaction between MYC and NSD3S. NSD3S is sufficient to increase MYC
transcriptional activity and stabilizes MYC protein levels, indicating a potential oncogenic role for

MYC/NSD3S PPIL.

Results

In collaboration with Jinglin Xiong and others in the lab, we published an assay paper of the
development of a time-resolved fluorescence resonance energy transfer (TR-FRET) assay for ultra-
high-throughput screening (WH'TS) to find distuptors for MYC/NSD3S PPI. The experimental details
on the development and optimization of the TR-FRET assay have been published in Assay and drug
development technologies (2018) do1:10-1089. To validate the assay for screening in a 1,536-well
uHTS format, a pilot screening was carried out using the Spectrum library containing 2,000
pharmacologically active compounds with a final compound concentration of 20 mM (201) (Figure
A-2A). To validate the positive compounds identified in the pilot screening, we optimized a GST pull-
down assay. Finally using sonication with lysis buffer of 0.25% Triton X-100 and adding 120 ul of
lysate for the isolation of GST-MYC (Figure A-2B). After the optimization of the orthogonal GST
pull-down assay, we tested 15 compounds that showed promising results in the pilot screening (Figure

A-20).

Conclusions

Together, the results show the development and validation of a cell lysate based TR-FRET assay for

screening small molecule inhibitors for the MYC/NSD3S interaction.
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Figure A-2. Development and validation of a uHTS for MYC/NSD3S PPI.

A. Pilot screening in an uHTS format with Spectrum library of 2,000 compounds. Percentage of
inhibition was calculated for each compound. A hit cut-off of 40% was used, leading to the
identification of hit compounds. B. GST pull-down assay optimization with lysis buffer of 1%0NP-40
and 0.25% Triton X-100. Optimization also of lysate method for HEK-293T cells with rotation for
30°C or sonication for 5 second. Finally, different amounts of lysate were tested for detection of GST-
MYC and Venus-flag-NSD3S PPI. C. Validation of positive hit compounds by GST-pull down assay

for GST-MYC/Venus-flag-NSD3S PPI in the presence of different concentrations of the compound.
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A.3 Ultra-high-throughput screening of small molecules for NSD3S/BRD4 PPI.

Introduction

NSD3S/BRD4 PPI has been studied previously and shown to be an important interaction for the
progression of leukemia. Both NSD3S and BRD4 have been validated as oncogenes and BRD4 as a
therapeutic target for cancer. We postulate here NSD3S/BRD4 PPI as a potential target for cancer

therapy due to its demonstrated functions in processes that drive cell transformation.

Results

In collaboration with Dr. Du and others, we developed a time-resolved fluorescence resonance energy
transfer (TR-FRET) assay for ultra-high-throughput screening (uHTS) to find disruptors for
NSD3S/BRD4 PPI, having a positive signal for the interaction (Figure A-3A). To validate the assay
for screening in a 1,536-well uHTS format, a pilot screening was carried out using the LOPAC library
containing 1,280 compounds with a final concentration of 20 mM (Figure A-3B). Work published in
2016 showed the structural mechanism of NSD3S recognition by the BRD4 ET domain (Figure A-
3C). Further, it shows, that interacting sequence 152-163 of NSD?3S it is similar to MLV integrase
peptide (Figure A-3C). We tested the synthesized MLV peptide in TR-FRET and flag-
immunoprecipitation, in both seeing a dose-dependent disruption of NSD3S/BRD4 interaction

(Figure A-3D and A-3E).

Conclusions

Together, the results show the development of a uHTS assay for NSD3S/BRD4 PPI and the
validation of MLV peptide as a disruptor, which can be used a positive control for later compound

validation.
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Figure A-3. Development of a uHTS for NSD3S/BRDA4.
A. HEK-293T cells were transfected with HA-BRD4 and Venus-flag-NSD3S. The cell lysate was used
for TR-FRET assay. B. Pilot uHTS was carried out in a 1,536-well plate using 1,280 compounds of

LOPAC library. Percentage (%) of inhibition was calculated. A hit cut-off of 40% was used. C.
Structure of BRD4 ET domain and NSD3S linear binding peptide (on green) and MLV B-sheet
peptide (on yellow). (E-F). Co-expression of HA-BRD4, Venus-flag-NSD3S and increasing

concentrations of MLV peptide on E. Flag-immunoprecipitation. F. TR-FRET assay.
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