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Abstract

Nuclear receptor binding SET domain proteins (NSDs) catalyze the mono- or di-methylation of
histone 3 lysine 36 (H3K36mel and H3K36me2), using S-adenosyl-L-methionine (SAM) as a
methyl donor. As a key member of NSD family proteins, NSD2 plays an important role in the
pathogenesis and progression of various diseases such as cancers, inflammations, and infectious
diseases, serving as a promising drug target. Developing potent and specific NSD2 inhibitors may
provide potential novel therapeutics. Several NSD2 inhibitors and degraders have been discovered
while remaining in the early stage of drug development. Excitingly, KTX-1001, a selective NSD2
inhibitor, has entered clinical trials. In this perspective, the structures and functions of NSD2, its
roles in various human diseases, and the recent advances in drug discovery strategies targeting
NSD2 have been summarized. The challenges, opportunities, and future directions for developing
NSD2 inhibitors and degraders are also discussed.
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INTRODUCTION

As important epigenetic “writers”, histone lysine (K) methyltransferases (HKMTases)
decorate the core histone proteins by catalyzing reversible addition of one, two, or three
methyl groups to the e-nitrogen of a specific lysine residue (H3K4, H3K9, H3K27, H3K 36,
H3K?79, and H4K20), using S-adenosyl-L-methionine (SAM) as a methyl donor, which
results in the formation of mono-, di-, tri-methylated derivatives (Kmel, Kme2, and Kme3)
and production S-adenosyl-Z-homocysteine (SAH) (Figure 1a).1: 2 HKMTases play critical
roles in gene transcription, DNA repair, DNA replication, and cell differentiation.: 3 More
importantly, HKMTases have been reported to be implicated in the causes of many diseases,
including cancer, mental health disorders, and developmental disorders.?

Nuclear receptor binding SET domain protein 2 (NSD2), also known as Wolfe-Hirschhorn
syndrome candidate 1 (WHSC1) or multiple myeloma SET domain (MMSET), is a protein
lysine methyltransferase (PKMT) that predominantly catalyzes mono- and di-methylation
of histone 3 lysine 36 (H3K36) with SAM as a methyl donor, and produces SAH (Figure
1b).#8 NSD2 is an important member of the NSD family, which also includes NSD1 and
NSD3 (also known as WHSC1L1, WHSC1 like 1).2 7-9 NSD2 is associated with a broad
spectrum of human diseases, especially various cancers.l NSD2 is aberrantly overexpressed,
amplified, or somatically mutated in multiple types of cancer and has been defined as an
oncoprotein.10-13 Notably, NSD2 is overexpressed in multiple myeloma (MM) patients,
predominantly harboring a t(4,14) translocation that leads to the aberrant upregulation of this
gene.14-16 A recurrent gain-of-function mutation with the substitution of glutamic acid to
lysine at residue 1099 (p.Glu1099Lys, p.E1099K) in the catalytic SET domain of NSD2 has
been revealed in pediatric acute lymphoblastic leukemia (ALL) patients. NSD2 p.E1099K
hyperactivates its methyltransferase activity, driving oncogenesis and progreesion.17-20
Accumulating evidence indicates that NSD2 is overexpressed in various cancers such as
MM, skin, lung, bladder, brain, metaplastic breast, and prostate cancer (PCa).11: 21-23 NSD2
has been identified as a promising drug target, receiving more and more attention from

both academia and pharmaceutical industry.24 25 Therefore, developing potent and selective
small molecule NSD2 inhibitors may provide potential novel therapies for patients carrying
NSD2 overexpression, translocation, and/or mutation. Such compounds may also serve as
useful pharmacological tools for exploring the critical roles of NSD2 in various human
diseases.
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As critical epigenetic regulators, the aberrant HKMTases functions are associated with many
diseases. Developing HKMTases inhibitors as effective therapeutic agents have attracted

a lot of attention.?: 7 Over the past decade, significant advances have been made in
developing drugs targeting HKMTases for disease treatment by blocking the methylation

of histone lysine.2 In 2020, a selective and potent EZH2 inhibitor 1 (tazemetostat,
EPZ-6438), developed by Epizyme Inc., became the first HKMTase inhibitor approved

by the United States Food and Drug Administration (U.S. FDA) for treating epithelioid
sarcoma and follicular lymphoma.26 In addition to tazemetostat, several other EZH2
inhibitors have entered clinical trials at different stages. Moreover, a DOT1L histone lysine
methyltransferase inhibitor 2 (pinometostat, EPZ-5676) has completed the phase I clinical
trials for treating leukemia showing an acceptable safety and pharmacodynamics profile
(ClinicalTrials.gov identifiers: NCT01684150 and NCT02141828).27: 28 |n addition, several
other HKMTases inhibitors have been developed (Figure 2), including 3 (UNC0642, a
G9a/GLP inhibitor),2? 4 (UNC0379, a SETDS inhibitor),3% 31 5 ((R)-PF1-2, a SETD7
inhibitor),32 6 (BAY-598, a SMY D2 inhibitor),32 7 (EPZ028862, a SMY D3 inhibitor)34

8 (A-196, a SUV420H1 and SUV420H?2 inhibitor),3> and 9 (MRK-740, a PRDM9
inhibitor).36

Given the driving roles of NSD2 in various diseases and simultaneously inspired by

the great success in devolving selective potent EZH2 and DOTLL inhibitors, as well as
other HKMTases inhibitors, substantial efforts have been made to identify potent NSD2
inhibitors. To date, several small molecule NSD2 inhibitors and degraders have been
reported, targeting either the catalytic SET domain or the proline-tryptophan-tryptophan-
proline (PWWP) domain with representative chemical structures shown in Figure 3.24 25
However, these inhibitors mainly target the catalytic SET domain, having little success
likely owing to poor enzymatic and/or cellular potency, as well as the subtype selectivity,
etc. Discovery and development of more potent and specific NSD2 inhibitors are urgently
needed. Encouragingly, in August 2022, compound KTX-1001 as a novel NSD2 inhibitor
targeting the catalytic SET domain, developed by K36 Therapeutics, Inc., has been
advanced into the phase I clinical trial to treat patients with relapsed and refractory MM
(Clinical Trials.gov Identifier: NCT05651932). There is a lack of detailed information about
KTX-1001, including its structure and preclinical data. Nevertheless, accumulating evidence
supports that developing novel potent and selective NSD2 inhibitors may offer viable
therapeutic approaches for treating human diseases, particularly various cancers. In this
review, the structures and functions of NSD2, its critical role in various diseases, and the
recent advances in developing NSD2 inhibitors have been comprehensively summarized.
The relevant challenges, opportunities, and future directions for developing small molecule
NSD2 inhibitors and degraders are also discussed.

STRUCTURES OF NSD2

The NSD family members (NSD1, NSD2, and NSD3) are large multidomain proteins
containing a conserved catalytic SET domain that is subdivided into pre-SET (aka.
AWS), SET, and post-SET domains,37: 38 two PWWP domains (PWWP1 and PWWP2)
that are responsible for binding to methylated histone H3 and DNA,3° five PHD (plant
homeodomain) zinc fingers (PHD1-PHD5) that are critical for exerting interactions with
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other methylated histones,*%: 41 and a cysteine-histidine-rich (CSHCH) domain.#2 NSD2 is
the shortest member of the NSD family, displaying a complex expression pattern, which
contains three isoforms, namely NSD2-long (MMSET-I1) (containing 1365 amino acids),
NSD2-short (MMSET-1) (containing 647 amino acids), and interleukin-5 response element
l1-binding protein (RE-11BP) (containing 584 amino acids).23: 24 43. 44 NSD2-long has
multiple protein-protein interactions (PPI) domains, composed of a conserved catalytic SET
domain with its AWS and post-SET domains, two PWWP domains, five PHD domains, and
a putative DNA-binding high mobility group box (HMG-box) domain. NSD2-short isoform
consists of a PWWP domain and an HMG-box domain, lacking histone methyltransferase
activity due to the absence of a SET domain. Compared to the NSD2-short isoform,
RE-IIBP initiates from the PHD domain of the NSD2-long isoform and contains two

PHD finger domains, a PWWP domain, and a SET domain, but without an HMG-box
domain (Figure 4).10 NSD family proteins (NSD1, NSD2, and NSD3) share a similar
structural organization in the C-terminal block region (about 700 amino acids) and possess
approximately 55%-68% identical amino acid sequences located among residues 703 and
1409.42 High sequence conservation is observed among the catalytic SET domains of all
the NSD members. Sequence analysis revealed that the NSD2-SET domain shares 75.9%
identity and 90.1% similarity with the NSD1-SET domain, while the NSD3-SET domain
shares 72.9% identity and 85% similarity with the NSD1-SET domian.*°

BIOLOGICAL FUNCTIONS OF NSD2

NSD proteins (NSD1, NSD2, and NSD3) share a highly homologous architecture composed
of about 700 amino acid sequences; however, they display substantially different functions.>
42 One study showed that embryonic lethality occurs in NSD1-knockout mice.#6 Another
study reported that although embryonic lethality was avoided, death occurs shortly after
birth in NSD2-deficient mice.#” Functional diversity of three NSD members might attribute
to the substrate specificities of their catalytic SET domains.*8 Highly conserved catalytic
SET domain of NSD2 plays an important role in transcriptional regulation through the
catalytic methylation, predominantly mono- and di-methylation of histone 3 lysine 36
(H3K36).37: 38 |n addition to the catalytic SET domain, other “reader” domains (five

PHDs, two PWWPs, and an HMG-box) also play critical roles in the NSD2 function.3%-

42 However, their individual and/or cooperative roles have not yet been comprehensively
elucidated.10 Five PHD fingers have been found to play a significant role in chromatin
reorganization.%: 41 Studies reveal that PWWP domains can recognize and bind to di- and
trimethylated H3K36 (H3K36me2 and H3K36me3) through a conserved aromatic cage and
simultaneously interact with nucleosomal DNA adjacent to H3K36.4 50 Moreover, PWWP
domains often exert functions with other histone and DNA “reader” or “modifier” domains
cooperatively to initiate the crosstalk between diverse epigenetic marks.*? The isolated
N-terminal PWWP domain (PWWP1) of NSD2 binds H3K36me2/H3K36me3 presumably
by a conserved aromatic cage and stabilizes NSD2 at chromatin. PHD fingers play a crucial
role in NSD interactions with other methylated histones except for methylated histone H3.39
Among all structural domains of NSD2, the catalytic SET domain, an epigenetic writer,
plays the most important role in post-translational gene modification and regulation via
catalyzing the mono- and di-methylation of H3K36. As a cancer-driving protein, NSD2 is
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frequently overexpressed, translocated (SET domain), or mutated (SET domain) in many
aggressive cancers, including malignant hematological and solid cancers. However, to
date, the roles of NSD2 in oncogenesis and progression have not been fully elucidated.
Notably, besides the critical roles in cancers, NSD2 also plays an essential role in the
normal development of the human body. Loss-of-function of NSD2 is correlated with

the developmental disorder Wolf-Hirschhorn syndrome (WHS) due to decreased histone
methylation activity.>! Patients with this syndrome lack one copy of MMSET resulting
from a partial deletion of the short arm of chromosome 4 (4p16.3). More importantly,
these patients often suffer from some mental and developmental disorders, such as mental
retardation, severe growth delays, craniofacial dysgenesis, efc.52-57 Consistently, NSD2
heterozygous mice display severe growth defects and WHS-like midline defects. Moreover,
mice with homozygous NSD2~/~ die shortly after birth owing to fetal growth retardation.4”
It is critical to understand the biological functions of NSD2 and its corresponding
mechanisms in various related diseases and the normal development of the human body,
which will facilitate the development of effective therapies. The main biological functions
of NSD2 and the underlying molecular mechanisms are depicted in Figure 5 and discussed
below.

NSD2 Facilitates DNA Damage Repair.

In addition to regulating gene expression, H3K36me2 plays a significant role in keeping
genomic stability via engaging in DNA damage repair.58 Given that the hyperactivation

of NSD2 caused by gene translocation or mutation increases the level of H3K36mez2, it

is reasonable to hypothesize that NSD2 is associated with DNA damage repair. Indeed,
several groups have also revealed that NSD2 participates in DNA damage repair, as shown
in Figure 5.5%-61 The p53-hinding protein 1 (53BP1) is a well-known important DNA
damage response (DDR) mediator,%2 which is recruited to the double-strand breaks (DSBs)
with the critical assistance of di-methylation of histone H4 lysine 20 (H4K20me2).83: 64 |n
general, the mono-methylation of H4K20 (H4K20 me1) was catalyzed by SETD86%: 66 and
H4K20mel can be transferred into di-methylated H4K20 (H4K20me2) and tri-methylated
H4K20 (H4K20me3) mediated by SUV420H1 and SUV420H2 enzymes.57: 88 However, the
absence of SUV420H1/2 and subsequent lack of most H4K20me2/3 did not abolish the
accumulation of 53BP1 at DSBs but only slightly delayed, indicating that other HMTases
may be responsible for methylating H4K20 specifically at DSBs.%8

Interestingly, NSD2 was found to significantly upregulate H4K20 methylation at the site
of DSBs in mammals.>® Moreover, the downregulation of NSD2 remarkably suppresses
the methylation of H4K20 at DSBs, which subsequently leads to reduced accumulation of
53BP1. In addition, the phosphor-H2AX (yH2AX)-MDC1 (the mediator of DNA damage
checkpoint protein 1) signaling pathway is engaged in the recruitment of NSD2 to DSBs
via the specifical interaction between the BRCT domain of MDC1 and phosphorylated Ser
102 of NSD2. Thus, the yH2AX-MDC1-NSD2 signaling pathway regulates the H4K20
methylation at the site of DSBS, subsequently promoting the recruitment of 53BP1. NSD2
roles as a bridge that connects the yH2AX-MDC1 pathway and H4K20 methylation.
Hyperactivation of NSD2 induced by translocation, mutation, or dysregulation contributes to
the repairment of DNA damage, which implies that patients carrying t(4;14) translocation
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or E1099K mutation often show poor prognosis after treatment with DNA damage-inducing
regimens, including chemotherapies and radiotherapies. DSBs may enhance the interaction
between the C-terminal domain of NSD2 and phosphatase and tensin homolog deleted

on chromosome 10 (PTEN), which stimulates NSD2-mediated di-methylation of PTEN
(PTENme2) at lysine 349 (K349).60 PTENme?2 is recognized by the Tudor domain of 53BP1
and then recruited into DNA-damage sites to implement the timely repair of DSBs, partly
through the dephosphorylation of yH2AX. More importantly, blocking NSD2-mediated
methylation of PTEN by expressing methylation-deficient PTEN mutants or inhibiting
NSD2 improves the sensitivity of cancer cells to the combination use of a PI3K inhibitor
and DNA-damaging agents in both cell culture and 7 vivo xenograft models. Interestingly,
NSD2-11 (long) but not NSD2-1 (short) display a high binding affinity with PTEN. These
studies revealed a novel mechanism that PTEN regulates the DNA damage repair in a
methylation- and protein-phosphatase-dependent manner. Therefore, the yH2AX-MDC1-
NSD2 axis is critical in the DNA damage repair machinery.

NSD2 Regulates the Epithelial-Mesenchymal Transition (EMT) Process.

As the most common cause of death among cancer patients, tumor metastasis goes through
multiple steps, during which cancer cells spread from the primary tumor site into distant
organs and establish a secondary tumor site.59 EMT process has been reported to be

critical in tumor development and progression.’%-73 After activation of the EMT process,

the adhesive epithelial cells convert into migratory and invasive mesenchymal cells, allowing
them to migrate through the extracellular matrix. Thus, cancer cells disseminate to the whole
body based on this mechanism. The highly conserved twist family bHLH transcription factor
(TWIST), a well-known master regulator of embryonic morphogenesis, plays a crucial role
in tumor metastasis.’® Inhibiting the expression of TWIST in highly metastatic breast cancer
cells specifically suppresses the cell metastasis from the breast to the lung. In addition, the
ectopic expression of TWIST decreases E-cadherin-mediated cell-cell adhesion, activates the
mesenchymal markers, and promotes cell motility, indicating that TWIST facilitates tumor
metastasis by enhancing the EMT process. TWIST is a crucial regulator in the development
and progression of PCa, and its activation is closely associated with tumor metastasis.”!
Additionally, inhibiting the activity of the TWIST gene is a potential therapeutic approach
for suppressing cell growth, invasion, and metastasis of androgen-independent PCa cells.

Several studies have reported that hyperactivation of NSD2 promotes the metastasis

and invasiveness of tumor cells by strongly activating TWIST and then activating the

EMT process (Figure 5).15 23.74.75 Moreover, down-regulation of NSD2 enhances the
expression of E-cadherin protein, while decreases N-cadherin and vimentin proteins. The
downregulation of NSD2 inhibits the metastasis of renal cell carcinoma (RCC) by blocking
the EMT process.’# In addition, NSD2 was found overexpressed in PCa cells, and its
knockdown in DU145 and PC-3 cells results in the suppression of cell proliferation and
colony formation in soft agar and remarkably diminishes cell migration and invasion.” In
contrast, overexpression of NSD2 facilitates cell metastasis and invasion, accompanied by an
EMT process. Mechanism studies showed that overexpressed NSD2 interacts with TWIST1
and strongly activates its activity, increasing H3K36me2 expression, which promotes the
EMT process, migration, and invasion of PCa cells. NSD2 is a critical driver of an
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EMT process in PCa cells, partly depending on the activation of the TWIST1 gene. The
t(4;14) chromosomal translocation, accounting for 15% in MM patients, could promote
the overexpression of NSD2, which facilitates tumor dissemination and accelerates disease
progression and relapse.1> Furthermore, TWIST, a downstream target of NSD2, was found
to activate the expression of a more extensive EMT-like gene signature in t(4;14)-positive
MM and promote tumor metastasis both /n vitro and in vivo, which may partly be
responsible for the aggressive features of MM patients harboring t(4;14) translocation.
Notably, the expression level of mesenchymal markers N-cadherin and vimentin are also
observed to be upregulated in t(4;14)-positive MM patients.’®: 77 Interestingly, NSD2 is
also detected to be aberrantly overexpressed in aggressive, metastatic solid tumors, such as
neuroblastoma, hepatocellular carcinoma and ovarian carcinoma.!3

NSD2 Regulates the EZH2-NSD2-Histone Methyltransferase (HMTase) Axis.

EZH2, an epigenetic regulator that mediates the tri-methylation of H3K27 (H3K27me3),
plays a driving role in tumor initiation, progression, metastasis, and invasion and has been
successfully validated as a druggable target.28: 78-80 Several studies have revealed that
abnormal expression of EZH2 and NSD2 exert a synergetic effect on the occurrence and
development of many malignant tumors, such as ovarian clear cell carcinoma (OCCC),8!
myeloma,82 and breast cancer.83 Mechanism studies showed that there exists an HMTase
axis linking EZH2 and NSD2 (EZH2-NSD2-HMTase axis), which is regulated by a network
of microRNA (miR-203, miR-26a, and miR-31), and the oncogenic functions of EZH2
correlate with NSD2 activity (Figure 5). Activated EZH2 induces the expression of NSD2
through H3K27me3-mediated suppression of microRNAs, leading to the progression of
tumors.84

NSD?2 is overexpressed in OCCC cells and promotes cell proliferation by increasing

the expression of H3K36me2.81 Moreover, there exists a significant correlation between
NSD2 and EZH2 mRNA levels. Importantly, the NSD2 mRNA level and the levels of

two important histone methylation markers, H3K36me2 and H3K27me3, that catalyzed

by NSD2 and EZHZ2, respectively, are significantly decreased after EZH2 knockdown in
OCCC cells. However, the knockdown of NSD2 showed almost no effect on the levels of
EZH2 and H3K27me3. These results suggest that NSD2 is a downstream target of EZH2,
whose expression is regulated by EZH2. The overexpression of NSD2 not only increases
the expression level of H3K36me2 but also decreases H3K27me3, which subsequently
stimulates the hyperactivation of EZH2, sensitizing NSD2-overexpressing cells to EZH2
inhibition.82 This study indicates the existence of an interplay between NSD2 and EZH2 in
myeloma oncogenesis. NSD2 and EZH2 were found to be overexpressed in breast cancer,
especially triple-negative breast cancer (TNBC), and tightly associated with pathological
tumor grade and lymph node metastasis.83 Moreover, the knockdown of EZH2 significantly
suppressed the proliferation, migration, and invasion of TNBC cells, reducing the expression
levels of NSD2, H3K27me3, and H3K36me2. Furthermore, the down-regulation of NSD2
expression in EZH2-overexpressing cells alleviates the EZH2-caused oncogenic effects.
More importantly, the EZH2-NSD2 axis participates in cell division, mitotic nuclear
division, and the mitotic cell cycle transition in TNBC. Thus, these findings demonstrated
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that the EZH2-NSD?2 axis plays key roles in tumor initiation, progression, migration, and
invasion and may serve as a predictive marker for poor prognosis.

Other NSD2-Mediated Signaling Pathways.

In addition to the mechanisms mentioned above, some other NSD2-mediated signaling
pathways have also been reported, such as the Wnt/p-catenin and NF-xB pathways,
promoting tumorigenesis, proliferation, metastasis, and invasion (Figure 5).85 6 |t was
reported that NSD2 could promote oncogenesis through regulation of the Wnt pathway in
bladder and lung cancer cells. NSD2 interacts with p-catenin to initiate the Wnt pathway and
then transcriptionally activates the p-catenin/Tcf-4 complex downstream gene CCND1.8°
NSD2, a coactivator of NF-xB, directly interacts with NF-xB to activate the downstream
genes, including interleukin-6 (IL-6), interleukin-8 (IL-8), vascular endothelial growth factor
A (VEGFA), cyclin D, B-cell lymphoma 2 (Bcl-2), and survivin, in castration-resistant
PCa cells.80 Interestingly, NSD2 is engaged in cytokine-mediated recruitment of NF-xB
and acetyltransferase p300, contributing to the hyperacetylation of histone. Importantly,
NSD2 overexpression in PCa cells is tightly associated with the activation of NF-xB.
Notably, NSD2 overexpression plays an important role in cell proliferation, survival,

and tumor growth, which is strongly induced by NF-xB target genes, including tumor
necrosis factor-alpha (TNF-a) and IL-6. This study suggests that NSD2 contributes to cell
proliferation, survival, and growth via activating the NF-xB signaling pathway. Several
studies have reported that NSD2 also plays a critical role in normal DNA replication

and cell-cycle progression, whose expression is dynamically regulated throughout the cell
cycle.>”- 87 NSD2 degradation was found to be induced during the S phase of cell mitosis
in a cullin-ring ligase 4-Cdt2 (CRL4C42)- and proteasome-dependent manner. Importantly,
NSD2-depletion in cells resulted in DNA replication defects and a decreased association
between pre-replication complex (pre-RC) factors and chromatin.>’

THE ROLES OF NSD2 IN VARIOUS HUMAN CANCERS

Hyperactivation of NSDs, including NSD1, NSD2, and NSD3, caused by either
overexpression or point mutations, have been reported to be tightly associated with

the occurrence and progression of diverse cancer types,11: 21-23 including hematological
malignancies, such as MM, ALL, etc.22 and solid tumors, such as colon cancer, breast
cancer, lung carcinoma, efc.21: 23 Overexpression of NSD2 in MM patients contributes

to tumor proliferation, dissemination, progression, and rapid relapses.1 NSD2 is one the
most frequently mutated epigenetic regulators in some different cancer types, especially
pediatric cancers, such as ALL.17 Mutation of NSD2 in tumor cells leads to reduced
apoptosis and accelerated proliferation, clonogenicity, migration, and adhesion.18 Other than
cancers, NSD2 is also associated with other diseases, such as inflammatory disorders, viral
infections, and autoimmune diseases. Importantly, cancer is the most directly related and
extensively studied disease associated with NSD2 abnormalities compared to other diseases.
The functions and possible mechanisms of NSDs in the tumorigenesis of diverse cancers are
summarized in Table 1. In this section, we mainly focus on the roles of NSD2 in various
cancers.

J Med Chem. Author manuscript; available in PMC 2024 May 14.
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Hematological Malignancies.

Acute Lymphoblastic Leukemia (ALL).—ALL is a clonal malignant disease that
affects the blood and bone marrow. ALL originates in a single cell and is characterized by
the overproduction of immature B-cells (white blood cells), called lymphoblasts or leukemic
blasts, that are phenotypically similar to the normal B-cell differentiation stages.133
Accumulated white blood cells finally suppress normal hematopoiesis and the infiltration

of many vital organs.134 Relapsed ALL has been a leading cause of pediatric cancer
mortality, accounting for 15-20%.20 134-136 Ce| lines harboring NSD2 translocations
showed increased H3K36me2 level due to the enhanced methyltransferase activity.17: 88
NSD2 p.E1099K mutation was identified in non-translocated ALL cell lines, leading to
accumulated H3K36me2.17 p.E1099K variant induced the hyperactivation of NSD2 and
promoted cell proliferation. NSD2 knockdown selectively inhibited the proliferation of
NSD2-mutant cell lines and hampered the tumor growth in an NSD2-mutant ALL xenograft
mice model, suggesting NSD2 plays a vital role in ALL. The NSD2 p.E1099K alteration
accounts for 14% of t(12;21) ETV6-RUNX1-containing ALLs. Point mutations taking place
in NSD2 catalytic SET domain (E1099K, D1125N, and T1150A) enhanced its interaction
with nucleosomes, causing the hyperactivation of its enzymatic activity, leading to higher
proliferation rates.1’- 18. 89,137,138 Recent studies conducted through high-throughput drug
screens revealed that overactivation of NSD2 catalytic activity induced by E1099K mutation
is closely associated with glucocorticoid resistance.138 Collectively, NSD2 may serve as a
potential therapeutic target for pediatric ALLs.

Multiple Myeloma (MM).—MM is one type of hematological malignancy characterized
by the uncontrolled growth of plasma cells in the bone marrow, accounting for
approximately 10% of hematological malignancies and 1.6% of all U.S. deaths caused

by cancer.139-141 Ag estimated in 2022, more than 34,470 new cases were diagnosed,

and 12,640 deaths were caused in the United States.242 Both the incidence of new cases
and deaths of MM are slightly higher in men than women and two-fold or more in
African-Americans than Whites.143 The median diagnosis age of MM patients is about
65 years.144 Overexpression of NSD2 appeared in about 15-20% of MM patients, which
was featured by a translocation in the chromosome 4 t(4;14). Overexpression of NSD2 leads
to apparent H3K36me2 increase and significant H3K27me3 decrease, which enhances the
recruitment of EZH2 and increases the sensitivity of cells to EZH2 inhibition.% 4382 The
dysregulation in H3K36me2 distribution has been considered as one of the first steps of
MM oncogenic program, owing to the consequent alteration of gene expression participated
in cell growth, adhesion, chromatin accessibility, and DNA damage response.*: 87: 88, 145,
146 Cancer cells with overexpressed NSD2 exert resistance to drug treatment, which the
enhanced capacity of DNA damage repair may explain.14’ The overexpression of NSD2
prompts the aberrant expression of the c-MY C gene through the aberrant repression of
miR126.148 TP53, c-MYC, and other related genes have been supposed as the key targets
of NSD2 in MM patients, whose highly aberrant expression levels are directly associated
with the aggressiveness and high risk in different subtypes of myeloma patients (both
NSD2-related and NSD2 non-related patients).149: 150

J Med Chem. Author manuscript; available in PMC 2024 May 14.
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Mantle Cell Lymphoma (MCL).—MCL belongs to a subtype of B-cell non-Hodgkin
lymphoma (NHL), which takes up 5%-10% of all lymphomas.1%1. 152 MCL is defined as

a unique incurable, rare B-cell malignancy that possesses a generally aggressive and albeit
heterogeneous clinical course and is subjected to produce resistance and relapse after the
initial response to therapy.1°1: 152 Gene mutations occurring in MCL pose a big challenge
for the diagnosis, pathogenesis, prognosis, and therapeutic management and response with
MCL patients.%0: 153. 154 As one of the frequently mutated genes in MCL patients, NSD2

is tightly related to the poor prognosis.1®4-156 Based on the analysis of patient-level data

in 2,127 MCL patients, NSD2 mutations with a prevalence of 15% were observed.152
Intriguingly, accumulated evidence indicates that both E1099K and T1150A mutations take
place in MCL patients, which accelerates the malignancy process of cancer cells through
hyperactivating the catalytic potency of NSD2 enzyme. NSD2 can be hyperactivated by
E1099K mutation alone, T1150A mutation alone, or a combination of E1099K and T1150A
mutations, resulting in the overexpression of genes associated with cellular proliferation
and cell cycle regulation.8% 90 Additional hydrogen bonds can be formed once the T1150A
mutation occurs, which helps the histone to insert into the catalytic pocket of the NSD2
enzyme.157 Therefore, developing potent inhibitors that selectively target NSD2 proteins,
including T1150A and E1099K mutations, will likely offer new therapeutic options for MCL
patients.

Acute Myeloid Leukemia (AML).—AML is the most common type of leukemias
among adults, accounting for about 80% of all leukemias, which is characterized by

clonal expansion of immature “blast cells” in the peripheral blood and bone marrow,
subsequently leading to ineffective erythropoiesis and bone marrow failure.158-160 AML,

a highly heterogeneous disease with a variable prognosis, can result from genetic mutations,
chromosomal translocations, or changes in molecular levels.161 Although many therapies
have been developed for treating patients with AML, there still exists an unmet clinical
need for new therapies. As mentioned above, NSD2 plays a significant role in developing
AML patients.1” However, the role and function of NSD2 in other leukemias, such as AML,
has not been fully explored. The loss of function of SETD2 was noticed to play a critical
role in facilitating the initiation and progression of leukemias characterized by MLL fusion,
MLL-PTD or AML1-ETO, through decreased H3K36me3.162 In addition, the reduction

of H3K36me3 caused by SETD2 mutations may potentiate leukemic transformation

and progression in cooperation with another genetic or epigenetic abnormality through

an independent and distinct epigenetic mechanism.162 SETD2 mutations occurred in

many hematopoietic malignancies and non-hematopoietic malignancies, indicating that

the SETD2-H3K36me3 pathway may serve as a common tumor-suppressive mechanism
for cancer, thereby providing a new chance for developing cancer diagnostics and
therapeutics.162 Furthermore, AML patients carrying SETD2 mutations were reported

to produce resistance to chemotherapy, partially attributed to cell cycle checkpoints’
alterations.163

While SETD2 and NSD2 share a similar catalytic domain, it is reasonable to believe that
NSD2 mutations may have a close association with the transformation and progression of
AML. Moreover, studies showed that NSD1 is essential for developing the human body and
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is easily mutated in AML patients. In 5% human AMLs, NSD1 fuses to nucleoporin-98
(NUP98) to form the NSD1-NUP98 fusion gene owing to the recurring t(5;11) (q35;p15.5)
translocation.?2 NUP98-NSD1 fusion was demonstrated to be able to induce AML in vivo,
sustain self-renewal of myeloid stem cells /n vitro, and enforce the expression of several
proto-oncogenes, including HoxA7, HoxA9, HoxA10, and Meis1.92 Further mechanisms
studies revealed that NUP98-NSD1 fusion binds genomic elements adjacent to HoxA7

and HoxA9 oncogenes, maintains histone H3K36 methylation and histone acetylation, and
prevents EZH2-mediated transcriptional repression of the HoxA locus during the process of
differentiation. As reported, the NUP98-NSD3 fusion gene in AML patients was associated
with t(8;11)(p11.2;p15).9° Patients with radiation-associated myelodysplastic syndrome (r-
MDS) were detected to carry chromosome abnormalities, including t(8;11)(p11;p15) and
del(1)(p22p32).164 Therapy-related myelodysplastic syndrome (t-MDS), a heterogeneous
disease of pluripotent hematopoietic stem cells, characterized by bone marrow (BM) failure,
often evolves into AML and displays a poor prognosis. Simultaneously, the presence of
NSD3-NUP98 fusion transcripts was observed and might be related to leukemogenesis.
Collectively, NSD1 and NSD3 proteins play important roles in the development and
progression of AML.

Since NSD family members share similar structural domains and functions, it is reasonable
to believe that NSD2 also serves critical roles in AML. So far, the definitive relationship
between NSD2 and AML remains unclear and needs further elucidation.16% Functional
alterations of NSD1 and NSD2 were found to be associated with the development of
erythroleukemia, a subtype of AML. Indeed, NSD1 has been reported to serve as a critical
regulator in erythroid differentiation, and its knockout significantly suppressed the proper
erythroblast maturation and promoted erythroleukemia in mice.93 Recently, it was reported
that MOLM13 cells (a kind of AML cell line), harboring an FMS-like tyrosine kinase 3
(FLT3) mutation associated with a worse prognosis, show slower proliferation after the first
a few days of treatment with NSD2 inhibitor IACS17596 (the structure was not disclosed),
suggesting NSD?2 is closely associated with the proliferation of AML cells.%* More detailed
mechanism of action for NSD2 inhibitor slowing the proliferation of AML cells needs to be
further investigated.

Other Hematological Malignancies.—NSD?2 plays a key role in the development and
evolution of many hematological malignancies. Overall, the main hematological tumors
associated with the alterations of NSD2 function caused by overexpression, translocations,
and/or mutations have been described above. With the MS profiling approach, global histone
modifications were characterized in 115 cell lines from the Cancer Cell Line Encyclopedia
(CCLE), a total of 1,000 human cancer lines that have received extensive genomic

and pharmacologic annotation.1” Based on prior evidence of epigenetic dysregulation,
they prioritized hematological malignancies, including ALL, MM, AML, and other
hematological tumors, such as diffuse large B-cell lymphoma (DLBCL), chronic myeloid
leukemia (CML), Hodgkin’s lymphoma, efc. Results showed that among 115 different cell
lines, six ALL cell lines and one MM cell line harbor E1099K mutation, and six MM

cell lines contain t(4;14) translocation. Besides E1099K, other NSD2 variants, including
G945fs and K361Q, were found in AML (CMK115) and CML (MOLMBG) cell lines.
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The AACR (American Association for Cancer Research) Project GENIE (Genomics,
Evidence, Neoplasia, Information, Exchange), an international consortium, reveals that
NSD2 mutations occasionally occur in a small percentage of other hematological tumors,
such as non-Hodgkin lymphomas (2.86%), Hodgkin lymphoma (1.79%), diffuse large B-
cell lymphoma (2.58%), and chronic lymphocytic leukemia/small lymphocytic lymphoma
(0.53%),96 which is highly consistent with the data shown in COSMIC database.22: 166
These results collectively support that although NSD2 mutations are associated with the
development and progression of many different types of hematological malignancies, the
most relevant hematological cancers with the alteration of NSD2 function disclosed by
current studies are still B-ALL, MM, MCL, and AML.

Solid Tumors.

Breast Cancer.—Breast cancer, one type of female malignancy, is characterized by
high incidence and mortality.167- 168 Nowadays, the prevention, diagnosis, and treatment
of breast cancers, especially triple-negative breast cancer (TNBC), remain a significant
challenge worldwide,16% which deserves more efforts to develop more potent and efficient
medications. Accumulated evidence suggests that NSD2 plays a significant role in the
development of breast cancers and may act as a potential novel therapeutic target.
Overexpression and hyperactivation of NSD2 have been found in both breast cancer
tissues and cells. Aberrant alterations in the function of NSD2 were detected to be closely
associated with earlier disease-related death, which is highly consistent with the published
tumor datasets that NSD2 is overexpressed in TNBC and high levels of NSD2 mRNA
correlates (P= 0.027) with the poor survival of TNBC patients.%’

Mechanistically, NSD2 modulates the survival and invasion of TNBC cells by mediating
the ADAM9-EGFR-AKT signaling pathway. The hyperactivation of NSD2 abnormally
activates the EGFR-AKT signaling pathway, which contributes to the TNBC cell resistance
to EGFR-targeted drugs.®” Additionally, based on the real-time PCR and western blotting
analysis, NSD2 was observed to be significantly upregulated in breast cancer cells and
tissues of clinical patients, and high level of NSD2 is tightly related to poor prognosis.?
Besides, downregulating the expression level of NSD2 via gene knockdown or silencing
results in a remarkable decrease in cancer cell proliferation, migration, and metastasis
through inhibiting the Wnt/p-catenin signaling pathway. Besides, the overexpression of
NSD?2 is highly associated with the therapy-resistance that occurred in breast cancer cells.
Tamoxifen, one kind of endocrine therapy, is widely used to prevent and treat breast

cancer patients with estrogen receptor alpha (ERa)-positive postmenopausal characteristics.
Overexpressed NSD2 was noticed to upregulate the expression of ERa gene in tamoxifen-
resistant breast cancer cells.% NSD2 expression was observed to be highly elevated in
tamoxifen-resistant breast cancer cell lines and clinical tumors, and correlates with disease
recurrence and poor diagnosis,190 suggesting that the overexpression of NSD2 plays a
critical role in drug-resistant breast cancers. A further study disclosed that NSD2-mediated
tamoxifen-resistant in breast cancers is characterized by alterations of the whole glucose
metabolism process, including the enhanced activity of pentose phosphate pathway (PPP),
increased level of nicotinamide adenine dinucleotide phosphate (NADPH) and decreased
level of ROS, which is realized by upregulating the genes expression of glucose-6-phosphate
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dehydrogenases (G6PD), hexokinase 2 (HK2), and TP53-mediated glycolysis regulatory
phosphatase TIGAR.190 Recently, DNZep, an indirect small-molecule NSD2 inhibitor, was
found to induce the degradation of NSD2 protein and inhibit the expression of NSD2
target genes, including G6PD, HK2, TIGAR, and GLUT1.170 |n addition, another study
revealed that NSD2 upregulates the expression of the ERa. gene via bromodomain and
extra-terminal (BET) proteins BRD3/4.9% Therefore, small molecule inhibitors targeting
NSD2 may provide a novel therapeutic option for breast cancer patients, including those
resistant to traditional therapies.

Urinary System Cancers.—Kidney and renal pelvis cancer has a high occurrence

and lethality that seriously affects human health worldwide, with 431,288 new cases and
179,368 deaths estimated for 2020.167 Moreover, it was estimated to be the 6 and 8"

most widespread cancer in men and women, respectively. Renal cell carcinoma (RCC)

takes up about 85% of all primary kidney neoplasms, recognized as one of the top

10 prevalent cancers worldwide. Metastatic RCC (mRCC) frequently and easily resists
traditional radiotherapy and chemotherapy.” Developing new drugs with novel mechanisms
of action is highly anticipated to improve the therapeutic outcomes of mRCC patients. Based
on the bioinformatic analysis NSD2 expression was noticed to be considerably upregulated
in many types of renal cancers, especially in metastatic clear cell RCC (ccRCC), illustrating
that NSD2 plays a critical role in the process of RCC carcinogenesis.’# Furthermore, the
silencing of NSD2 potently prevents cell metastasis and invasion by inhibiting the EMT
process in RCC. The detailed mechanism that NSD2 participates in the progression of
metastatic RCC via suppressing EMT remains largely unknown and will be further explored.
Taken together, NSD2 displays a significant role in RCC metastasis, and inhibition of NSD2
may provide a promising therapeutic alternative for patients with mRCC. Highly potent and
selective NSD2 inhibitors are urgently needed as pharmacological tools for the biological
function studies of NSD2, underlying mechanism exploration, and the mRCC treatment.

In 2020, prostate cancer (PCa) was estimated to be the second most frequent cancer and

the fifth leading cause of cancer deaths among men worldwide, with about 1.4 million

new cases and 375,000 deaths.167. 171 Advanced metastatic PCa patients display high
mortality once androgen-depletion therapy is ineffective.”> Comprehensive knowledge of
the mechanisms of PCa progression and a better understanding of metastatic properties may
contribute to identifying new therapeutic targets and drugs. NSD2 has been reported to be
associated with the advancement of PCa.”> 86. 172 NSD2 was observed to be overexpressed
in PCa tissue samples and cell lines, and its knockdown or inhibition by small molecules,
such as MTCP-39, could significantly suppress the proliferation and invasion of DU145
cells.1’2 NSD2 was found to be overexpressed and hyperactivated in PCa cells, facilitating
cell migration and invasion, accompanied by the EMT process.”® Excitingly, the depletion
or silencing of NSD2 impairs the proliferation, migration, and invasion of cancer cells.
Mechanism study manifested that the overexpression of NSD2 strongly activates twist
family bHLH transcription factor 1 (TWIST1) to promote the invasion, metastasis, and EMT
process of PCa cells. Moreover, when TWIST1 was depleted in NSD2-overexpressing PCa
cells, it was observed that cell invasion and EMT were blocked, suggesting that TWIST1

is an important partner of NSD2.7> NSD2 is aberrantly overexpressed in human lethal PCa
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cells and silencing of NSD2 blocked the metastasis of mouse allografts /n vivo, indicating
that NSD2 is a driver of metastatic PCa progression.1%4 Likewise, a recent study disclosed
that NSD2 serves as a critical modulator of PCa resident immune pathways, suggesting that
NSD2 may be a potential novel therapeutic target for PCa treatment.173

PCa shares two significant hallmarks: loss of phosphatase and tensin homolog (PTEN)

and activation of the PI3K/AKT signaling pathway.174 17> Interestingly, it was found

that these two alterations alone are insufficient for cells to acquire metastatic traits.103
Additionally, NSD2 is a critical driver for indolent PTEN-null tumors to become metastatic
PCa. Molecular characterization unveiled that upregulated AKT due to PTEN loss directly
phosphorylates NSD2 at the S172 site to inhibit its degradation by CRL4C42 E3 ligase,
which contributes to the effects of NSD2 on PCa metastasis. Overexpressed NSD2
transcriptionally enhances the expression of RICTOR, a key member of mTOR complex

2 (MTORC?2), to further hyperactive AKT.103 Therefore, the AKT/WHSC1/mTORC2
signaling cascade is a vicious feedback loop that activates the AKT signaling continuously.
Furthermore, NSD2 was found to increase the motility of PCa cells by positively regulating
Ras-related C3 botulinum toxin substrate 1 (Racl) transcription. The biological importance
of an NSD2-mediated signaling cascade is substantiated by patient sample analysis in
which WHSC1 signaling is tightly correlated with disease progression and recurrence. These
findings manifest an unexpected but important correlation between an epigenetic regulator
NSD2, and critical intracellular signaling molecules (AKT, RICTOR, and Racl), to promote
PCa metastasis.103 Therefore, NSD2 is a potential drug target, and its inhibition may serve
as an efficient therapeutic strategy against PCa.

Female Reproductive System Cancers.—In 2020, invasive cervical cancer (CC)

was estimated to be the fourth most commonly diagnosed cancer and the fourth leading
cause of cancer deaths among women worldwide, with appropriately 604,000 new cases
and 342,000 deaths.167 Radiotherapy and surgical therapy greatly benefit CC patients;
however, numerous late-stage patients always suffer from metastasis and recurrence heavily,
particularly in developing countries.1”® Therefore, increasing attention has been focused on
developing effective targeted therapies to treat CC. Several studies have unveiled that NSD2
is significantly overexpressed in the CC tissues and cells, is closely correlated with adverse
prognosis, and promotes cervical cancer cell proliferation, migration, and invasion,106-108

NSD2 expression was found significantly upregulated in CC tissues and cells and tightly
correlated with the International Federation of Gynecology and Obstetrics (FIGO) stage
and differentiation.106 Moreover, they noticed that NSD2 knockdown prevents proliferation,
migration, and invasion of endothelial C33A cells, characterized by overexpressed nitric
oxide synthase (eNOS), suggesting that NSD2 may participate in regulating the progression
of CC cells via the eNOS signaling pathway. Furthermore, the depletion of NSD2 inhibits
angiogenesis in human umbilical vein endothelial cells (HUVECS). Therefore, NSD2 is a
poor prognostic indicator of CC and is considered a novel potential therapeutic target for
CC patients. Likewise, NSD2 mRNA levels were identified to be significantly overexpressed
in CC cells, contributing to cell proliferation, migration, and invasion.10” NSD2 knockdown
markedly suppressed CC cell proliferation, migration, invasion, and silencing of NSD2
inhibited tumor growth in a xenograft model. NSD2 overexpression may promote cervical
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carcinogenesis by activating the AKT/MMP-2 signaling pathway. NSD2 was found to exert
its function in the development process of CC through a manner of gradual up-regulation
from the normal cervix (NC) to cervical carcinoma in situ (CIS) and then to invasive
cervical cancer (ICC).108 Moreover, NSD2 knockdown inhibited CC cell proliferation, and
NSD2 deletion markedly suppressed CC cell migration and invasion. Inconsistent with

in vitroresults, /n vivo experiments demonstrated that NSD2 knockdown inhibits tumor
growth and suppresses the development of tumor metastasis. Furthermore, the overexpressed
NSD2 regulates the progression of CC cells by activating the transforming growth factor-p1
(TGF-B1)/TGF-BRI/SMADs signaling pathway. Thus, targeting NSD2 inhibition may be a
promising therapeutic strategy for overcoming metastasis in CC cells.

NSD2 was also found overexpressed in endometrial cancers compared to normal
endometrium.105 Furthermore, the patients with high NSD2 expression showed poor overall
survival and disease-free survival compared with patients with normal or low NSD2
expression, indicating that NSD2 overexpression may serve as a new prognostic biomarker
and a potential therapeutic target for patients with endometrial cancer.

Lung Cancer.—Several studies have reported that all three NSD members are frequently
overexpressed in lung cancer.109-112, 177,178 However, the contribution of NSD2 to the
development and progression of lung cancer is still poorly understood. To validate the
expression level and the role of NSD2 in lung cancer, the data from The Cancer Genome
Atlas (TCGA) were analyzed.110 Based on the analysis of mMRNA levels, NSD2 is highly
overexpressed in lung cancers, such as adenocarcinoma (AD) and squamous cell carcinoma
(SCC), compared with normal lung tissue obtained from the same patients, which is in
agreement with previous reports. Moreover, NSD2 promotes the proliferation of a series

of lung cancer cell lines by enhancing oncogenic RAS-mediated transcriptional responses.
Furthermore, the combinatorial therapy, composed of MEK or BRD4 inhibitors and NSD2
inhibition, effectively treats oncogenic RAS-driven lung cancers with NSD2 overexpression.
Similarly, other NSD members, including NSD1 and NSD3, have also been reported to be

overexpressed in a subset of lung cancers and play a critical role in the proliferation of tumor
cells. 109, 111, 112, 177,178

Osteosarcoma (OS).—OS represents one of the most frequent primary malignant bone
tumors, with an annual incidence of about one to three cases per million worldwide. OS
mainly affects the health of children and adolescents and is characterized by rapid growth,
a high tendency for invasion, metastasis, and poor prognosis.1”®: 180 The conventional
therapies for OS patients are surgical resection combined with chemotherapy and/or
radiotherapy, significantly improving the 5-year survival rate of approximately 60—-70%.
However, owing to the high frequency of recurrence and chemotherapy resistance, the
survival time of OS patients is significantly shortened.181: 182 New promising target-based
therapies are urgently needed for the survival improvement of OS patients. Several studies
have shown that NSD?2 is highly overexpressed in OS cells, and its overexpression is
tightly associated with unfavorable prognosis and poor five-year overall survival 113 114

It was reported that upregulated NSD2 could promote the proliferation and invasion of
OS cells through a possible mechanism of suppressing E-cadherin and induction of the
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EMT.113 NSD2 expression was observed to be highly elevated in OS patients, especially

in cisplatin-resistant patients, and patients with lower expression level of NSD2 display
better prognosis.114 Furthermore, NSD2 knockdown can promote OS apoptosis both in vitro
and /n vivo. In addition, NSD2 knockdown significantly enhances the sensitivity of OS to
cisplatin treatment and subsequently prevents properties closely correlated with cancer stem
cells (CSCs). Mechanism analysis illustrated that NSD2 knockdown negatively regulates

the expression of apoptosis regulatory proteins BCL2 and SOX2 via the ERK and AKT
signaling pathways.114 Together, these results support that NSD2 may be a novel therapeutic
target for overcoming OS resistance to chemotherapy.

Other Solid Tumors.—Except for the tumors discussed in the above sections, NSD2
also has been reported to be significantly overexpressed in other solid tumors, such as
hepatocellular carcinoma (HCC),116 head and neck squamous cell carcinoma (HNSCC),118.
183 skin squamous cell carcinoma (SCC),121 colorectal cancer (CRC),126: 127 neuroblastoma
and glioma,123: 124 stomach and anal canal carcinomas,3 efc. NSD2 was observed to be
aberrantly overexpressed in HCC patients, and its overexpression is strongly related to

the Edmondson stage and vascular invasion.116 Additionally, NSD2 upregulation in HCC
patients is highly correlated with shorter overall survival and disease-free survival. Their
study distinctly manifested that abnormal NSD2 upregulation is an independent prognostic
factor associated with unfavorable survival in HCC patients. The expression levels of NSD2
and H3K36me2 were found to be significantly upregulated in HNSCC tissues compared

to the normal epithelium and significantly associated with histologic grade.183 Moreover,
NSD2 knockdown can remarkably suppress cell growth, induce cell apoptosis, and delay
cell-cycle progression in multiple HNSCC cell lines, suggesting that NSD2 is crucial

for cell proliferation. Furthermore, NSD2 affects cell growth, apoptosis, and cell-cycle
progression in HNSCC cells with a mechanism of regulating its direct downstream target
NIMA-related-kinase-7 (NEK7) via H3K36me2.118 NSD2 was also found significantly
overexpressed in human skin SCC cells and that downregulation of both NSD2 and
microRNA-154 resulted in proliferation suppression and apoptosis induction through
blocking the P53 signaling pathway.121 NSD2 is also overexpressed in CRC tumoral tissue
compared to normal colon tissues and inhibits CRC cell apoptosis by targeting anti-apoptotic
BCL2126. 127 Therefore, the NSD2 gene may be a potential prognostic biomarker for

CRC patients with poor prognosis. It was reported that NSD2 overexpression isfrequently
occurres in neuroblastoma, accounting for 75% of all neuroblastomas (n = 164).123
Moreover, the overexpression of NSD2 in neuroblastomas is significantly associated

with poor survival, unfavorable prognosis, and unexpected metastasis. Furthermore, the
level of NSD2 in human neuroblastoma cells decreased strongly after retinoic acid-
induced differentiation /n vitro, which is highly consistent with the results obtained after
chemotherapy. This study suggested that NSD2 may be a potential therapeutic target for
neuroblastoma treatment. NSD2 was revealed to be overexpressed in stomach and anal
canal carcinomas, etc.13 NSD2, along with 103 other proteins, was disclosed to exist

only in the glioblastoma multiforme (GBM) tissue samples but not in normal brain cortex
samples by mass spectrometric sequencing, which was also validated by western blot and
immunohistochemistry experiments.124 Moreover, the expression of NSD2 is positively
correlated with glioma cell proliferation activity. In addition, RNA interference (RNAI)
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can suppress glioma cell growth by inhibiting NSD2 expression. Collectively, these results
support that NSD2 is involved in the progression of glioma, while a detailed mechanism
remains to be elucidated.

THE ROLES OF NSD2 IN OTHER HUMAN DISEASES

In addition to cancers,184: 185 epjigenetic targets also play significant roles in other human
diseases, 186 such as inflammation, 187 viral infections,88 central nervous system (CNS)
disorders.189 For example, bromodomain-containing protein 4 (BRD4), a key epigenetic
regulator, has been implicated in cancers, %0 viral infections,191-194 and inflammations195-
197 and their function inhibition by small molecules resulted in anticancer, antiviral, and
anti-inflammatory effects,198: 199 which has also been clarified in our previous work,200-203
NSD?2 also plays pivotal roles in the pathogenesis of inflammations, viral infections, and
autoimmune diseases beyond cancers.204 205

Both NSD2 and its target gene HDAC2 were revealed to activate the NF-xB signaling
pathway inducing the occurrence and progression of inflammation by promoting the release
of proinflammatory cytokines.2%4 Meanwhile, NSD2 can modulate the envelope protein
(protein E) of SARS-CoV?2 via interactions with BRD4, suggesting that NSD2 may play

an important role in the progression of SARS-CoV2.204 Proteolysis protein chimeras
(PROTACS) targeting NSD2 degradation are being developed as valuable tools to explore
the role of NSD2 in SARS-CoV2 and/or as potential therapeutic agents to treat COVID-19,
a SARS-CoV2-related coronavirus disease (https://www.mitacs.ca/en/projects/development-
targeted-degradation-nuclear-receptor-binding-set-domain-protein-2-nsd2). Verticillin A was
found to be able to awake latent virus and its combined use with one or more antiretroviral
drugs may significantly improve the antivirus potency, including human immunodeficiency
virus (H1V).29% NSD2 was observed to play an essential role in pathogen infection by
regulating the differentiation of follicular helper T (Tfh) cells essential for humoral immune
responses, and the deficiency of NSD2 ultimately resulted in delayed viral clearance.29°

In addition, both Crotty and Ueno groups found that Tfh cells are also implicated

in autoimmune diseases, especially autoantibody-mediated autoimmune diseases.207. 208
Therefore, regulating the activity of NSD2 with small molecules or vaccines may serve

as a potential therapeutic strategy for pathogen infection and auto-immune diseases.
Notably, beyond an association with various cancers and other diseases mentioned above,
NSD2 also plays important roles in the normal development of the human body. NSD2
defects caused by genetic depletion display Wolf-Hirschhorn syndrome (WHS), resulting in
mental retardation, severe growth delays, craniofacial dysgenesis, congenital cardiovascular
anomalies, and other developmental disorders.51 57

TARGETING NSD2 AS A POTENTIAL THERAPEUTIC STRATEGY FOR
CANCERS AND OTHER DISEASES

As discussed earlier, HKMTases are key epigenetic modulators that catalyze the mono-,
di-, or tri-methylation of specific lysine on histone H3 and H4. HKMTases have received
increasing attention for their significant role in gene regulation, DNA replication, and
cell differentiation. HKMTases are associated with cancer and other diseases and have
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been demonstrated as potential therapeutic targets. NSD2, one member of HKMTases,
serves as an important epigenetic regulator that catalyzes the formation of H3K26mel

and H3K26me2. Studies have shown that NSD2 participates in several cellular processes,
including DNA damage repair, EMT and cell cycle regulation, efc. Its translocation,
mutations, and/or overexpression strongly correlate with cell proliferation, migration,
invasion, and apoptosis. Furthermore, NSD2 depletion can suppress cell proliferation,
induce cell proptosis, and delay cell-cycle progression. Moreover, the abnormal expression
of NSD2 is an oncogenic driver in diverse cancers, including hematological tumors (e.g.,
ALL, MM, MCL, AML) and solid tumors (e.g., PCa, breast cancer, lung cancer, and renal
cancer). Therefore, selectively targeting NSD2 with small molecules may offer a potentially
viable therapeutic approach for treating various cancers and other relevant diseases.

To date, several small molecule NSD2 inhibitors have been reported. However, most
currently available NSD2 inhibitors have limited success due to either poor selectivity,
limited potency, or less optimal drug-like properties. Therefore, the development of potent
and selective NSD2 inhibitors remains an unmet need. Several challenges exist in the
discovery of NSD2 inhibitors, significantly impacting the efficiency and outcomes of drug
development. These challenges include: 1) The exact roles and mechanisms of action of
NSD2 in various cancers and other related diseases are still not fully understood; 2) A
unique autoinhibitory loop exists in the catalytic SET domain of all NSD family members
that blocks the binding of small molecule inhibitors with the active site, thereby significantly
impeding the development of potent and selective NSD2 inhibitors; 3) Since all NSD family
proteins (NSD1, NSD2 and NSD3) and other HKMTases contain a conserved catalytic

SET domain, most of currently available NSD2 inhibitors show poor selectivity, which

may cause some side effects and hinder the pharmacological studies on the exact effects
with specific NSD2 targeting and inhibition; 4) While several NSD2 inhibitors showed
excellent enzymatic inhibitory activity, their cellular activity and/or /n vivo efficacy were
poorly translated likely owing to their unfavorable druglike properties such as low cellular
permeability, poor solubility, poor oral bioavailability, or some other unknown reasons. With
the rapid development of innovative technologies and more extensive studies of biological
functions and mechanisms, these challenges may be overcome, eventually leading to
exciting outcomes. Therefore, drug discovery and development of more potent and selective
NSD2 inhibitors with ideal druggability properties appear to be a viable approach for

novel therapies in the near future. For example, such efforts are inspired by the successful
advancement of KTX-1001 into clinical trials. Herein, the recent advances in developing
small molecule NSD2 inhibitors were summarized, and the relevant strategies targeting
NSD2 are classified into three categories: NSD2 inhibitors, NSD2 protein degraders, and
combinatorial therapies.

Small Molecule NSD2 Inhibitors.

Based on the targeted domain, small molecule NSD2 inhibitors are divided into three types:
inhibitors targeting the catalytic SET domain of NSD2 (NSD2-SET), inhibitors targeting the
PHD domain of NSD2 (NSD2-PHD), and inhibitors targeting the PWWP1 domain of NSD2
(NSD2-PWWP1). NSD2 inhibitors targeting the SET domain can be classified into SAM
coenzyme-competitive inhibitors and or histone-tail substrate-competitive inhibitors.
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Inhibitors Targeting the Catalytic SET Domain of NSD2.—HMTase inhibitors are
generally classified into three categories based on their mechanism of action, including
allosteric inhibitors, SAM coenzyme-competitive inhibitors, and histone-tail substrate-
competitive inhibitors.29° The SET domains of HMTases comprise two binding pockets: the
large histone-tail binding/active groove and the small coenzyme SAM binding cavity, which
are linked by a narrow channel where the histone lysine substrate extends into.210 Due to

a highly conserved SET domain shared by NSDs, it is challenging to design compounds
specifically targeting NSDs to explore their biological functions.

Several compounds have been characterized as NSD2 inhibitors through screening

and structural optimization, such as SAM-competitive inhibitors Sinefungin and its
derivatives?11-214 3.Deazaneplanocin A (DZNep)170, and MCTP-39 and its derivatives!’2,
and substrate-competitive inhibitors Suramin?12, Chaetocin?12 215 \erticillin A206,
UNC0638214, PF-03882845215, TC LPAS5 4215 and ABT-199.21° Although these
compounds may serve as useful tools for exploring the function of NSD2 and its relationship
with diseases, their further drug development value is greatly limited due to the poor activity,
target specificity, membrane permeability, bioavailability, and other drug-like properties.
This section describes several substrate-competitive NSD2-SET inhibitors with potential
further study value.

The catalytic SET domains of all HMTases are conserved, especially among the NSD
subfamily members (NSD1, NSD2, NSD3). In the catalytic SET domain, NSD2 is found to
share extremely high structural identity and similarity with G9a and 9a-like protein (GLP)
(identity: 29.6% with G9a vs. 27.7% with GLP; similarity: 48.3% with G9a vs. 46.1% with
GLP), indicating that NSD2 and G9a/GLP have similar structural features in their SET
domains.209 BIX-01294 (17, Figure 6), a histone-tail mimetic inhibitor, was first reported
as a potent G9a/GLP inhibitor (G9a: ICgg = 180 nM; GLP: ICsq = 34 nM), resulting in

the reduction of K3H9me2/3 by inhibiting H3K9 methylation activity.216-219 Gjven that
NSD2 and G9a/GLP share similar structural features in their SETs, compound 17 was
further identified to display inhibition of NSD2.29° The /n vitro study demonstrated that

17 can potentially suppress the level of H3K36mel catalyzed by NSD-SETs (NSD1-SET:
IC59 =112 + 57 uM; NSD2-SET: IC5p = 41 £ 2 uM; NSD3-SET: IC5q = 95 £ 53 pM),
suggesting that 17 is a pan-NSD inhibitor with a poor selectivity towards NSD2. At that
time, the co-crystal structures of HMTase inhibitors in complex with NSD2-SET or NSD3-
SET were not available, an accurate binding mode and detailed interactions between 17
and NSD2-SET could not be determined. Among all three NSD members, 17 exhibits the
strongest inhibition against NSD2, suggesting that it might be further optimized into a
potent, selective NSD2 inhibitor.

The larger histone-tail binding pocket in the SET domain of NSD1 has greater sequence
heterogeneity and is more easily accessible than the small conserved SAM binding
pocket.220 |t was hypothesized that selective inhibition against NSDs with small molecules
could be realized through targeting the histone-tail binding pocket rather than SAM binding
pocket. Based on virtual ligand screening against an NSD2 homology mode, compound
LEM-06 (10, Figure 6) was further identified as a hit inhibitor of NSD2, which specifically
binds to the histone-tail binding pocket in the SET domain of NSD2.220 Compound 10
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suppressed the H3K36me1l /n vitro with an 1Csq value of 0.89 £ 0.25 mM, which is
much weaker than MTCP-39 (ICsp = 3 uM).221 10 served as a valuable hit to be further
optimized into a selective NSD2 inhibitor for exploring the role of NSD2 and treating
malignancies. The continuous efforts?19 discovered compound LEM-14 (11, Figure 6) as
the first selective NSD2 inhibitor by virtual ligand screening. Compound 11 can inhibit
the /n vitro H3K36 methylation mediated by NSD2 (ICsq = 132 uM) while interestingly
showing very weak potency against NSD1 (ICgo >1000 uM) and not detectable activity
against NSD3. Therefore, more optimization efforts are imperative to further improve the
potency and selectivity of 11.

Researchers from Epizyme Inc. validated compound PTD2 (18, Figure 7a), a norleucine-
containing peptide that derived from histone H4 (H4K44) substrate sequence, as an NSD2
inhibitor (K = 3.0 + 0.3 pM).222 Compound 18 showed an inhibitory activity against both
NSD2 and NSD3 with ICgq values of 22 £ 2 uM and 3.2 = 0.2 uM, respectively, while its
effect on NSD1 was unclear. Moreover, a crystal structure (Figure 7b, PDB 1D: 6CEN) of
18 in complex with SAM and the SET domain of NSD3 was determined, revealing that the
autoinhibitory loop plays a critical role in protein substrate binding and catalytic cycle of
NSD3. The discovery of 18 is an important step for sorting out the binding modes of NSDs
in obtaining potent and selective NSD2 inhibitors for better understanding its complicated
biological functions associated with various diseases, especially cancers.

Based on the structural analysis of available HMTase inhibitors and the effective application
of HTS, compound 19 (Figure 8) with a urea moiety was successfully identified as a potent
NSD2 inhibitor (ICsq = 8.3 pM).223 To obtain more potent NSD2 inhibitors, a systematical
structural optimization was conducted around 19. As a result, a series of di-aryl urea
derivatives (20, Figure 8) were synthesized and disclosed as potent NSD2 inhibitors for
treating various cancers, especially PCa, lung, breast, and ovarian cancer.223 Excitingly,
compounds 21-25 (Figure 8) showed superior or comparable NSD2 inhibitory activity
compared to 19 with an inhibition rate of 96%, 92%, 95%, 92%, and 99%, respectively,

at 50 uM. Their ICgq values were further determined as low micromolar potency (ICsq

=4.8 M, 7.5 uM, 3.7 uM, 8.1 uM, and 7.3 pM, respectively). Compound 23, with the
strongest NSD2 inhibitory activity, was chosen for further study. 23 robustly suppressed

the proliferation of 22Rv-1 cells, one type of PCa cells, in a dose- and time-dependent
manner, and the cell growth inhibition rate was determined as 66% after treatment with

23 at 10 uM for 10 days. Moreover, 23 reduced the methylation of H3K36, including
H3K36me and H3K36me2 in 22Rv-1 cells in a dose-dependent manner and it showed an
inhibitory effect on the expression of NSD2, suggesting that 23 also can inhibit the activity
of NSD2 in cells. These results illustrated that 23 suppressed the proliferation of cells via
inhibiting the activity of NSD2 to reduce H3K36me and H3K36me2. In addition, 23 showed
potent NSD2 inhibition (97% @ 10 uM) and modest MLL-1 and SETDB1 (79% @ 10 uM
and 85% @ 10 UM, respectively), while almost no effect on PRDM9, PRMT5, PRMT7,

and SMYD3, suggesting 23 displayed excellent selectivity for NSD2 compared with other
HMTases. Furthermore, 23 displayed robust and broad-spectrum anti-proliferation activity in
a panel of cancer cells (ICgps < 10 uM), including PCa, lung, ovarian, and tri-negative breast
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cancer (TNBC). All these results indicate that 23 may be further developed as a potential
therapeutic agent for treating or preventing various tumors.

The benzothiazole derivatives (26, Figure 9) were reported as nonspecific NSD inhibitors
for treating various diseases, especially cancers.224 Most of them showed modest NSD
inhibitory activities with 1Cgq values of 20-200 pM. Some of them, such as compound
BT3, displayed a moderate NSD2 inhibition with 1Cgq values of < 20 uM. Later, they
reported the detailed discovery process of compounds BT1 (27), BT2 (28), BT3 (29), and
BTS5 (30) (Figure 9).22> Compound 27 was identified as an NSD1 inhibitor that binds to
the catalytic SET domain by nuclear magnetic resonance (NMR)-based fragment screening
of about 1,600 in-house compounds with fragment-like properties. Several analogs of 27
were subsequently synthesized and tested, of which compound 28 with 4-hydroxyl and
6-bromo substituents was demonstrated as the most potent compound in NMR experiments.
28 exhibited a modest binding affinity to NSD1 SET domain (Ky = 10.4 uM) and NSD1
enzyme inhibitory activity (ICsp = 66 uM). To obtain irreversible NSD1 ligands, further
structural optimization was performed around 28, leading to the discovery of compound 29
with a thiocyanate at the 6-position instead of bromide. The crystal structure of NSD1 SET
in complex with 29 (Figure 10, PDB ID: 6KQQ) indicates that 29 covalently binds to the
NSD1 SET domain via a disulfide bond formed between 29 and the side chain of C2062.
Moreover, compound 29 is almost entirely buried in the SET domain, and the exerted
hydrophobic interactions with L2081 and F1996 and hydrogen bond network interactions
formed with the carbonyl group of T1994, hydroxyl group of the SAM cofactor, and an
internal water molecule. Furthermore, the crystal structure revealed covalent binding caused
a conformational change in the autoinhibitory loop, forming a unique, channel-like pocket
suitable for accommodating small molecules to access. Based on the analysis of the crystal
structures, to covalently target amino acid residue C2062, more structural exploration was
conducted, and several analogs of 29 with an aziridine group were synthesized. Compound
30 with a methyl-aziridine was validated to covalently bind to NSD1 via MS and NMR
experiments. Compound 30 showed potent NSD1 inhibitory activity (IC5p = 5.8 uM at 4

h and improved to 1.4 uM at 16 h due to irreversible binding) as well as moderate NSD2
(IC50 =26.7 UM at 4 h) and NSD3 (ICsg = 14.3 uM at 4 h). In addition, compound 30 was
demonstrated to selectively engage the NSD1 SET domain in eukaryotic cells (HEK293T
cells) transfected with Flag-NSD1 SET. Moreover, 30 selectively suppressed the growth of
NUP98-NSD1 cells in a time-dependent manner (Glsp = 1.3 uM and 0.87 uM at days 3 and
7, respectively). The mechanistic study revealed that 30 selectively suppressed the global
expression levels of H3K36me2 and reduced the expression levels of NUP98-NSD1 target
genes (Hoxa9, Hoxab, Hoxa7, and Meisl) in leukemia cells through covalent binding and
followed by impairing the activity of NUP98-NSD1. Overall, compound 30 may serve as
a valuable lead compound for further optimization to obtain the next generation of more
potent and selective NSD inhibitors.

To develop potent NSD2 inhibitors with new scaffolds, HTS was carried out to screen the
Chinese National Compound Library, a total of 296,080 compounds.226 As a result, 26
compounds at 20 pg/mL were successfully identified as hits, of which compound 31 (Figure
11) displayed the most potent inhibitory activity against NSD2 with an ICgq value of 19.4
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+ 6.5 pM. To find out more potent NSD2 inhibitors, scaffold exploration around compound
31 was conducted. Compound 32 (Figure 11) with a sulfonamide to replace the amide in 31
showed a 7-fold improvement in inhibitory activity against NSD2 (ICgg = 2.7 £ 0.3 uM). 32
was chosen as the lead compound with a systematical structure-activity relationship (SAR)
study on the 5-aminonaphthalene-1-sulfonamide scaffold. Results showed that most of the
compounds displayed much weaker potency compared to 32, and only 33 (IC5p=3.4+0.4
M) and 34 (IC5q = 3.2 = 0.8 uM) (Figure 11) exhibited comparable activity with that of
32 (ICgg = 2.7 £ 0.3 uM), suggesting that 32 is the most potent NSD2 inhibitors among all
these synthesized compounds. Interestingly, 32 exhibited distinct selectivity towards NSD2
inhibition over other human methyltransferases, including not only SET-domain-containing
methyltransferases, such as NSD1, SETD2, EZH2, MLL1, and MLL4, but also non-SET
domain-containing methyltransferases, such as DOT1L, PRMT4, and PRMT5. Moreover,
32 significantly prevented the methylation of H3K36me2 in a dose-dependent manner and
did not affect the level of histone H3 and NSD2 in RS4:11, MV4;11, KMS11, and OPM-2
cell lines, indicating that the reduction of H3K36mez2 is achieved by directly inhibiting
NSD2 methyltransferase activity but not by inducing the degradation of histone H3 or
NSD2. Furthermore, 32 suppressed the proliferation of ALL cell line RS4:11 (ICgq = 0.52
puM) and MM cell line KMS11 (ICsq = 1.88 uM) in a time- and dose-dependent manner.
Additionally, 32 can induce the apoptosis of RS4:11 and KMS11 cells in a dose-dependent
manner by arresting the cell cycle mainly at GO/G1 phase. 32 can also completely block
the transcriptional activation of NSD2 target genes in KMS11 cells, including TGFA, MET,
PAKZ1, and RRAS2. Importantly, /n vivo studies demonstrated that 32, when administered
intraperitoneally (i.p.) at 25 mg/kg QD for successive 21 days, can significantly suppress
the tumor growth of RS4:11 xenografts mice (TGI = 43.6%, T/C = 56.3%). Moreover, no
obvious side effect on the body weight change of SCID mice was observed, suggesting that
32 shows safety at the testing dose. Collectively, 32 may serve as a useful lead compound
with the potential to be further developed as a novel therapy for hematological malignancies.

Researchers from Novartis Inc. filed a patent on a series of purineamine derivatives
containing a piperidine moiety (35, Figure 12) as NSD2 inhibitors to treat or prevent
various NSD2-mediated diseases or disorders, especially for cancers, including MM and
thyroid carcinoma.?2” Most of the example compounds in this patent exhibit potent NSD2
(amino acids 1-1365) inhibitory activity (IC5ps = 0.01-1.0 puM), of which compounds 36-42
(Figure 12) even display more potent activity (ICggs = 0.001-0.01 uM). Moreover, 36-42
significantly decrease the H3K36me2 levels in MM cell line KMS11-Par as determined

by the FRET assay (36—40: IC5p = 0.214 pM, 0.16 pM , 0.248 puM, 0.225 pM and 0.27

UM, respectively) and in thyroid carcinoma cell line CGTH-W-1 as determined by ELISA
(41-42: 1C5¢ = 0.041 pM and 0.035 pM, respectively).

In 2022, a potent and selective NSD2 inhibitor KTX-1001 held by K36 Therapeutics
was approved by the FDA for conducting clinical trials. KTX-1001 selectively binds to
NSD2-SET domain and inhibits its catalytic function as a methyltransferase. KTX-1001,
was initially licensed from Novartis Inc., and its structure has not been disclosed.

Now, KTX-1001 is in phase | clinical trials for treating relapsed and refractory MM
(ClinicalTrials.gov Identifier: NCT05651932). Inspired by this milestone success of
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KTX-1001, more and more potent and selective NSD2 inhibitors are anticipated to be
developed into clinical trials as promising therapeutic agents in the near future.

Compound DA3003-1 (12, Figure 13) was identified as a potent NSD2 inhibitor through the
HTS assays.21> Compound 12 inhibited the NSD2 activity /n vitro by directly binding to the
catalytic SET domain. 12 inhibits both WT NSD2, and mutated NSD2 E1099K and T1150A
with sub-micromolar potency (IC5g = 0.17 uM, 0.11 pM, and 0.17 pM, respectively).

12, a non-selective NSD inhibitor, also displays inhibitory activity against NSD1 (ICsqg =
0.11 uM) and NSD3 (ICsq = 0.26 uM). Moreover, 12 shows obvious inhibitory activity
against other HMTases, indicating that it is a non-specific HMTase inhibitor. Furthermore,
12 can decrease H3K36me2 level in a dose-dependent manner (ICgq = 545 nM) in human
osteosarcoma cells (U20S); however, the cytotoxicity occurs at a higher concentration
(CCsp = 270 nM). Although 12 shows potent NSD2 inhibition and significantly reduces
H3K36me2 level in U20S cells, the exact mechanisms of action remain to be fully
elucidated, which may be complicated and associated with multiple targets given its quinone
scaffold. Further optimization to improve the target specificity of 12 is imperative.

In 2023, a comprehensive SAR study around the lead compound 12 targeting NSD2
inhibition was conducted based on its quinoline-5,8-dione scaffold.228 Newly designed
compounds displayed potent inhibitory activity against NSD2 (ICgps < 0.5 pM). Compound
13 (Figure 13) exhibited superior NSD2 inhibitory activity (IC5q = 0.23 uM) and
significantly suppressed the proliferation of several hematological cell lines (ICggs < 0.5
UM), including MM cell KMS-11 with NSD2 t(4;14) translocation (IC5p = 0.27 + 0.02 pM)
and AML cell RS4;11 with E1099K variant (IC5qg = 0.304 = 0.00 pM). Moreover, 13 can
induce cell apoptosis and suppress the mMRNA expression of NSD2-mediated downstream
target genes in the KMS-11 cells. Importantly, 13 showed good pharmacokinetic (PK)
properties with high oral bioavailability (F= 275%). Furthermore, 13 (75 mg/kg and 150
mg/kg) displayed significant antitumor efficacy with (TGI = 56% and 58.4%, respectively),
and showed desirable safety profiles (no obvious body weight loss and no adverse effects at
the testing dosages) in the MM xenograft mice model. These findings suggest that 13 may
be a potential NSD2 inhibitor as an advanced lead for further optimization. Interestingly,

a good dose-dependent effect was not observed when testing at a higher dose (150 mg/

kg), likely owing to the dynamic nature of epigenetic modulation and the difference in
NSD2-mediated genes. In addition, the NSD2-associated histone modification effect has
also been reported to regulate the tumor suppressor genes except for oncogenes. Similar
results were also obtained to show that 13 at higher concentrations can simultaneously
reduce the expression of tumor suppressor genes TRIB3 and DDIT4. However, the precise
mechanistic understanding of the poor dose response of 13 remains to be unraveled. Other
than NSD2 inhibition, 13 also displayed strong inhibitory activities against NSD1 (ICgg =
0.69 + 0.04 pM), NSD3 (ICsq = 0.75 £ 0.01 pM), and EZH2 (IC5q = 0.25 + 0.02 uM),
indicating a limited selectivity profile of this series of compounds.

Targeting the PHD Domain of NSD2.—PHD fingers are non-catalytic Zn2* binding
domains found in more than 170 human chromatin-related proteins.22° They are epigenetic
readers, typically regulating the transcriptional activity of its hosting protein through
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recognizing the specific histone marks, including H3K4me0, H3K4me3, H3K9me3.230-
232 The mutations of PHD fingers have been reported to associate with many diseases,

such as neurological and developmental diseases, cancers, and immunological disorders.*!
Therefore, PHD fingers are evolving as attractive domains to be targeted for epigenetic
drug development, providing a promising therapeutic alternative for classical inhibitors
targeting inhibition of enzymatic activity.233-237 |n 2020, based on NMR binding assays
and ITC measurements, a virtual screening of a small Zinc Drug Database (ZDD)

with a total of 2,924 compounds was performed against PHD domain of NSD1 protein
(PHDyC5HCHpsp1)-238 Three compounds have been identified as positive hits capable

of binding to PHDy,C5HCHpsp; and blocking its interaction with the C2HRNizpl (Zinc
finger domain) of the transcriptional repressor NSD1-interacting Zn-finger protein (Nizpl),
including a type Il topoisomerase inhibitor mitoxantrone dihydrochloride (43) that has
been used for treating AML, and two antimalarial drugs chloroquine diphosphate (44) and
quinacrine dihydrochloride (45) that have been repositioned for treating cancer (Figure

14). Compounds 43-45 showed weak interactions with PHD\/C5HCHpsp1 With Ky values
of 1.2+ 0.4 mM, 4.7 £ 1.4 mM, and 1.4 £ 0.3 mM, respectively, as determined by

NMR. This study supports the feasibility of disrupting the finger-finger interactions between
PHD\,C5HCHpNgp; and C2HRNizpl by small molecules to develop potent inhibitors
modulating these protein-protein interactions. These findings suggest that targeting the PHD
domain may be a potential strategy for developing potent and selective NSD1 inhibitors

to treat NSD1-related diseases. Given the high structural homology among three NSD
members, it is reasonable to believe that this strategy may also be applicable for developing
selective NSD2 or NSD3 inhibitors in the future.

Targeting the PWWP1 Domain of NSD2.—As we mentioned earlier, NSD2 is a
promising therapeutic target, and its translocation, mutations, and overexpression are closely
associated with the proliferation, migration, and invasion of cancer cells.11: 2125 However,
developing small molecule inhibitors targeting the catalytic SET domain has yielded little
success.2* 25 Recently, a selective covalent NSD1 inhibitor 30 (BT5) and two specific
NSD?2 inhibitors 11 (LEM-14) and KTX-1001 (ClinicalTrials.gov Identifier: NCT05651932)
that targeting the catalytic SET domain have been identified.?10. 225 Among previously
reported NSD inhibitors, 30 (BT5) and 11 (LEM-14) are the first inhibitors selectively
targeting NSD1 and NSD2, respectively. Other than the catalytic SET domain, NSD2 also
possesses multiple PPI domains, including PHD domains and PWWP domains (PWWP1
and PWWP2),39: 239 which may be clinically relevant and selectively blocked by small
molecules (Figure 15). NSD2-PWWP1 domain binds to H3K36me2 through cation-r and
hydrophobic interactions with the ammonium group of the methylated lysine, provided by

a conserved aromatic cage formed by three orthogonally positioned aromatic side chains
(Y233, W236, and F266).4° Importantly, the F266A mutation occurring at the aromatic
cage disrupts the interactions between H3K36me2 and full-length NSD2 without obviously
affecting the level of H3K36me2, thereby leading to the proliferation suppression of cancer
cells.3? Therefore, developing small molecules targeting the PWWP1 domain of NSD2 to
block its interactions with H3K36me2 may offer a potential therapeutic strategy for treating
NSD2-driven diseases such as various cancers.3?
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In 2019, compound BI-9321 (46, Figure 16) was identified as the first potent and selective
NSD3-PWWHP1 antagonist (ICsq = 0.2 uM), which can disrupt the interactions between
NSD3-PWWP1 and H3K36me2, leading to a significant reduction of MYC mRNA levels
and suppressing the proliferation of leukemia cell lines.240 In 2021, to develop a selective
NSD2 chemical probe, especially targeting the NSD2-PWWP1 domain, virtual screening
and experimental validation were conducted.?4 Initially, the structure of the PWWP

domain of NSD2 was not available in Protein Data Bank (PDB), and the chromatin factor
ZMYND11A with a methyl-lysine binding pocket was determined as a target for virtual
screening. A virtual screen on a commercial library of ~2 million compounds was conducted
against the PWWP domain of ZMYND11A. 39 compounds were identified as hits, and their
activities were experimentally evaluated utilizing differential static light scattering (DSLS).
While none of them was confirmed active for ZMYND11A, the other members of the
PWWP family were then chosen for screening. Excitingly, compound 47 (Figure 16) exerted
a stabilization effect on the PWWP domain of NSD2, increasing the thermal shift by 4 °C

at 400 UM (A Tagg = 4 °C). The interaction between 47 and the PWWP1 domain of NSD2
was further validated by surface plasmon resonance (SPR) assay, displaying a dissociation
constant (Kjy) value of 41 + 8 uM. Since the solubility of 47 was poor, a reverse ITC titration
was conducted to further validate the interaction between 47 and NSD2-PWWP1 through
titrating a concentrated NSD2-PWWP1 protein solution (1 mM) into the sample cell filled
with a solution of 47 at 40 uM, with a Ky value of 8.9 pM. DSLS results showed that
compound 47 at 400 uM selectively binds to NSD2-PWWP1, showing almost no interaction
with six other PWWP-containing proteins. To further improve the potency of 47, a series

of derivatives of 47 was designed based on the scaffold-hopping strategy, and 24 analogs
were experimentally evaluated. However, only compound 48 (Figure 16) at 500 uM showed
a modest stabilization effect on NSD2-PWWP1 (AT7,qq = 1.9 °C). SPR further confirmed
the binding affinity of 48 with NSD2-PWWP1 with a Ky value of 175 uM. Despite the
binding affinity of 48 (Ky = 175 uM) was weaker than that of 47 (Ky = 41 = 8 uM), its new
scaffold provides a wide chemical space for further SAR studies with many more analogs.
The preliminary SAR study suggests that the nitrile group provides a critical interaction with
NSD2-PWWP1, presumably as a hydrogen bond acceptor.

Structural optimization was performed to identify more potent compounds by maintaining
two phenyl groups and the cyano of 48. Encouragingly, compound 49 (Figure 16) has been
obtained to be 6- and 25-times more potent than 47 and 48, respectively. Compound 49 at
500 pM shows a significantly improved binding affinity to NSD2-PWWP1 with a Ky value
of 7 UM determined by SPR and it displays a strong protein stabilization effect on NSD2-
PWWHP1 (A7agg = 5.7 °C) determined by DSLS. To further explore the SAR for compounds
with higher binding affinities, 40 analogs were synthesized or purchased to test their binding
capability with NSD2-PWWP1. The compounds without cyclopropyl, either larger or
smaller groups, showed much weaker binding or a complete loss of activity, suggesting that
cyclopropyl is essential for maintaining high protein binding affinity. Compound MR837
(50, Figure 16) showed the best binding affinity towards NSD2-PWWP1 (SPR Ky=7+3
UM and DSLS A7agg = 6.2 °C), which was about 6-fold more potent than that of 47 (SPR
Ky =41 = 8 uM). Given that high dimethyl sulfoxide (DMSQ) concentration can limit the
potency of PWWP ligands, the binding affinity 50 was measured with 0.5% DMSO in an
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SPR experiment, and the Ky value was confirmed as 3.4 £ 0.4 uM. In addition, 50 showed
high binding selectivity against NSD2-PWWP1 over the other nine PWWP domains. It was
found that the binding affinity to NSD2-PWWP1 was lost entirely when residues Y233 or
F266 located at the aromatic cage were mutated to alanine, indicating that it binds to NSD2
at the methyl-lysine binding site.

The crystal structure of 50 in complex with NSD2-PWWP1 (Figure 17, PDB ID: 6UEG6)
revealed that 50 is located at a Kme reader aromatic cage, which provides a strong molecular
basis to support its high binding capability with NSD2-PWWP1.241 The cyclopropyl sits

in a hydrophobic pocket formed by the residues Y233, W236, F266, and V230, and exerts
hydrophobic interactions with the residues, validating the importance of cyclopropyl group.
As the pocket was narrow and lipophilic, smaller groups such as methyl and hydrogen

atom may impair or lose hydrophobic interactions. In comparison, larger groups such as
cyclohexyl may clash with the amino acid residues within the aromatic cage formed by
(Y233, W236, F266), indicating that cyclopropyl may be the optimal group at this site.

This observation is in line with the initial SAR results. An extremely coordinated water
molecule is located at the bottom of the pocket. Moreover, the cyanophenyl group could
reach a pocket formed by amino acid residues W236, G268, D269, A270, E272, L318,

and Q321. The nitrogen of the cyano group plays a role as a hydrogen bond acceptor to

form key hydrogen bonding with the amide nitrogen of A270, indicating that compounds
without cyano display weak potency or no activity. Additionally, the carbonyl oxygen, a
hydrogen bond acceptor, interacts with the side chain of Y233 through a key hydrogen

bond interaction. Furthermore, the thiophene ring sits in a hydrophobic pocket, defined

by V230 and A274, and is partially exposed to the solvent, suggesting that structural
modifications at this site appear tolerable. Compared to the structure of NSD2-PWWP1

in complex with DNA (Figure 4b, PBD: 5VC8), 50 induces a significant conformational
change of Y233 and E272, leading to opening-up of the aromatic cage that is closed in apo
structure. Excitingly, 50 disengages NSD2 PWWP1 but not NSD3-PWWP1 from histone H3
in cells in a dose-dependent manner (ICsq = 17.3 pM), indicating its selective interactions
with NSD2-PWWP1 in cells. Overall, 50 can effectively block the interactions between
H3K36me2 and NSD2-PWWP1 domain in cells by selectively binding to NSD2-PWWP1
and may be further developed into a useful chemical probe through more extensive structure-
based optimization to better understand the biological role and functions of NSD2 in cells
and even human body.

In 2022,based on the crystal structure of 50 (MR837) and NSD2-PWWP1 (Figure 17, PDB
ID: 6UE6), molecular docking simulations were carried out, indicating that a benzoxazinone
bicyclic group may favorably replace the cyanophenyl group in 50.242 Compound MRT866
(51, Figure 18) was then designed and evaluated against NSD2-PWWP1, and it was found to
display a significantly enhanced binding to NSD2-PWWP1 (Ky = 349 + 19 nM), compared
to that of compound 50 (Ky = 3.4 £ 0.4 uM). Furthermore, X-ray crystallography (Figure
19a, PDB ID: 7MDN) revealed that 50 and 51 bind to NSD2-PWWP1 in a similar mode,
and both occupy the aromatic cage of NSD2-PWWPL1. In addition, compared to 50, 51
displays more potent binding activity towards NSD2-PWWP1 through more extensive van
der Waals interactions between the benzoxazinone moiety and NSD2-PWWP1, and an
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additional hydrogen bond formed between the benzoxazinone moiety and the side chain of
Q321.

A more effective compound UNC6934 (14, Figure 18), was successfully discovered based
on further structure-based optimization focusing on the thiophene ring. Compared to 51
(Kg = 349 = 19 nM), compound 14 showed about 3-fold stronger binding activity with
NSD2-PWWP1 (Ky = 91 £ 8 nM). Interestingly, compound 52 (UNC7145), containing

an isopropyl group instead of a cyclopropyl ring, showed poor binding activity towards
NSD2-PWWP1 (Ky > 20 pM) and could serve as an ideal negative control. 14 binds to
NSD2-PWWP1 through occupying the canonical methyl-lysine binding pocket and blocks
the interactions between NSD2-PWWP1 and nucleosomal H3K36me2 in a dose-dependent
manner (ICsg = 104 = 13 nM), and selectively engages endogenous NSD2-PWWP1 in cells
(ECsg = 1.23 £ 0.25 uM), while 52 exhibits no measurable inhibitory effect. Moreover,

14 displays high selectivity for NSD2-PWWP1 over 15 other human PWWP domains with
no inhibitory effect on a panel of 33 methyltransferase domains, including NSD1, NSD2,
NSD3, and SETD2. At the same time, 52 shows no inhibitory effect against all tested
PWWP domains and methyltransferases. The binding pocket of NSD3-PWWP1 appears to
be structurally closest to that of NSD2-PWWP1, with only three different amino acid side
chains between both domains. In NSD2-PWWP1, G268, located at the bottom of a cavity
fits well with the benzoxazinone moiety of 14, while a serine in NSD3-PWWP1 impedes
the binding of 14. Such observation strongly supports the high binding of 14 with NSD2-
PWWP1 but not with NDS3-PWWP1. Importantly, mutations of other NSD2 chromatin
reader domains also increase NSD2 nucleolar localization and enhance the effect of 14.
PWWP domains have two pockets, a methyl-lysine-binding pocket and a DNA-binding
surface. DNA binds to the PWWP domain through direct electrostatic interactions between
its phosphate backbone and side chains of K304, K309, and K312 located at a basic surface
area (Figure 4b, PDB ID: 5VC8). 14 can be inserted in the methyl-lysine-binding pocket
close to the DNA-binding surface. Despite the proximity of these two pockets, 14 does not
compete with DNA in binding to NSD2-PWWPL1. The crystal structure of NSD2-PWWP1 in
complex with 14 (Figure 19b, PDB ID: 6XCG) revealed that the cyclopropyl group tightly
occupies the aromatic cage composed of Y233, W236, and F266. UNC7096 (53, Figure
18), a biotin-labeled affinity reagent, was synthesized based on 14 for chemical pulldown
experiments to evaluate the selectivity and target engagement of 14 in cells. 53 displays

a high binding affinity to NSD2-PWWP (K = 46 nM), comparable to 14 (K3j=91+8
nM). No acute cytotoxic effects were observed in adherent or hematopoietic malignancy cell
lines after administration of 14 (5 uM) for more than 3-12 d, suggesting 14 is a safe and
suitable pharmacological tool for further biological function studies of NSD2, together with
the negative control 52, and compound 53.

In 2022, by analyzing two crystal structures of NSD2-PWWP1 in complex with 50
(MRT837) (Figure 17, PDB ID: 6UE6) and NSD3-PWWPL1 in complex with 46 (BI1-9321)
(Figure 20, PDB: 6G20), the side chain of Ser314 in NSD3-PWWP1 was found to
impede its binding with benzonitrile group in 50, which is consistent with previously
disclosed observations.242: 243 Based on the idea of replacing the quinoline ring of 46
with benzonitrile of 50 to improve the NSD2 selectivity over NSD3 and incorporating a
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methoxyl into the benzene ring of 46 to mimic the role of the amide of 50 in forming a key
hydrogen bond with Tyr233, compound 54 was designed, synthesized and evaluated (Figure
21). Encouragingly, 54 exhibits a high binding affinity to NSD2-PWWP1 with an 1Csq value
of 4.44 UM. The co-crystal structure of NSD2-PWWP1 with 54 (Figure 22, PDB ID: 7VLN)
revealed that 54 binds to the NSD2-PWWP1 in a similar mode to that of 46 binding to
NSD3-PWWPL1. The N-methylimidazole directly inserts into the canonical aromatic cage,
the benzylamine motif interacts with residue Glu272, and the benzonitrile fragment forms
hydrogen bonds with residues Asp269 and Ala270. The nitrile group of 54 can clash with
the Serine residue in NSD3-PWWP1, providing the molecular basis for its selective binding
to NSD2-PWWPL.

Further structure-based optimization focusing on benzylamine and benzonitrile motifs has
resulted in the discovery of compound 15 (Figure 21) as the most potent NSD2-PWWP1
antagonist with an I1Csq value of 0.11 + 0.01 pM, displaying 40-fold higher activity than

that of 54. Compound 15 directly binds to NSD2-PWWP1 and improves protein stability in
vitro. Moreover, 15 displays extremely high binding selectivity to NSD2-PWWP1 over other
PWWP domains, including NSD3-PWWP1, DNMT3A-PWWP, and ZCWPW1-PWWP.
Importantly, 15 has little effect on the global level of H3K36me2 in cells, suggesting that 15
exhibits no impact on the SET domain or catalytic function after binding to NSD2-PWWPL1.
Furthermore, 15 at a high concentration (10 pM) can remarkably decrease the levels of
NSD2 target genes, including PAK1, RRAS2, TGFA, TEMEL?2, and NCAML. In addition,
15 can suppress the proliferation of some tumor cell lines, including RS4:11 (IC5¢ = 6.30
UM), MV4:11 (ICsq = 2.23 uM), KMS11 (ICsq = 8.43 pM), and MM1S (ICsq = 10.95 uM).
15 induces the apoptosis of KMS11 and MV4:11 cells in a dose-dependent manner and the
cell cycle arrest at GO/G1 phase. Taken together, 15 appears to be a useful chemical probe
to understand the specific regulation mode of NSD2 by PWWP1 antagonism, facilitating the
discovery of more potent NSD2 antagonists.

Proteolysis Targeting Chimeras (PROTACSs) Targeting NSD2.

Over the past decade, the PROTAC technology has been emerging as a novel efficient
strategy for the treatment of many diseases by inducing the degradation of target proteins via
the ubiquitin-proteasome system (UPS), including those target proteins that were previously
described as “undruggable”.244-252 PROTACS, characterized by heterobifunctional small
molecules, are composed of a ligand for the protein of interest (POI), a ligand for an

E3 ligase, such as von Hippel-Lindau (VHL), cereblon (CRBN), mouse double minute 2
homolog (MDM?2), a cellular inhibitor of apoptosis protein-1 (clAP1), efc. to recruit the
UPS and a linker for connecting the two ligands.23-259 PROTACS exert their function
commonly through three steps: first, the formation of POI-PROTAC-ES3 ligase ternary
complexes, then induction of the polyubiquitylation of POls, followed by the recognition
and degradation of polyubiquitylated POIs by the 26S proteasome.260: 261 Compared to
traditional small molecule inhibitors, PROTACs possess several advantages?44: 250, 253
including that 1) PROTACs can induce the degradation of proteins, even those targets
currently undruggable, providing new therapeutic options for various diseases; 2) PROTACs
act through an “event-driven” mode instead of an “occupancy-driven” mode, thereby
displaying their potency at a catalytic amount with potential to mitigate or avoid the
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off-target side effects; and 3) PROTACSs can improve the selectivity for POls toward
other subtypes or proteins sharing similar active structures, further reducing the off-target
toxicity. In recent years, significant advances have been achieved in the field of PROTAC
technologies to develop novel degraders induing the degradation of numerous disease-
related targets such as AR, ER, BRD4, EZH2, BTK, EGFR, efc.250 251, 255 More than
18 PROTACS have entered clinical trials, of which, the most advanced is an ER degrader
ARV-471 in phase 111 clinical trials.249: 261

The PROTAC technology has also been applied for inducing NSD3 degradation based

on a potent and selective NSD3-PWWP1 antagonist 46 (B1-9321, Figure 16).262. 263 |p
2022, compound MS9715 (55, Figure 23) was designed and synthesized, comprising an
NSD3-PWWP1 inhibitor 46, an E3 ligase VHL ligand, and an alkyl connecting linker.262
Compared with 46 (Ky = 1.7 £ 0.04 uM), compound 55 (Ky = 1.3 £ 0.17 uM) displays

a comparable binding affinity to the NSD3-PWWP1 domain. Compound 55 but not 46

can effectively downregulate the expression level of NSD3 and associated cMyc genes

in multiple hematological cancer cells, exerting similar effects with NSD3 knockout
mediated by CRISPR-Cas9. Notably, 55 can significantly induce the degradation of NSD3 in
MOLM13 cells with a DCsq value of 4.9 £ 0.4 uM and Dyy,ax Value of greater than 80% after
48 h treatment. Interestingly, 55, but not 46, can effectively prevent the growth of a panel

of NSD-dependent hematological cancer cells, including EOL-1, MM1.S, MOLM13, etc.

In addition, 55 causes NSD3 degradation depending on VHL and the ubiquitin-proteasome
system. In 2022, based on the PROTAC technology, a series of NSD3 degraders were
designed by connecting an NSD3-PWWP1 antagonist 46 and a VHL or CRBN ligase ligand
via diverse linkers.263 Compound 56 (Figure 23) can effectively and specifically induce
NSD3 degradation with DCsq values of 1.43 and 0.94 uM in lung cancer cells NCI-H1703
and A549, respectively. Furthermore, 56 can suppress the methylation of H3K36, induce
apoptosis, and cause cell cycle arrest in lung cancer cells. Moreover, 56 can effectively
downregulate the expression of NSD3-associated genes such as CDC25A, ALDH1A1, and
IGFBP. Importantly, 56, but not 46, can suppress the proliferation of NCI-H1703 and

Ab549 cells (IC5p = 2.74 and 5.49 pM, respectively). When 56 was administrated alone, the
level of NSD3 protein was significantly decreased in lung cancer xenograft models. These
results support that targeting NSD3 degradation by PROTACSs anchored to the PWWP1
domain to block its function may provide an effective strategy for cancer treatment, showing
superiority over NSD3-PWWP1 antagonists.

The co-crystal structure of the NSD2-PWWP1 domain in complex with 14 (UNC6934)
revealed that the pyrimidine ring (marked by the red circle) points into the solvent-exposed
region (Figure 24, PDB ID: 6XCG). Based on such structural information, a biotin-labeled
compound 53 (Figure 18) was prepared for pull-down studies by replacing the pyrimidine
ring with a phenyl ring and introducing the biotin to the para-position of the phenyl
group.242 Excitingly, compound 53 displayed appreciable binding affinity (Ky = 46 nM) to
the NSD2-PWWP1 domain. In 2022, according to the insights obtained from the co-crystal
structure and binding affinity results of 53, a series of NSD2 PROTACs were designed and
synthesized by connecting 14 to VHL or CRBN E3 ligase ligands via diverse linkers.264
These NSD2 degraders contain a phenyl or pyridine group instead of the pyrimidine ring
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to leave the para-position attached to a linker and E3 ligase ligand. The binding affinities

of 14, degrader MS159 (16), and two negative controls 57 and 58 (Figure 23) to the
NSD2-PWWP1 domain were evaluated using the ITC assay. Compounds 16 (Kg=1.1+0.4
uM) and 57 (Ky = 0.9 £ 0.3 uM) display similar binding affinities to the NSD2-PWWP1
domain with that of 14 (Ky = 0.5 + 0.3 uM), supporting their initial design hypothesis.

As expected, 58, designed based on an inactive NSD2-PWWP1 domain antagonist, showed
no appreciable binding affinity to the NSD2-PWWP1 domain. Compound 16, capable of
binding with NSD2-PWWP1 and E3 ligase simultaneously, displayed the most potent NSD2
degradation activity with a DCsq value of 5.2 £ 0.9 UM and Diyax > 82% in 293FT cells
after 48 h treatment. Moreover, 16 can significantly induce the degradation of NSD2 protein
in cells in a concentration-, time-, CRBN-, and proteasome-dependent manner. Furthermore,
16 suppresses the growth of MM cell lines (KMS11 and H929) much more effectively

than 14, suggesting that NSD2 degradation induced by PROTACs may be developed into

an effective and superior therapeutic strategy for blocking the PPI between NSD2-PWWP1
domain and chromatin to treat patients with MM. In addition, 16 can also effectively cause
the degradation of CRBN neo-substrates, including IKZF1 and IKZF3, but not GSPT1.

N-degrons, also known as “N-recognins”, mimic the N-terminal residues that a class of E3
ligases has commonly recognized to induce the efficient degradation of different proteins via
the N-end rule pathway.265-267 This class of E3 ligases consists of at least four members
(UBR1, UBR2, UBR4, and UBR5), and their names were originated by their conserved
ubiquitin-recognin box (UBR-box) domain, which can recognize the specific N-terminal
protein sequences. Type 1 N-degrons contain basic residues, including Arg, Lys, and His.
In 2023, inspired by this novel approach of using N-degron as a UBR E3 ligase recruiting
ligand, 268 a series of 14 (UNC6934)-based heterobifunctional molecules were designed by
replacing the terminal pyrimidine ring of 14 that extends into the solvent exposure region
with a phenyl ring.2%° Simultaneously, an Arg or His was tethered to the para-position

of benzene through alkyl amine linkers with different lengths. Such a design with eight
new compounds containing Arg and His was anticipated to induce the degradation of
NSD2 through recruiting a UBR E3 ligase into proximity with NSD2. Excitingly, these
molecules maintain potent binding affinities to NSD2-PWWP1 with Kj values of 10-60
nM determined by SPR, revealing that the attachment of a linker and basic amino acid

has no impact on the binding ability. In-cell western (ICW) results showed that compound
UNC7753 (59, Ky = 14 = 2 nM, Figure 25), containing an Arg group and a six-carbon
linker, displayed the most effective NSD2 degradation activity in U20S cells (DOnax =81
2% and DCgy = 1.2 £ 0.3 pM).

Further, SAR explorations around compound 59 were conducted to improve the potency
and cell permeability. Interestingly, 59 and its analogs were observed to induce NSD2
degradation through a novel mechanism independent of UBR E3 ubiquitin ligases, which
is inconsistent with their initial expectation. Compound UNC8153 (60, Ky =24 £ 7 nM,
Figure 25) without the amino acid moiety emerged as the most potent NSD2 degrader
(Dmax =79 £ 1% and DCsp = 0.35 + 0.1 pM), which is over 3-fold more potent than

59. Compound 59 can be converted into 60 to induce NSD2 degradation in cells under
the proteolysis of cellular proteases, indicating that 59 functions as a prodrug. Moreover,
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60-trigged degradation of NSD2 depends on proteasome and neddylation; however, the E3
ligase engaged in this process remains unclear. In addition, 60 displays excellent selectivity,
inducing the degradation of only NSD2 but not other NSD members, including NSD1

and NSD3. Furthermore, 60 significantly reduces the level of H3K36me2 in multiple cell
lines, including t(4;14)-translocated KMS11 (MM) cells, E1099K-mutated MM1S (MM)
and RS411 (ALL) cells, and wild-type U20S cells. Importantly, 60 treatment can result in
mild proliferation suppression in MM1S cells carrying E1099K mutation, while no apparent
suppression in t(4;14)-translocated KMS11 cells and other cells containing unaltered, wide-
type NSD2 gene, including MDA-MB-231 (breast cancer), U20S (bone cell), and HEK293
(kidney cancer) cells, despite significant NSD2 degradation. This finding suggests that

the growth or survival of MML1S cells harboring E1099K activating mutation depends

on the catalytic activity of NSD2. Additionally, 60-mediated NSD2 degradation can exert
significant antiadhesive effects in KMS11 cells, which is consistent with the results of NSD2
knockdown. Therefore, 60 and its analogs may serve as useful tools for exploring the role of
NSD2 degradation and its therapeutic potential in NSD2-associated cancers.

Combination Use of NSD2 Inhibitors and Other Therapies.

In recent years, developing combination therapy has been gaining increasing attention,
especially in the field of cancers, due to its potential superiority to monotherapies, including
synergetic therapeutic effects and decreased drug resistance.270-273 Moreover, combination
therapy has been universally implemented for epigenetic targets and demonstrated additive
and synergetic therapeutic effects.186: 274 Supstantial efforts have been made in developing

combination therapy for NSD2-associated diseases to improve the therapeutic potential.172:
2086, 227, 275-277

Combinatorial use of NSD2 inhibitors, such as small molecules MCTP-39 and its

analogs, siRNAs, antibodies, and antisense, with chemotherapeutic agents such as alkaloids,
alkylating agents, and antitumor antibiotics, was demonstrated to significantly suppress

the proliferation and invasion of many types of cancer cells, including PCa and breast
cancer.1’2 Moreover, they identified H3K36me2 as EZH2 target markers. Furthermore, they
found that EZH2 can indirectly affect the level of H3K36me2 by regulating NSD2 and
NSD2 knockdown attenuates EZH2-mediated cancer cell invasion, suggesting that NSD2 is
a downstream target protein of EZH2. These two proteins play critical synergetic roles in
the progression of multiple cancers. Therefore, inhibiting the function of EZH2 and NSD2
simultaneously by combinatorial therapy may display additive or synergetic therapeutic
effects. In addition, dual EZH2 and NSD2 inhibitors can also be developed to enhance

the anti-tumor activity. Verticillin A was reported to lead to the significant induction of
latent virus, indicating that its combination with one or more antiretroviral drugs may
enhance the antiviral effects, especially for HIV.296 NSD2 inhibitors, including polypeptides,
polynucleotides comprising of antisense molecule, sSiRNA and shRNA, and small molecules
DZNep, MCTP-39, 10 (LEMO06), Ku55933 and AZD0516, were disclosed to increase the
sensitivity of diverse cancer cells (e.g., PCa, breast cancer, colorectal cancer, pancreatic
cancer, gastric cancer) to chemotherapeutic agents such as doxorubicin, etoposide, and

P13 kinase (PI13K) inhibitors BKM120BYL719 and RP6530, indicating that combination
use of NSD2 and PI3K inhibitors simultaneously show synergetic antitumor effect.2’>
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Researchers from Epizyme Inc. disclosed a patent that SETD2 inhibitors with a scaffold

of substituted indoles or indolines, were used to treat or slow the progression of cancers
with NSD2-overexpression, including t(4;14) MM, suggesting that SETD2 inhibitors used
as a single agent or in combination with an NSD2 inhibitor might provide a potential
therapy for cancers.2”® Some compounds described in this patent significantly suppress

the growth of KMS-34 cells in a dose-dependent manner. Moreover, these compounds

can significantly reduce the level of H3K36me3 while showing no effect on H3K36me2,
which was directly associated with its obvious anti-proliferation activity. Notably, they

can cause the tumor growth regression in a dose-dependent manner in a KMS11 t(4; 14)
xenograft mice model. NSD2 was revealed to be highly overexpressed in breast cancer

cells resistant to tamoxifen treatment.1’0 Moreover, NSD2 inhibitor DZNep can remarkably
inhibit the survival of tamoxifen-resistant breast cancer cells and induce cell apoptosis both
in vitroand in vivo, suggesting that combination use of tamoxifen and NSD2 inhibitor
DZNep can exhibit synergetic anti-tumor effects. Researchers from Novartis Inc. also
disclosed the combination use of an NSD2 inhibitor and therapeutic agent to treat or
prevent various diseases or disorders, especially for cancers, including MM and thyroid
carcinoma.227 It was reported that the combined use of an NSD2 inhibitor, including

small molecules, antibodies, aptamers (oligonucleotides or peptides), sSiRNAs, and antisense
oligonucleotides, with conventional therapies such as surgical, immunotherapy (checkpoint
inhibitors), chemotherapy, radiotherapy, may provide additive or synergistic effects for
treating MM patients, including those with t(4;14) translocation.2’” Overall, accumulating
evidence supports that combinatorial use of NSD2 inhibitors and other therapies may exert
additive or synergetic therapeutic effects, providing potential new therapeutic alternatives for
NSD2-driven diseases.

CONCLUSIONS AND FUTURE PERSPECTIVES

NSD family proteins (NSD1, NSD2, and NSD3) are important members of HMTases

and are well known to catalyze the mono- and di-methylation of H3K36 (H3K36mel

and H3K36me?2). The aberrant expression, translocations, or mutations of NSDs have

been widely considered the driving force for various human diseases such as cancers,
inflammations, and infectious diseases. As one key member of the NSD family, NSD2 roles
as an epigenetic modifier, and its aberrant functions caused by overexpression, mutation,
or translocation, are widely implicated in various diseases mentioned above. Moreover,
knockout or knockdown of NSD2 has been proven to effectively suppress the growth of
cancer cells, induce cell apoptosis, and delay cell-cycle progression. Therefore, inhibiting
the hyperactivity of NSD2 by therapeutic agents, especially small molecule inhibitors, may
provide new therapeutic options for patients with NSD2-driven conditions. In this review,
we briefly introduced the structures and functions of NSDs, distinctly described the role of
NSD2 in various cancers and other diseases, and comprehensively summarized the recent
advances in approaches targeting NSD2 inhibition, including the development of potent
and selective small molecule inhibitors, PROTACS protein degraders, and combinatorial
therapies.

Given its critical pharmacological role in various diseases or disorders, NSD2 as an
emerging drug target has attracted the increasing attention of researchers from both
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academic and industrial settings. Through continuous efforts, several NSD2 inhibitors

have been discovered and may serve as important pharmacological tools for exploring

the functions of NSD2 in diverse diseases. The available findings also demonstrate the
feasibility of targeting the inhibition of NSD2 by small molecules that may pave the way
for developing potent and specific NSD2 inhibitors as potential therapeutics. Encouragingly,
KTX-1001, a potent and selective NSD2 SET domain inhibitor, has successfully entered
phase I clinical trials. Nevertheless, most currently available NSD2 inhibitors remain in
very early stage of development, suffering issues such as weak potency, especially in

cells and animal models, poor subtype selectivity, or limited druglike properties. Hence,
developing more potent and selective NSD2 inhibitors and protein degraders with favorable
DMPK profiles are urgently needed for powerful pharmacological tools and potential drug
candidates.

Although NSDs proteins have been studied for over two decades since their initial
identification, several challenges, as described earlier, significantly hinder the drug
development of novel specific NSD2 inhibitors or even pan-inhibitors for the whole

NSD family proteins. Meanwhile, ongoing studies and technology innovation also bring
new opportunities for discovering and developing novel molecules targeting NSD2.
Opportunities include: 1) The currently available NSD2 inhibitors provide useful chemical
leads and meaningful SAR information that may pave the way for further optimization

of more potent and selective NSD2 inhibitors; 2) The disclosure of several co-crystal
structures of NSD2 in complexed with small molecule NSD2 inhibitors may facilitate

the virtual screening to identify new hits as well as the structure-based rational drug

design; 3) The development and optimization of various bioassays for evaluation of

NSD2 inhibitory activities may also facilitate the HTS, accelerate the screen speed and
improve the accuracy of activities; 4) Other than the catalytic SET domain, the PHD and
PWWP domains are also emerging as promising targets for discovery of selective NSD2
inhibitors; 5) The rapid advances in PROTAC technologies may also open new avenues

for the development of novel therapeutics targeting NSD2, or even those drug targets that
are currently undruggable and readily mutated proteins. PROTAC technology has been
applied for degrading NSD2 and NSD3 proteins as proof-of-concept studies, displaying
better efficacy than corresponding inhibitors. It is reasonable to believe that more potent
PROTAC:S selectively targeting NSDs will be discovered through structural optimization and
exploration of more E3 ligase ligands; and 6) The combinatorial use of NSD2 inhibitors
and other chemotherapeutic agents has been proven to exhibit synergetic or additive effects,
offering a powerful alternative approach for treating NSD2-associated diseases. Moreover,
the widely recognized success of combinatorial therapies provides a solid basis for the
rational design of dual-targeting inhibitors to enhance efficacy or overcome drug-resistance.

To date, several NSD2 inhibitors have been discovered and may serve as useful tools for
exploring the role and functions of NSD2 in various human conditions. However, most of
these available molecules’ potency, selectivity, and druglike properties are relatively poor,
robustly limiting the exploration of their biological functions and hampering their further
development as viable therapeutic agents. Current strategies targeting NSD2 inhibition
mainly include small molecule inhibitors, PROTACSs, and combinatorial therapies, while
most small molecule inhibitors focus on targeting the catalytic SET domain. Currently,
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several cocrystal structures of small molecule inhibitors in complex with NSD2 and some
screening bioassays with high accuracy and stability are available. This may significantly
facilitate the virtual screening and HTS to identify more novel hits for further lead
optimization to achieve promising candidates with high potency, distinguished selectivity,
and excellent ADMET properties. With the emergence of compounds 14, 15 and 43-45,

it appears that other than the SET domain, PWWPs and PHDsare also promising domains
that small molecules can successfully target. Moreover, inhibitors targeting PWWP and PHD
domains tend to show higher selectivity than those targeting SET domains, indicating that
targeting PWWP and PHD domains may be a promising approach to improve selectivity.
We believe that more potent and selective NSD2 inhibitors targeting PWWP and PHD
domains will likely be discovered soon. The SET, PWWP, and PHD domains of NSD2
have diverse biological functions in transcriptional modulation, while the PWWP and PHD
domains of NSDs show lower structural similarity than SET domain. Therefore, other than
monovalent inhibitors, bivalent molecules, composed of two same or different warheads
and a connecting linker, can also be developed to enhance enzyme inhibitory activity

and improve subtype selectivity. These bivalent molecules can interact with two same or
different domains, such as SET-PWW1 inhibitors, PIWWP1-PWWP1 inhibitors, and SET-
PHD inhibitors.

In recent years, with the advent and booming of target protein degradation (TPD)
technologies, many PROTACs have successfully entered clinical trials, bringing new
alternatives for clinical uses. The most advanced degrader is ARV-471 (an ER

degrader) in phase 11 clinical trials for treating advanced-stage ER*HER2™ breast cancer
(Clinical Trials.gov Identifier: NCT01564797). Moreover, the proof-of-concept studies of
PROTAC:S for targeting NSD3 and NSD2 have been established with the discovery of
compounds 16, 55, 56, and 60. Furthermore, other emerging TPD strategies have been
developed,2>2 such as Molecule Glue (MG), AUtophagy-TArgeting Chimera (AUTAC),
AUTOphagy-TArgeting Chimera (AUTOTAC), efc., which may also be applied for
designing novel NSD2 degraders. We believe that more effective NSD2-based degraders
will be achieved through further structural optimization, new E3 ligase ligands exploration,
and the application of novel TPD strategies. In addition to TPD technologies, other emerging
novel approaches, such as regulated induced proximity targeting chimera (RIPTAC),2’8 may
also be applied for designing NSD2-targeted therapeutic agents. RIPTACs are a class of
heterobifunctional molecules comprising a Target Protein (TP)-ligand selectively expressed
in cancer cells, a pan-essential Effector Protein-ligand (EP) required for survival, and a
linker connecting these two different components. RIPTACs can selectively kill the cancer
cells expressing the TP, while sparing the normal cells by forming a positive, cooperative
ternary complex with the TP and EP (TP-RIPTAC-EP). The formation of the ternary
complex can enhance the protein-protein PPIs between the TP and EP, abrogating the
function of the EP and leading to cell death. NSD2 protein, especially the PWWP1 and PHD
domains, can be used as the TP that is selectively overexpressed in tumor cells, and the EPs
can be chosen from BRD4, PLK1, and CDKs essential for cell survival. We anticipate that
NSD2-targeted RIPTACs may be developed to achieve the goal of increasing the potency,
improving the selectivity, and overcoming the mutation-trigged resistance.
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Combinatorial use of NSD2 inhibitors and other therapeutic agents has been validated to
exhibit synergetic or additive effects, showing great potential to overcome drug resistance,
supporting that combinatorial therapy may be a promising strategy for the development

of NSD2 inhibitors. Importantly, this also provides a critical basis for the rational design
of NSD2-based dual-target inhibitors to solve the problems (e.g., insufficient efficacy)

that appear in developing NSD2 individual inhibitors or improve the clinical outcomes of
other drugs (e.g., overcoming drug resistance). Therefore, developing dual-target inhibitors
may offer a novel potential strategy targeting NSD2 with superiority. NSD2 has been
demonstrated to be a downstream target of EZH2, and overexpression of NSD2 and EZH2
exerts a synergic effect in many tumors. Thus, inhibiting the function of both NSD2

and EZH2 through the combination use of these target inhibitors or dual inhibitors may
exhibit synergic or additive effects and overcome drug resistance. We hypothesize that
blocking the function of NSD2 and other epigenetic modulators (e.g., DOT1L, BRD4,

and HDACs) through combinatorial therapy or dual inhibitors can also be developed as a
potential therapeutic strategy for the treatment of cancers and other diseases. Furthermore,
combination use of NSD2 inhibitor and cell apoptosis protein (e.g., IAP and Bcl-2)
inhibitors, cell cycle regulatory proteins (e.g., CDKs and PLK1) inhibitors, and DNA
damage repair proteins (e.g., PARPS) inhibitors, or developing dual inhibitors, may enhance
the therapeutic effects and combat drug resistance, ultimately benefiting more clinical
patients.

In conclusion, NSD2 plays a driving role in the pathology of many diseases, especially
cancers, and has been considered a promising therapeutic target. Developing potent

and specific NSD2 inhibitors may offer novel therapies for NSD2-associated diseases.

In this review, the recent advance in developing NSD2 inhibitors and degraders were
comprehensively summarized, and the challenges and opportunities, as well as future
directions, were also discussed. Some potential strategies have been presented for
developing NSD2-based therapies, such as combinatorial therapy, dual inhibitors, bivalent
inhibitors, TPDs, and RIPTACs. However, more proof-of-concept studies are needed

to validate the feasibility and effectiveness of these novel approaches toward viable
therapeutics. Most importantly, KVVX-1001 becomes the first NSD2 inhibitor entering
clinical trials, demonstrating that inhibiting the function of NSD2 by small molecule
inhibitors may offer a promising and viable therapeutic strategy for cancer treatment.
With the ongoing rapid revolution of drug discovery and development technologies and
the unremitting efforts of researchers, there is no doubt that more and more potent and
selective NSD2 inhibitors and degraders with desirable druglike profiles will be developed
as epigenetic therapeutics for clinical trials, eventually benefiting patients with NSD2-driven
or -associated diseases, especially various cancers.
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SIGNIFICANCE

Small molecule NSD2 inhibitors and degraders show therapeutic promise for
NSD2-driven and -associated diseases, especially cancers.

The recent advances in drug discovery efforts targeting NSD2 are
systematically summarized.

Current challenges and opportunities as well as future directions for
developing NSD2 inhibitors and degraders are discussed from the medicinal
chemistry perspective.

This perspective provides insights into future drug discovery strategies
targeting NSD2.
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Figure 1.
(a) The general process of the methylation (monomethylation, dimethylation, and

trimethylation) and demethylation of histone lysine that is catalyzed by lysine
methyltransferase (KMTase) and demethylase (KDMase), respectively. (b) The
monomethylation and dimethylation process of histone lysine 36 (H3K36) catalyzed by
lysine methyltransferase (KMTase) NSDs, with SAM as the methyl donor, producing
H3K36mel, H3K36me2, and SAH.
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Chemical structures of representative NSD2 inhibitors and degraders 10-16.
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Figure 4.
(a) SAM crystal structure in complex with NSD2-SET domain (PDB ID: 5LSU). SAM is

shown as cyan sticks; (b) Crystal structure of DNA in complex with NSD2-PWWP1 domain
(PDB ID: 5VC8). The key residues LYS-304, LYS-309, and LYS-312 in NSD2-PWWP1
domain that form direct electrostatic interactions with the DNA phosphate backbone are
shown as cyan sticks; and (c) The structures of three NSD2 isoforms (NSD2-long, NSD2-
short, and RE-11BP) that are composed of multiple domains, including PWWP domain, PHD
domain, SET domain (AWS/pre-SET, SET, and post-SET), etc.
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Discovery of compounds 10 and 11 based on lead compound 17.
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(a) Chemical structure of compound 18 (PTD2). (b) Crystal structure of compound 18
(PTD2) in complex with NSD3 SET domain and SAM (PDB ID: 6CEN). Red dashed lines
highlight the hydrogen bonds between 18 and the key residues in the NSD3 SET domain.
Compound 18 is shown as yellow sticks. Key residues THR-1203, THR-1232, ASN-1262,
TYR-1261, LEU-1263, ASP-1264, and MET-1201 in the NSD3 SET domain are shown as

green sticks. SAM is shown as cyan sticks.
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Figure 10.
Crystal structure of compound 29 (BT3) in complex with NSD1 SET domain and SAM

(PDB ID: 6KQQ). Hydrogen bonds formed between 29 and the key residues in the NSD1
SET domain are highlighted by red dashed lines. Compound 29 is shown as yellow sticks.
Key residues THR-1994 and CYS-2062 in the NSD1 SET domain are shown as green sticks.
SAM is shown as cyan sticks.
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Figure 11.
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0=5" Explore substituents

NSD2: IC5p = 2.7 + 0.3 pM
RS4:11: I1C5, = 0.52 pM

KMS11: IC5, = 1.88 pM

TGI = 43.6% (i.p., 25 mg/kg, QD)

Chemical structures of compounds 31-34.
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33 34
NSD2: ICsg = 3.4 % 0.4 uM NSD2: ICgo = 3.2 + 0.8 uM
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Figure 12.
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NSD2: IC5 = 0.001-0.01 uM
H3K36me2: ICs, = 0.214 uM

P
40

NSD2: IC5 = 0.001-0.01 uM
H3K36me2: ICs = 0.270 pM

Chemical structures of compounds 35-42.
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NSD2: IC5 = 0.001-0.01 uM
H3K36me2: ICs = 0.160 uM
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NSD2: ICs, = 0.001-0.01 uM
H3K36me2: ICs = 0.041 M
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NSD2: IC5 = 0.001-0.01 uM
H3K36me2: ICs = 0.035 uM
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Figure 13.
Chemical structures of compounds 12 and 13.
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NSD1: IC5y = 0.69 + 0.04 uM

NSD2: IC5y = 0.23 uM

NSD3: IC5; = 0.75 £ 0.01 uM

EZH2: IC5y = 0.25 + 0.02 uM

KMS-11: IC59 = 0.27 uM

High oral bioavailability (F = 275%)

TGl =56% (75 mg/kg) and 58.4% (150 mg/kg)
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Figure 14.

Chemical structures of compounds 43-45.
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NSD2-PWWP domain recognizes H3K36me2 and modulates NSD2 functions

PWWP Key: e H3 tail @.Nucleosome
N SET
7 . Disruption
" Inhibitors ———— | | _
R H3K36me2 H3K36me2 H3K36me2 Histone
recognition  methyltransferase

Y

\ \

2 o — 9 @

NSD2 PWWP domain modulates the functions of NSD2 through recognizing H3K36me2
and may serve as a drug target domain to be blocked by small molecule inhibitors.
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46 (BI-9321)
NSD3-PWWP1: ICg = 0.2 uM
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47 48 49 50 (MR837)

NSD2-PWWP1 NSD2-PWWP1 NSD2-PWWP1 NSD2-PWWP1
NSD2: AT,gq = 3.9 °C at 400 M NSD2: AT,gq = 1.9 °C at 500 uM NSD2: AT,gq = 5.7 °C at 500 uM NSD2: AT,g = 5.7 °C at 500 uM
NSD2: Ky = 41 + 8 uM (SPR) NSD2: K4 = 175 pM (SPR) NSD2: K4 =7 uM (SPR) NSD2: Ky = 3.4 + 0.4 pM (SPR)
NSD2: Ky = 8.9 uM at 40 uM (ITC) NSD2:ICs (NanoBret) = 17.3 uM

Figure 16.
Chemical structures of compounds 46-50.
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A S o

Figure 17.
Crystal structure of compound 50 (MR837) in complex with NSD2-PWWP1 domain (PDB

ID: 6UE6). Hydrogen bonds formed between 50 and the key residues in the NSD2-PWWP1
domain are highlighted by red dashed lines. Compound 50 is shown as yellow sticks. Key
residues ALA-270, TYR-233, TRP-236, PHE-266, and VAL-230 in the NSD2-PWWP1
domain are shown as green sticks.
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Figure 18.
Chemical structures of compounds 14 and 50-53.
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Figure 19.
(a) Crystal structure of compound 51 (MRT866) in complex with NSD2-PWWP1 domain
(PDB ID: 7MDN). Red dash lines highlight the hydrogen bonds between compound 51
and the key residues in NSD2-PWWP1 domain. Compound 51 is shown as yellow sticks.
Key residues ALA-270, GLN-321, TYR-233, TRP-236, and PHE-266 in the NSD2-PWWP1
domain are shown as green sticks. (b) Crystal structure of compound 14 (UNC6934) in
complex with NSD2-PWWP1 domain (PDB ID: 6 XCG). Red dash lines highlight the
hydrogen bonds formed between compound 14 and the key residues in NSD2-PWWP1
domain. Compound 14 is shown as yellow sticks. Key residues ALA-270, GLN-321,
TYR-233, ARG-273, TRP-236, and PHE-266 in the NSD2-PWWP1 domain are shown

as green sticks.
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Figure 20.
Crystal structure of compound 46 (BI-9321) in complex with NSD3-PWWP1 domain (PDB

ID: 6G20). Red dash lines highlight the hydrogen bonds between compound 46 and the key
residues in NSD3-PWWP1 domain. A water molecule is shown as a red ball. Compound

46 is shown as yellow sticks. Key residues SER-314 and GLU-318 in the NSD3-PWWP1
domain are shown as green sticks.
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Figure 21.
Chemical structures of compounds 15, 46, 50, and 54.

J Med Chem. Author manuscript; available in PMC 2024 May 14.

\
E N
Optimization OO Q

Page 78

N
NH,

—N N

15
High selectivity and potency
NSD2-PWWP1: IC5o = 0.11 pM
40-fold higher potency than 5
RS4:11: I1C5, = 6.30 uM
MV4:11:IC5q = 2.23 uM
KMS11: IC5 = 8.43 uM
MM18: IC5o = 10.95 uM



1duosnuey Joyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duosnuey Joyiny

Maetal.

Figure 22.
Crystal structure of compound 54 in complex with NSD2-PWWP1 domain (PDB ID:

7VLN). Hydrogen bonds formed between compound 54 and the key residues in the NSD2-
PWWP1 domain are highlighted by red dashed lines. Compound 54 is shown as yellow
sticks. Key residues ALA-270, ASP-269, TYR-233, GLU-291, and GLU-272 in the NSD2-
PWWP1 domain are shown as green sticks.
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Figure 23.
Chemical structures of PROTACSs 16, and 55-58.
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Figure 24.
Crystal structure of compound 14 (UNC6934) in complex with NSD2-PWWP1 domain

(PDB ID: 6XCG). Compound 14 is shown as green sticks, and the red dashed circle
highlights the pyrimidine ring that points into the solvent-exposed region.
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Figure 25.
Chemical structures of compounds 59 and 60.
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Overview of various cancers associated with NSD lysine methyltransferases (KMTases) dysregulation.

Cancer type Enzyme Function Mechanism
Acute lymphoblastic leukemia NSD2 Reduces apoptosis and enhances NSD2 mutation activates enzyme
proliferation, clonogenicity, adhesion,  activity and other transcriptional
and migration pathways’ 18
Multiple myeloma NSD2 Contributes to neoplastic Aberrant expression of genes involved
transformation, and promotes cell in cell cycle, apoptosis, DNA repair,
growth and adhesion and adhesion3 88
Mantle cell lymphoma NSD2 Promotes cell proliferation and Unknown
regulates cell cycle8® %0
Acute myeloid leukemia NSD1 Promotes tumorgenesis Fusion of NUP98-NSD1 enforces
the expression of proto-oncogenes
HOXA7, HOXA9, HOXAL10, and
Meis1%% 92
NSD2 Promotes cell proliferation 9 Unknown
NSD3 Promotes tumorgenesis Fusion of NUP98-NSD3 genes®
Diffuse large B-cell lymphoma NSD2 Promotes cell proliferationl?: 9 Unknown
Chronic myeloid leukemia NSD2 Promotes cell proliferation'?: 9 Unknown
Hodgkin’s lymphoma NSD2 Promotes cell proliferation!”- 9 Unknown
Breast cancer NSD2 Promotes TNBC cell survival and ADAMO9-EGFR-AKT signaling
invasion; develops resistance to pathway®’
EGFR-targeted drugs
Promotes cell proliferation, Wnt/B-catenin signaling pathway®®
migration, and metastasis
Develops resistance to tamoxifen Era gene signaling pathway®; the
whole glucose metabolism process'®
NSD3 Promotes cell growth and survival Wt signaling pathway!
Urinary cancers Renal cancer NSD2 Promotes cell metastasis EMT process’™
Prostate cancer NSD1 Promotes tumorigenesis? Unknown
NSD2 Cell proliferation, migration, and EMT process and TWIST175; PTEN
Invasion and PI3K/AKT signaling pathway103
Cell metastasis AKT, RICTOR, and Rac1 signaling
pathway103 104
Female reproductive Endometrial cancer NSD2 Promotes tumor progression1%® Unknown
cancers
Cervical cancer NSD2 Promotes cell proliferation, eNOS signaling pathway%; AKT/
migration, and invasion MMP-2 signaling pathway07;
TGF-BL/TGF-BRI/SMADs signaling
pathway08
Lung cancer NSD1 DNA hypomethylation NSD1 inactivation10®
NSD2 Promotes cell proliferation RAS-mediated transcriptional
responsest10
NSD3 Regulates MY C-driven tumors BRD4-NSD3-MYC signaling
pathway!1
Regulates tumorigenesis Enhances the dimethylation of
H3K36!12
Osteosarcoma NSD2 Promotes cell proliferation and EMT process!!3

metastasis

Reduces apoptosis and
chemosensitivity

J Med Chem. Author manuscript; available in PMC 2024 May 14.
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Cancer type Enzyme Function Mechanism
NSD3 Promotes cell proliferation, Unknown
migration, and invasion!15
Hepatocellular carcinoma NSD2 Promotes DNA damage repairl16 Unknown
Head and neck squamous cell carcinoma NSD1 Causes cell cycle abnormalities? Unknown
NSD2 Promotes oncogenesis NEK?7-driven signaling pathway18
NSD3 Drives cell cycle progression!!?, and CDC6 and CDK2 regulation!'%; EGFR
enhances DNA synthesis and cell signaling pathway'2
cycle progression!20
Skin squamous cell carcinoma NSD2 Promotes cell proliferation P53 signaling pathway!2!
Neuroblastoma and glioma NSD1 Promotes colony formation and cell NSD1 inactivation caused by CpG
growth island promotor hypermethylation'??
NSD2 Enhances aggressiveness!23 124 Unknown
Colorectal cancer NSD1 Promotes cell growth NF-xB signaling pathway!2
NSD2 Inhibits cell apoptosis Targeting anti-apoptotic BCL2126. 127
NSD3 A putative cancer driver genel?8 Unknown
Stomach carcinoma and anal canal carcinoma NSD2 Promotes tumor progression’? Unknown
Pancreatic adenocarcinoma NSD3 Promotes cell proliferation, Unknown
migration, and invasion12?
Bladder cancer NSD3 Promotes cell cycle progression at CCNG1 and NEKT? signaling
mitosis pathway?30
Nuclear protein in testis midline carcinoma NSD3 Blocks differentiation and maintains Unknown
tumor growth13!
Pelvic high-grade serous carcinoma NSD3 Promotes tumor progression Activates the NSD3-BRD4-CHD8

signaling pathway?32

J Med Chem. Author manuscript; available in PMC 2024 May 14.
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