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ABSTRACT: Nuclear receptor-binding SET domain-containing 2 (NSD2) plays
important roles in gene regulation, largely through its ability to dimethylate lysine 36 of
histone 3 (H3K36me2). Despite aberrant activity of NSD2 reported in numerous
cancers, efforts to selectively inhibit the catalytic activity of this protein with small
molecules have been unsuccessful to date. Here, we report the development of
UNC8153, a novel NSD2-targeted degrader that potently and selectively reduces the
cellular levels of both NSD2 protein and the H3K36me2 chromatin mark. UNC8153
contains a simple warhead that confers proteasome-dependent degradation of NSD2
through a novel mechanism. Importantly, UNC8153-mediated reduction of H3K36me2
through the degradation of NSD2 results in the downregulation of pathological
phenotypes in multiple myeloma cells including mild antiproliferative effects in MM1.S cells containing an activating point mutation
and antiadhesive effects in KMS11 cells harboring the t(4;14) translocation that upregulates NSD2 expression.

■ INTRODUCTION
Epigenetics is a growing area of interest among biomedical and
drug discovery researchers. Over the last decade, advances in
epigenomics technologies and chemical biology have demon-
strated the central role that epigenetics plays in health and
disease.1,2 A major class of epigenetic regulatory proteins is the
protein lysine methyltransferases (PKMTs).3 These enzymes
mono-, di- and/or trimethylate lysine residues (Kme1, Kme2,
Kme3) on multiple target proteins, one class of which is
histones. Histone lysine methylation plays an important role in
gene regulation, and aberrant histone methylation states are
associated with most cancers.4,5 Accordingly, research in recent
years has led to a number of PKMT inhibitors entering clinical
trials in oncology, and the recent approval of Tazemetostat, an
EZH2 inhibitor, for the treatment of epithelioid sarcoma and
follicular lymphoma further strengthens the therapeutic
relevance and druggability of this target class.6

Nuclear receptor-binding SET domain-containing 2 (NSD2,
also known as WHSC1 and MMSET) is the primary
methyltransferase that installs the dimethyl mark on lysine
36 of histone 3 (H3K36me2), which is associated with active
gene transcription.7 NSD2 is associated with several types of
cancers through aberrant expression or somatic mutation of
the protein.7,8 A t(4;14) translocation, which leads to
overexpression of NSD2, is present in 15−20% of multiple
myeloma (MM) patients.7 Additionally, an NSD2 E1099K
gain-of-function point mutation is strongly enriched in a subset
of pediatric acute lymphoblastic leukemia (ALL) cases and has

been detected in individuals with lung adenocarcinoma.9,10

Both mutations lead to an upregulation of H3K36me2 and are
associated with malignant tumor progression.11 Importantly,
genetic knockdown of NSD2 reduces H3K36me2 levels and
tumor growth in vivo.7,12,13 Despite the demonstrated
significance of NSD2 in cancer, there has been little success
in potently and selectively targeting the catalytic activity of this
protein or removing the NSD2-deposited H3K36me2 mark
from chromatin with small molecules.14,15

Full-length NSD2 contains both a catalytic SET [Su(var)3-9,
Enhancer-of-zeste, and Trithorax] domain that “writes” the
H3K36me2 mark, and multiple chromatin “reader” domains
(two PWWP domains and five PHD domains) that bind to
chromatin in a multivalent fashion (Figure 1A). Specifically,
the N-terminal PWWP domain (NSD2-PWWP1) binds
H3K36me2-marked nucleosomes through a conserved aro-
matic cage, helping to stabilize NSD2 on chromatin.16,17

Additional shorter isoforms that contain only a subset of these
domains also exist.
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We recently reported the first antagonists to target the
PWWP1 domain of NSD2.16,17 UNC6934 potently and
selectively binds to the aromatic cage of NSD2-PWWP1 (Kd
= 91 ± 8 nM) (Figure 1B,C, PDB: 6XCG) and disrupts the
binding of PWWP1 to H3K36me2-marked nucleosomes (IC50
= 104 ± 13 nM). We further demonstrated that UNC6934
increased the subcellular localization of NSD2 within the
nucleolus; however, UNC6934 does not affect the catalytic
activity of NSD2, and as a result, global H3K36me2 levels
remain unaltered in UNC6934-treated KMS11 t(4;14) multi-
ple myeloma cells. In contrast, genetic knockdown of NSD2 in
KMS11 cells leads to a substantial decrease in H3K36me2.7

Furthermore, it has been reported that NSD2 translocation
knockout KMS11 cells show reduced cancer phenotypes,7,18

whereas KMS11 cells treated with UNC6934 do not. Thus,
alternative strategies are needed to target NSD2 in t(4;14)
multiple myeloma and other NSD2-linked cancers.
Targeted protein degradation (TPD) is a rapidly growing

strategy in drug discovery. Excitement around this approach
stems from the fact that TPD can often overcome difficulties
encountered with direct chemical inhibition of a target of
interest.19 Generally, TPD employs heterobifunctional mole-
cules that contain two important functional moieties�a ligand
for a protein of interest and a ligand for an E3 ligase�
separated by a linker, which can vary in length and
composition (Figure 1D). Through simultaneous binding to
the target protein and an E3 ubiquitin ligase, these molecules
induce the formation of a ternary complex and enable
proximity-induced polyubiquitination of the target protein,
marking it for degradation by the proteasome (Figure 1D).
Here, we leveraged the potency and specificity of UNC6934
for NSD2-PWWP1 to design and characterize highly selective
NSD2-targeted degraders. Our NSD2 degraders induce
proteasome-dependent degradation of both major isoforms
of NSD2 in cells and reduce global cellular levels of
H3K36me2 while also reducing cellular adhesion in KMS11
cells and resulting in mild antiproliferative effects in MM1.S
cells. Excitingly, these molecules facilitate NSD2 degradation
through a mechanism that is not well-established in the TPD
field and may provide new opportunities for TPD more
broadly.

■ RESULTS
Design and Evaluation of NSD2-Targeted Degraders.

We hypothesized that we could achieve NSD2 degradation by
derivatizing UNC6934 with chemical moieties intended to
mimic a specific set of N-terminal residues known as N-
degrons.20 These N-degrons serve as signals that are
commonly recognized by a class of E3 ligases, known as “N-
recognins,” to facilitate protein degradation via the N-end rule
pathway.21,22 This E3 family is comprised of at least four
proteins�UBR1, UBR2, UBR4, and UBR5�named for their
conserved ubiquitin-recognin box (UBR-box) domain that
recognizes specific N-terminal protein sequences. Type 1 N-
degrons are composed of basic residues such as arginine, lysine,
and histidine. Inspired by a singular application of this
approach in the literature,23 we therefore sought to synthesize
heterobifunctional molecules containing UNC6934 and one of
these basic amino acids to recruit a UBR E3 ligase into
proximity with NSD2.
The crystal structure of UNC6934 in complex with NSD2-

PWWP1 revealed that the terminal pyrimidine ring is fairly
solvent-exposed and may be amenable to derivatization
without disruption of binding to the PWWP1 domain (Figure
1C).16,17 Furthermore, we previously showed that an analogue
of UNC6934 biotinylated at this position, UNC7096,
maintains binding to NSD2, confirming that this position
could serve as a suitable exit vector from which we could begin
modifying UNC6934. Our initial design strategy involved the
derivatization of the terminal aromatic ring of our NSD2 ligand
with alkyl amine linkers of varying lengths to enable
subsequent tethering to the carboxylic acid of an arginine or
histidine residue. This afforded the eight arginine- and
histidine-containing compounds shown in Figures 2A and
S1A, respectively. Using surface plasmon resonance (SPR), we
confirmed that the bifunctional compounds maintain potent
binding to NSD2-PWWP1 with dissociation constants ranging
from 10 to 60 nM (Figures 2A,B and S1A,B). This clearly
demonstrates that the addition of the linker and basic amino
acid does not compromise binding and the compounds are
sufficiently potent to potentially facilitate NSD2 degradation.

Figure 1. UNC6934 enables the development of NSD2-targeted degraders. (A) Domain architecture of the two main isoforms, NSD2-short
(MMSET I) and NSD2-long (MMSET II). (B) UNC6934 (cyan) bound to NSD2-PWWP1 (magenta) (PDB: 6XCG). (C) Chemical structure of
the NSD2-PWWP1 chemical probe, UNC6934. (D) Schematic of induced degradation of NSD2 via a heterobifunctional degrader. Created with
BioRender.com.
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Next, to better enable the evaluation of many potential
NSD2 degraders, we developed a robust in-cell western (ICW)
assay to readily monitor and quantify NSD2 protein levels in
U2OS cells. As the antibody used for this assay recognizes the
N-terminus of NSD2, we were able to detect both major
isoforms, NSD2-long (MMSET II) and NSD2-short (MMSET
I). Using this ICW assay, we were very pleased to see that the
arginine-containing compounds resulted in at least a partial
decrease in the levels of NSD2 at 24 h (Figure 2C,D), while
the histidine-containing compounds were slightly less effective
overall (Figure S1A,C). Of the four arginine-containing
compounds tested, which differ only by the number of
methylene groups in the linker, UNC7753 was the most
effective degrader of NSD2, resulting in a maximal observed
degradation (Dmax) value of 81% and a half-maximal
degradation concentration (DC50) of 1.2 ± 0.3 μM as
determined by ICW. These results suggest that a six-carbon
linker is optimal in this context, and a similar trend was
observed with the analogous histidine-containing compounds.
Encouragingly, UNC7753 reduces NSD2 protein levels to a
similar extent as that of NSD2 knockdown by siRNA (Figure
2D, siRNA validation shown in Figure S1D). To further

investigate the degradation potential of UNC7753 and confirm
the ICW results, we analyzed NSD2 degradation by traditional
Western Blot. Upon treatment of U2OS cells for 24 h, we
observed that UNC7753 enabled degradation of both the long
and short isoforms of NSD2 in a dose-dependent manner,
giving DC50 values that are consistent with our ICW results
(IB: NSD2-long DC50 = 1.18 [95% CI = 0.98−1.41] μM;
Figure 2E).
SAR Studies Reveal That NSD2 Degradation is Not

Dependent on UBR E3 Ubiquitin Ligases. Encouraged by
our preliminary findings, and with the aim of improving
compound potency and permeability and gaining a better
understanding of the structural requirements for degradation,
we next performed structure−activity relationship (SAR)
studies focused on the E3 recruiting moiety of UNC7753.
This effort was initially guided by available structural
information of UBR E3 ligases and the known structural
requirements for N-degron recognition.21,24 Crystal structures
of the UBR-box domains in complex with known N-degrons
reveal a large, negative groove on the surface of the UBR-box
binding site that engages the side chains of basic amino acids
(Figure S2A,B). In addition to this negative groove, key

Figure 2. Analysis of NSD2 binding and degradation with arginine-containing degraders. (A) Chemical structures of arginine-containing degraders.
Compound binding affinities (Kd values) for recombinant NSD2-PWWP1 were determined by SPR. NSD2 degradation was evaluated by an ICW
assay in U2OS cells dosed with compound for 24 h. Maximal observed degradation values (Dmax) and half-maximal degradation concentrations
(DC50) were determined based on total NSD2 including both isoforms. *Determined from a single experiment. **Mean of three independent
experiments ± SEM. N.D: DC50 values not determined for compounds with Dmax values < 50%. (B) Representative NSD2-PWWP1 SPR traces of
compounds listed in panel (A). SPR response units were normalized with the highest response unit = 1.00 for each set of curves. (C)
Representative image of ICW data upon UNC7753 treatment for 24 h, showing a dose-dependent reduction of NSD2 levels. Image contains NSD2
intensities (green), DRAQ5 loading control intensities (red), and merged signals of NSD2 and DRAQ5. (D) ICW dose−response curves for
compounds listed in panel (A). Four technical replicates were performed for each condition with mean ± SEM plotted. A representative curve from
one experiment is shown for UNC7753. Gray dashed line denotes NSD2 levels measured by ICW upon siRNA knockdown of NSD2 in U2OS
cells. (E) Confirmation of reduction of NSD2-long and NSD2-short by western blot upon UNC7753 treatment of U2OS cells for 24 h. Vinculinis a
loading control.
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hydrogen bonding interactions enable binding of N-degrons to
the UBR-box domain. As a result, we synthesized a series of
UNC7753 analogues modified at the arginine residue and
evaluated their ability to reduce NSD2 protein levels in our in-
cell western assay (Figure 3A,B).
According to previous work, a free N-terminal α-amino

group is required for recognition of an N-degron by the UBR-
box domain.21 Therefore, we were surprised to see that
UNC7996, in which the α-amino group is absent, was able to
effectively degrade NSD2 with similar potency to UNC7753
(Figure 3A,B). Additionally, in the UBR-box binding pocket, a
water molecule mediates a key hydrogen bond between the
arginine ε-nitrogen of the N-degron and Asp118 of the UBR-
box domain (Figure S2B).21 UNC10302685, in which the ε-N-
methyl would be expected to hinder this stabilizing hydrogen
bond, is similarly potent to UNC7753. Together, these results
called into question the mechanism of NSD2 degradation and

suggested that degradation may not be mediated by a UBR E3
ubiquitin ligase as we previously expected.
Further truncation of the arginine side chain of UNC7753

continued to reveal similar inconsistencies with a degradation
mechanism involving UBR recruitment. Although alanine is
incapable of serving as an N-degron for UBR-box domains,21

UNC7995, in which arginine is substituted with alanine,
potently degrades NSD2. We next sought to determine the
minimum pharmacophore required for degradation by
synthesizing four additional truncated analogues. Remarkably,
UNC8153, which lacks the amino acid moiety entirely, was
over three times more potent than UNC7753 with a DC50 of
0.35 μM and a Dmax of 79%. While the glycinamide and
propionamide analogues (UNC8148 and UNC8172, respec-
tively) were still able to degrade NSD2, albeit with much lower
Dmax values, the acetamide analogue (UNC8151) did not
demonstrate measurable NSD2 degradation despite potent

Figure 3. Conversion of UNC7753 to UNC8153 promotes NSD2 degradation via a UBR-independent mechanism. (A) Analysis of NSD2 binding
and degradation with UNC7753 analogues modified at the arginine moiety. SPR KD values, ICW Dmax, and DC50 values were determined as
described in Figure 2A. *Determined from a single experiment. **Determined from curve fitting of four technical replicates and [95% CI].
***Mean of three independent experiments each containing 2−4 technical repeats ± SEM. N.D: DC50 values not determined for compounds with
Dmax values < 50%. (B) ICW dose−response curves for the compounds with DC50 values listed in panel (A). Four technical replicates were
performed for each condition with mean ± SEM plotted. A representative curve from one experiment is shown for UNC7753 and UNC8153. Gray
dashed line denotes NSD2 levels measured by ICW upon siRNA knockdown of NSD2 in U2OS cells. (C) ICW dose−response curves upon
treatment with UNC7753 for 24 h after siRNA knockdown of UBR-1, -2, -4, or -5. Two technical replicates were performed for each condition. (D)
Concentrations of UNC7753 and UNC8153 in the cell pellet homogenate after treating with 10 μM UNC7753 for the indicated amount of time.
Three independent replicates were performed for each condition. Bar height represents mean ± SD. (E) Analysis of NSD2 binding and degradation
with UNC8153 analogues modified at the free amine. SPR KD and ICW Dmax values were determined from a single experiment. ***Mean of three
independent experiments each containing 2−4 technical repeats ± SEM. N.D: DC50 values not determined for compounds with Dmax values < 50%.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.3c01421
J. Am. Chem. Soc. 2023, 145, 8176−8188

8179

https://pubs.acs.org/doi/suppl/10.1021/jacs.3c01421/suppl_file/ja3c01421_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.3c01421?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c01421?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c01421?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c01421?fig=fig3&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.3c01421?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


binding to NSD2-PWWP1. Similarly, our NSD2-PWWP1
chemical probe, UNC6934, was also unable to degrade NSD2
(Figure S1E).17

To further confirm that NSD2 degradation is not dependent
on the recruitment of a UBR E3 ligase, we evaluated
compound-mediated degradation upon siRNA knockdown of
UBR1, -2, -3, or -4 by ICW. In each case, siRNA knockdown of
either UBR1, -2, -3, or -4 had no effect on the reduction of
NSD2 by UNC7753 (Figure 3C) or UNC8153 (Figure S2C−
G). Collectively, these efforts identified UNC8153 as a more
potent degrader of NSD2 and provided mechanistic insight,
suggesting that NSD2 degradation is not mediated by a UBR
E3 ubiquitin ligase.
UNC7753 Functions as a Prodrug. Considering the

efficacy of the truncated compound UNC8153, we hypothe-
sized that our amino acid-containing NSD2 degraders may be
acting as prodrugs, whereby they are cleaved by a cellular
protease(s) to yield an active degrader. The observation that
the degraders in Figure 3A have differing degrees of
degradation efficiency may be caused by a combination of
parameters such as differences in the rate of proteolysis of each
amino acid derivative and/or variable levels of cell perme-
ability. To test this hypothesis, we treated U2OS cells with 10
μM UNC7753 and looked for the presence of UNC8153 in
the cell lysates by mass spectrometry. Indeed, upon treatment
of cells with 10 μM UNC7753, UNC8153 was readily detected
in the cell lysate, increasing in concentration over a period of
24 h (Figure 3D). Overall, this data overwhelmingly suggests
that UNC8153 is generated from the proteolysis of UNC7753
and enables NSD2 degradation via a non-UBR-dependent
mechanism. This also helps to explain why UNC8153 is a
more effective degrader than the other compounds tested in
Figure 3A, all of which must first undergo proteolysis.
A primary Amine Confers NSD2 Degradation.

Intrigued by these results, we continued to explore the
structural requirements for NSD2 degradation. We synthesized
and screened eight compounds where the primary amine was
either substituted or replaced with a different functional group
while keeping the NSD2 ligand and six-carbon linker constant
(Figure 3E). This revealed that compounds containing a
terminal alkyl group (UNC8524), ether (UNC8515), secon-
dary amine (UNC8582), or tertiary amine (UNC8359) are not
effective degraders, resulting in minimal observed loss of
NSD2, if any. Interestingly, the hydroxyl analogue of
UNC8153 (UNC8526) appears to give some degree of
degradation, though it is much less effective than UNC8153.
As a primary amine might be a labile functional group under
cellular conditions, we also synthesized several potential
metabolites of UNC8153 to rule out their involvement in
the degradation process. We replaced the amine of UNC8153
with a hydroxylamine (UNC8864), amide (UNC9065), or
carboxylic acid (UNC8877), none of which gave any
appreciable amount of degradation. Unfortunately, attempts
to synthesize and purify the corresponding aldehyde were
unsuccessful; therefore, oxidation of UNC8153 to the
corresponding aldehyde and its possible involvement in the
degradation mechanism cannot be ruled out. Overall, this data
reveals a preference for the primary amine of UNC8153 and
suggests that, unlike the other functional groups tested, the
primary amine can promote NSD2 degradation.
UNC8153 is a Bivalent Degrader. Our ICW results

reveal that a hook effect occurs at high concentrations of
UNC8153 in U2OS cells, as the extent of NSD2 reduction

begins to decrease (Figure 3B). This result was further
confirmed by immunoblotting (Figure S3A). This suggests that
UNC8153 acts like a classic bivalent degrader. To further
investigate the mode of degradation and determine which
regions of UNC8153 are involved in ternary complex
formation, we performed several competition experiments�
one between UNC8153 and the parent NSD2-PWWP1 ligand,
UNC6934, and another between UNC8153 and (6-
aminohexyl)benzamide (UNC8603). Treatment of U2OS
cells with 2 μM UNC8153 in combination with increasing
concentrations of UNC6934 significantly decreased NSD2
degradation in a dose−response fashion (Figure 4A). This is
expected, as UNC6934 should compete with UNC8153 for
binding to NSD2-PWWP1 at high concentrations. Impor-
tantly, treatment with UNC8603 also caused a reduction in the
degradation efficiency of UNC8153 in a dose-dependent
manner, which suggests that UNC8603 is in competition with
UNC8153. This was somewhat surprising due to the small size
and simplicity of UNC8603. The abilities of UNC6934 and
UNC8603 to separately outcompete UNC8153 for the
recruitment of NSD2 and a putative E3 ubiquitin ligase,
respectively, and consequently block NSD2 degradation
demonstrate that both moieties facilitate ternary complex
formation during the degradation mechanism. These results
also demonstrate that the two moieties are independent of
each other in targeting their respective proteins, further
suggesting that UNC8153 behaves as a bivalent degrader.
UNC8153-Mediated Degradation of NSD2 is Protea-

some- and Neddylation-Dependent. To further under-
stand the mechanism of action of UNC8153-mediated NSD2
degradation, we monitored the degradation efficiency of
UNC8153 in the presence of a proteasome inhibitor,
MG132,25 in our in-cell western assay. Treatment with
MG132 completely ablates NSD2 degradation at all concen-
trations of UNC8153 tested (Figure 4B). Next, we performed
a NanoBRET ubiquitination assay in cells expressing Nano-
Luciferase fused to NSD2-PWWP1 at the N- or C-terminus
and HaloTag-Ubiquitin. We observed increased BRET signals
between HaloTag-ubiquitin and NanoLuc-NSD2-PWWP1
upon UNC8153 treatment compared to UNC6934 or the
vehicle, suggesting that UNC8153 promotes NSD2 ubiquity-
lation (Figure S3B). Furthermore, treatment with UNC8153 in
either the presence of TAK243,26 an inhibitor of the E1-
ubiquitin-activating enzyme, or MLN4924, an inhibitor of the
Nedd8 activating enzyme that is essential for the activity of
Cullin-RING family E3 ubiquitin ligases, also prevented NSD2
degradation (Figure S3C).27 Together, these data strongly
support an NSD2 degradation mechanism involving a Cullin-
RING family E3 ubiquitin ligase complex and the ubiquitin-
proteasome system.
UNC8153 is Fast-Acting and Delivers Persistent

Degradation Effects. Having identified UNC8153 as our
most effective degrader, we next evaluated its ability to degrade
NSD2 in a time-dependent fashion. First, U2OS cells were
treated with 3 and 10 μM UNC8153 for various time points up
to 8 h and evaluated by ICW (Figure 4C). An appreciable
degree of degradation (∼40%) was observed as early as 30 min
after compound treatment, and this level gradually increased to
reach maximal degradation in 4−6 h, demonstrating that
UNC8153 is fast-acting in its ability to facilitate degradation of
NSD2. At these time points, NSD2 levels were similar to those
achieved upon siRNA knockdown of NSD2. The persistence of
UNC8153-mediated NSD2 degradation was subsequently
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evaluated by traditional western blot in U2OS cells over a 24−
96 h time course (Figure 4D). It appears that UNC8153-
mediated NSD2 degradation is relatively long-lasting, as 96 h
after a single treatment of UNC8153 (without replenishing the
compound), the extent of degradation of NSD2-long is still
above 60%.
UNC8153 Degrades NSD2 with High Selectivity. To

assess the effects of UNC8153 treatment on cellular protein
levels more broadly, we performed global proteomics experi-
ments using tandem mass tag quantification comparing U2OS
cells treated with 5 μM UNC7753, 5 μM UNC8153, or
DMSO for 6 h. Whole proteome analysis resulted in the
identification of about 9000 proteins and, of these, 7863 were
quantifiable. Significant degradation was defined by a −log p-
value of >2 and a log 2 fold change ratio (compound-treated/
DMSO-treated) of less than −0.5. Excitingly, these data
revealed that NSD2 was selectively degraded by UNC8153
within the measurable proteome (Figure 4E). Treatment with
UNC7753 also resulted in similar findings (Figure S3D). The

related NSD family members NSD1 and NSD3 were not
degraded by either compound, and this result was further
confirmed by immunoblotting (Figure S3E). Additionally, this
revealed that this novel mechanism of degradation can enable
selective degradation of a protein of interest without off-target
degradation effects, unlike other more well-established
mechanisms of degradation. Overall, these data reveal that
UNC8153 enables degradation of NSD2 in a highly selective
fashion, establishing UNC8153 as an excellent tool to link
cellular phenotypes observed upon compound treatment to
loss of NSD2 protein.
UNC8153 Reduces H3K36me2 Levels in Multiple Cell

Lines. Next, we were interested in evaluating the functional
consequences of UNC8153-mediated NSD2 degradation.
Before doing so, we synthesized UNC8587 as a negative
control compound that contains an isopropyl moiety in place
of the cyclopropyl in UNC8153 (Figure 5A). We have
previously shown that this subtle modification is sufficient to
completely abrogate binding to NSD2.17

Figure 4. UNC8153 is a fast-acting bivalent degrader targeting NSD2 for proteasomal-dependent degradation with high selectivity. (A) Quantified
NSD2 levels by ICW following treatment of U2OS cells with 2 μM UNC8153 and varying concentrations of UNC8603 (red) or UNC6934 (blue)
for 6 h. Error bars represent ± SEM from n = 3 technical replicates. (B) ICW dose−response curves upon UNC8153 treatment for 6 h in the
presence (red) or absence (black) of the MG132 proteasome inhibitor in U2OS cells. Error bars represent ± SEM from n = 3 technical replicates.
(C) Quantified NSD2 levels by ICW after UNC8153 treatment at 3 and 10 μM from 0.5 to 8 h in U2OS cells. The dotted gray line indicates NSD2
levels with siRNA knockdown. Six technical replicates from two independent experiments were performed for each condition. Bar height represents
mean ± SD. (D) Immunoblot of NSD2-long and NSD2-short from U2OS cells treated with 10 μM UNC8153 for 24−96 h. Vinculin is a loading
control. Numbers represent relative intensities of NSD2-long bands normalized to vinculin as a proportion of DMSO treatment (set as 1.00). (E)
Unbiased global proteomics experiment using tandem mass tag quantification comparing U2OS cells treated with DMSO vs 5 μM UNC8153 for 6
h.
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As NSD2 is the primary methyltransferase that installs the
H3K36me2 mark, we evaluated H3K36me2 levels in
UNC8153-treated (20 μM) KMS11 cells over 2−8 days by
immunoblotting. KMS11 cells were chosen as they are a model
t(4;14)+ multiple myeloma cell line in which the IgH enhancer
drives overexpression of NSD2.7 Significant loss of the
H3K36me2 mark was observed after 6 days, while cells treated
with the inactive control compound, UNC8587, or DMSO
showed no change (Figure 5B). As it is thought that loss of
methylation occurs via dilution through cell division, it is not
surprising that full loss of H3K36me2 occurs days after NSD2
is effectively degraded. Next, we investigated the effect of
UNC8153 on NSD2 degradation and H3K36me2 levels in
KMS11 cells in a dose-dependent manner (1−60 μM) after 6
days. Significant dose-dependent reduction in both the NSD2-
short and long isoforms (IB: NSD2-long DC50 = 3.41 [95%
CI: 2.22-5.55] μM), as well as dose-dependent reduction of
the H3K36me2 mark, was observed (Figure 5C,D). Similar
results were obtained with UNC7753 and the corresponding
negative control compound UNC8592 (Figure S4A) in both
time-course and dose−response experiments (Figure S4B,C).
Additionally, upon treatment with UNC8153, we observed an
increase in H3K36 monomethylation (H3K36me1), poten-
tially due to its accumulation in the absence of NSD2-
mediated dimethylation of H3K36me1 (Figure S4D). In
contrast, H3K36 trimethylation (H3K36me3) decreased
slightly, likely due to the fact that H3K36me2 serves as a
substrate for the generation of H3K36me3. This provides
further reinforcement that dimethylation of H3K36 is the
primary activity of NSD2 in KMS11 cells and is consistent with
the reported effects of NSD2 genetic knockdown.7 In addition
to t(4;14)-translocated KMS11 cells, we also evaluated the
effects of NSD2 degradation in MM1S (multiple myeloma)
and RS411 (acute lymphocytic leukemia) cells, which carry the
activating NSD2 E1099K mutation. Encouragingly, both cell

lines were similarly responsive to the NSD2 and H3K36me2
modulating effects of UNC8153 (Figure 5E,F). UNC8153
treatment also led to a reduction in H3K36me2 in U2OS cells
that have unaltered, wildtype NSD2 (Figure 5G).
Phenotypic Consequences of UNC8153 Treatment

Vary with NSD2 Genomic Status. Because NSD2 has been
implicated as a molecular target in MM, we investigated the
phenotypic effects of NSD2 degradation in several MM cell
lines. Treatment of t(4;14)-translocated KMS11 cells with up
to 30 μM UNC8153 did not result in a significant change in
proliferation despite effective NSD2 degradation (Figure 6A).
In contrast, a mild antiproliferative effect was observed in
MM1S cells harboring the activating NSD2 E1099K mutation
upon treatment with increasing concentrations of UNC8153
for 8 days, whereas the negative control compound
(UNC8587) had no effect (Figure 6B). This is consistent
with the antiproliferative effects observed upon CRISPR/cas9-
mediated gene depletion of NSD2 in MM1S cells (Figure
S5A). Additionally, like in U2OS cells, UNC8153 selectively
degrades NSD2 over other NSD family members in MM1S
cells, further supporting that the antiproliferative effect
observed is on target (Figure S5B). Cell lines without
mutation or disruption of the NSD2 gene, including MDA-
MB-231 (breast), U2OS (bone), or HEK293 (kidney), also
showed no significant changes in proliferative potential upon
UNC8153 treatment over 5 days, despite significantly reduced
levels of NSD2 (Figures 6C and S5C−H). These data suggest
that the E1099K activating mutation may confer dependence
on NSD2 catalytic activity for the growth or survival of MM1S
cells, consistent with prior studies suggesting that the E1099K
mutation is a driver of oncogenesis.28

Given numerous reports suggesting an important role of
NSD2 in regulating MM cell adhesion,18,29 we performed an
adhesion assay in KMS11 cells in the presence of UNC8153 or
UNC8587 for 14 days. Significant antiadhesive effects were

Figure 5. UNC8153 degrades NSD2 and modulates H3K36me2 levels. (A) Structure of UNC8153 (active compound) compared to UNC8587
(negative control). (B) Representative NSD2 and H3K36me2 immunoblots of KMS11 cell pellets from a 2−8 day time-course treatment with 20
μM UNC8153 and an 8-day treatment with UNC8587 and DMSO. Vinculin and H3 are loading controls. H3K36me2 blot was performed three
times with similar results. NSD2 blot was performed once. (C) Representative NSD2 and H3K36me2 immunoblot of KMS11 cells treated with
UNC8153 at 1−60 μM for 6 days. Vinculin and H3 are loading controls. The experiment was repeated three times with similar results. (D)
Quantified NSD2-long and H3K36me2 levels from immunoblotting (as shown in panel (C)) normalized to loading control and as a percentage of
control treatment from three independent experiments. (E) NSD2-long and H3K36me2 immunoblot after a 6-day treatment of MM1S cells with
10 μM UNC8153 or UNC8587. GAPDH is a loading control. (F) NSD2-long and H3K36me2 immunoblot after a 6-day treatment of RS411 cells
with 10 μM UNC8153 or UNC8587. H3 is a loading control. (G) NSD2-long and H3K36me2 immunoblot after a 6-day treatment of U2OS cells
with 10 μM UNC8153 or UNC8587. H3 is a loading control.
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observed for UNC8153-treated cells compared to the control
(UNC8587)-treated cells as shown by reduced cell attachment
to Matrigel (Figure 6D,E). Similarly, this result was observed
in UNC7753-treated cells, albeit with a slightly less
pronounced effect (Figure S5I,J). Thus, UNC8153-mediated
degradation of NSD2 phenocopies the reduced adhesion
effects that have been observed upon NSD2 knockdown in
MM cells.18

■ DISCUSSION
NSD2 has been a long sought-after drug target due to the fact
that it is aberrantly expressed or mutated in numerous cancers;
however, efforts to manipulate NSD2 activity and H3K36me2
levels via chemical approaches have been largely unsuccessful.
Meng et al. recently reported the degradation of NSD2 via the
recruitment of Cereblon, a well-established protein degrada-
tion mechanism; however, the resultant reduction of
H3K36me2 was not demonstrated.30 Herein, we report the
discovery of a novel NSD2-targeted degrader. UNC8153
potently binds to the PWWP1 domain of NSD2 in vitro and
degrades both NSD2-short and NSD2-long with high potency
and remarkable selectivity in a concentration- and time-
dependent manner. Additionally, UNC8153 degrades NSD2
via a novel mechanism that is both proteasome- and
neddylation-dependent. Our SAR efforts revealed that primary
amine-containing compounds can promote potent compound-
mediated degradation. Intrigued by the minimalistic nature of
the primary amine pharmacophore, we demonstrated via a
competition assay that UNC8153 appears to engage its binding
partners in a bivalent fashion. We still have more to learn about
the mechanistic details through which the primary amine
handle recruits an E3 ligase, which will be critical to gauge the

potential value of this approach. If broadly applicable, this
small, minimalistic E3-recruitment handle has the potential to
improve the properties of degrader molecules.
Epigenetic mechanisms are often context- and cell-type-

dependent, and the phenotypic effects that we observe upon
compound-mediated NSD2 degradation are consistent with
this. While UNC8153 dramatically reduced the levels of NSD2
in both t(4;14)-translocated MM and NSD2 E1099K gain-of-
function mutant cancer cell lines, the phenotypic consequences
were different. Specifically, loss of NSD2 and subsequent
H3K36me2 reduction is associated with mild antiproliferative
effects in MM1.S cells but not KMS11 cells. These results are
supported by data from Depmap (https://depmap.org/portal/
) that show that NSD2 is not essential for the cell fitness of
MM t(4;14) cell lines. Interestingly, Meng et al. reported
strong antiproliferative effects upon treatment of KMS11 cells
with their Cereblon-based degrader.30 This apparent discrep-
ancy may be explained by the fact that their Cereblon-based
NSD2 degrader also degrades IKZF1 and IKZF3, two
transcription factors whose degradation is known to cause
antiproliferative activity in MM.31

Multiple myeloma cells rely on interactions within the bone
marrow microenvironment through a combination of cytokine
and adhesion molecules that form a complex signaling
network. These physical interactions can activate critical
signaling responses, which regulate the survival, proliferation,
migration, and sometimes drug resistance of MM cells. Thus,
targeting the adhesion system in MM is an attractive
therapeutic approach. Our data suggest that targeted
degradation of NSD2 and subsequent global reduction of
H3K36me2 can reduce the adherent properties of KMS11
cells. Thus, we anticipate that the chemical degraders described

Figure 6. Degradation of NSD2 results in antitumor phenotypes. (A) KMS11 cells were treated for 8 days with UNC8153 or UNC8587 (control)
at varying concentrations and quantified for cell viability by CellTiter-Glo. Data are reported as the mean of four independent experiments ± SD.
Not significant: n.s. (B) MM1S cells were treated for 8 days with UNC8153 or UNC8587 (control) at varying concentrations and counted for cell
viability after trypan blue staining. Data are reported as the mean of three replicates ± SD. **p < 0.01, ***p < 0.001 (one-tailed t-test). (C)
Relative cell confluency of cells treated with 20 μM UNC8153 or UNC8587 (control) for 5 days. Data are represented as the endpoint mean
confluency relative to control from three independent experiments ± SD. Not significant: n.s. (D) Representative microscopic images from
adhesion assays with green fluorescent KMS11 cells treated with 25 μM UNC8153 or UNC8587 for 14 days. Cells were plated in Matrigel-coated
plates for 12 h, and after washing the plates with PBS, the images were acquired at 10× magnification. (E) Fluorescence intensity of adherent cells
treated with 25 μM UNC8153 or UNC8587. Data are represented as mean fluorescence intensities from three independent experiments relative to
control ± SD. *p < 0.05 (one-tailed t-test).
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here will be useful tools for the biomedical community to
investigate NSD2-mediated pathways in MM and their
associated therapeutic potential. Overall, we present NSD2
degradation as a tractable and attractive strategy for future drug
discovery efforts to enable the treatment of NSD2-dependent
cancers.

■ METHODS
Surface Plasmon Resonance (SPR). The binding affinity of

compounds was assessed by surface plasmon resonance (SPR, Biacore
T200, GE Health Sciences Inc.) as previously described.17

Cell Culture. Cell lines were cultured in 5% CO2 at 37 °C in
accordance with standard mammalian tissue culture protocols and
tested for mycoplasma contamination via the MycoAlert Mycoplasma
Detection kit (Lonza). U2OS, HEK293T, and MDA-MB-231 cells
were cultured in DMEM supplemented with 10% fetal bovine serum
(FBS) (Wisent) and 100 U/mL penicillin and 100 μg/mL
streptomycin (Wisent). KMS11, RS411, and MM1S were cultured
in RPMI supplemented with 10% fetal bovine serum (FBS) (Wisent)
and 100 U/mL penicillin and 100 μg/mL streptomycin (Wisent).
In-Cell Western (ICW) Assay. Cell Seeding and Treatment.

U2OS cells were seeded to achieve 70−80% confluency in Nunc
MicroWell 96-Well Flat Clear Bottom Black Microplate (Thermo
Fisher 165305) or Corning 384-well Flat Clear Bottom Black plates
(Corning 3764). Upon cell attachment to the plate, the cells were
treated by compounds diluted in medium to achieve the correct final
concentration, for the prescribed amount of time (up to 24 h).

Fixation, Permeabilization, and Staining. Upon completion of
treatment, the medium was removed from all wells and was rinsed
once gently with PBS. The cells were fixed in each well with 50 μL of
2% formaldehyde (Sigma F8775 diluted in 1× PBS) for 10 min at
room temperature. The wells were washed three times with 100 μL of
PBS in each well to remove the residual formaldehyde and media
from the well. The cells were then permeabilize with 100 μL of 0.25%
Triton X-100 in 1× PBS for 15 min at room temperature and was
subsequently washed three times with 100 μL of PBS. The cells were
then blocked by incubating all wells with 100 μL of 5% bovine serum
albumin (BSA) in PBS-T for 1 h at room temperature, followed by
NSD2 antibody staining by 50 μL of primary antibody (Abcam
ab75359 diluted 1:1000 in 1% BSA in PBS-T) for 1 h at room
temperature with agitation. At least two wells were intentionally not
stained by the primary antibody to act as controls for secondary
antibody background staining. Following primary antibody staining,
the cells were washed three times again, then stained by secondary
antibody IRDye 800CW (anti-mouse green) diluted 1:1000 and
DRAQ5 (Cell Signaling #4084) diluted 1:2000 in 5% BSA diluted in
PBS-T for 1 h at room temperature with agitation. The cells were
lastly washed again three times by PBS and imaged on a LiCOR near-
IR scanner, and the intensities of the 800CW and 700CW channels
were quantified.

Data Analysis. For each well, the NSD2 800CW intensity was
normalized to DRAQ5 700CW intensity, and the no primary antibody
control normalized intensity was subtracted from each normalized
intensity. For each compound condition, the background-subtracted
normalized intensity will be expressed as a percentage of the average
background-subtracted normalized intensity of DMSO control-treated
wells; this would be the “% NSD2 remaining.” For each set of dose−
response, the % NSD2 remaining will be plotted against the log of
concentration. The curves are fitted by [inhibitor] vs response
nonlinear fit model in GraphPad PRISM 8 with the “Top” constrained
= 100, “Bottom” constrained = lowest % NSD2 Remaining for the set
of dilution series, and Hill slope constrained = −1. The DC50 was
extracted from the “IC50” value calculated for the curve fitting, and the
Dmax was extracted from lowest % NSD2 Remaining for the set of
dilution series subtracted from 100%. For UNC7753 and UNC8153,
three independent experiments, each containing 2−4 technical
repeats, were analyzed and each individually curve fitted. For all
other compounds, four technical repeats for each set of dose−
response concentrations were analyzed from one experiment.

Cell Culture Compound Treatment Conditions for Immu-
noblotting NSD1-3. 5 × 105 cells were seeded in 1 mL of media per
well in a 24-well plate and the compound was added to specific wells
immediately (for MM1S cells) or upon cell attachment to the plate
(for U2OS cells) to achieve specified concentrations. The cells were
collected the next day and were subsequently lysed for immunoblot-
ting.
Immunoblotting. Cell pellets were lysed for 3 min at room

temperature with lysis buffer containing 20 mM Tris-HCl pH 8, 150
mM NaCl, 10 mM MgCl2, 1 mM EDTA, 0.5% Triton X-100, protease
inhibitor (Roche 11873580001), and benzonase (Millipore Sigma
E1014). After 3 min, SDS was added until a final concentration of 1%.
Next, the mixtures were spun on a tabletop centrifuge at maximum
RPM for 10 min, and the supernatants (cell lysates) were transferred
to a new tube. The concentration of protein in each lysate was
measured by a Thermo Scientific Pierce BCA Protein Assay Kit (Cat.
# 23225) per supplier protocol. 10−30 μg of protein per loading was
prepared and diluted by 6× sample loading buffer to a minimum 1×
sample loading buffer concentration. Samples were loaded into
Invitrogen NuPAGE Bis-Tris Gels. The gels were run in 1× NuPAGE
MOPS buffer (Invitrogen NP0001) for 90 min at 120 V. The gel was
subsequently transferred to a PVDF membrane in transfer solution
containing 3 g/L Tris, 14.4 g/L glycine, and 10% methanol diluted by
ddH2O. Gels were transferred by Invitrogen XCell II Blot Module
(EI9051) at 40 V/500 mA, for 2 h, or by Bio-Rad Mini Trans-Blot
Cell, at 70 V/500 mA, for 1.5 h, per manufacturer protocol.
Membranes were blocked in 5% BSA for 1 h at room temperature,
then blotted overnight by primary antibodies at a working
concentration diluted by 5% BSA. Upon primary antibody blotting,
the membrane was washed for 5 min by PBS-T three times and
subsequently blotted by secondary antibodies for 1 h at room
temperature and washed for 5 min by PBS-T three times. See Table
S1 for the antibodies used.
siRNA Knockdown. 1 × 104 cells were seeded per 90 μL of media

per well in a NUNC MicroWell 96-Well Flat Clear Bottom Black
Microplate (Thermo Fisher 165305), for ICW, or 1 × 105 per mL
media per well in a 24-well tissue culture plate. The cells were
transfected at seeding by Lipofectamine RNAiMAX Transfection
Reagent (Thermo Fisher 13778150), per manufacturer protocol. For
every 8 wells in 96-well plates, or 2 wells in 24-well plates
(proportionally scaled up or down accordingly): 50 μL of Opti-
MEM Medium (Gibco 31985070) was mixed with 3 μL of
RNAiMAX reagent and 50 μL of Opti-MEM was mixed with 1 μL
of 10 μM siRNA, separately. The two mixtures were then mixed to
form a 100 μL mixture and incubated at room temperature for 5 min
to allow the formation of siRNA−lipid complexes. The siRNA−lipid
complex mixture was added to the wells at 10 μL/well for 96-well
plates, or 50 μL per well for 24-well plates. For ICW experiments, the
cells were incubated for at least 24 h post-transfection before any
compound treatment. For UBR siRNA knockdown ICW, cells in 96-
well plates were treated in dose−response by 25 μL of 5×
concentrated UNC7753 diluted in media 24 h post-transfection, for
a treatment duration of 24 h (end at 48 h post-transfection). For UBR
immunoblotting samples, cells in 24-well plates were treated 24 h
post-transfection by either 1 μL of DMSO or 20 mM UNC8153
diluted in DMSO to achieve 20 μM final UNC8153 concentration.
For qRT-PCR validation of UBR-1 knockdown, cells in 24-well plates
were collected 48 h post-transfection without treatment. See Table S1
for siRNAs used.

qRT-PCR for UBR-1 Knockdown Validation. Total RNA was
isolated using QIAGEN RNeasy Mini RNA Extraction Kit (QIAGEN
74106). 1 μg of RNA was used to synthesize cDNA using the iScript
gDNA Clear cDNA Synthesis Kit (Bio-Rad) in 20 μL volume of the
reaction mixture. Upon completion, 180 μL of ddH2O was added
(10× dilution). RT-qPCR was performed using the PowerUp SYBR
Green Mastermix (Applied Biosystems) on 2 μL of the synthesized
cDNA per reaction. The relative abundance of transcripts was
normalized to α-tubulin and assessed via the 2−ΔΔCT method. Two
biological replicates were collected and analyzed for control siRNA
and UBR-1 siRNA. See Table S1 for the primers used.
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Cellular Metabolism. Cell Seeding and Treatment. For each
replicate, 2 mL of U2OS cells were seeded into 6-well plates at a
density of 3.0 × 105 cells/mL and incubated at 37 °C for 24 h. The
media was aspirated from each well and replaced with 2 mL of fresh
media containing 10 μM UNC7753 and 0.1% DMSO. The plates
were then incubated at 37 °C for a predetermined incubation time at
which point media and pellet were collected. Biological triplicates
were done for each time point.

Pellet Collection. After the prescribed incubation time, for each
replicate, media was removed and the wells were rinsed with an
additional 0.5 mL of media. The wells were subsequently washed with
1 mL of cold PBS, which was then aspirated and discarded. To each
well, 0.5 mL of versene was added, and the plate was incubated at 37
°C for 5 min. The versene was quenched with 1 mL of media. Cells
were scraped into a corner and the suspension transferred to a
microfuge tube and centrifuged at 1000 rpm for 5 min. The
supernatant was aspirated, and the pellet was resuspended in 1 mL of
cold PBS by pipetting up and down 30 times. The suspension was
again centrifuged at 1000 rpm for 5 min and the supernatant was
again aspirated. The cell pellets were then snap frozen in liquid
nitrogen.

Sample Preparation. After the addition of 60 μL of methanol/
water 1:1 (v/v) in each cell pellet, cell pellet samples were
homogenized. 20 μL of the cell pellet homogenate was pipetted out
for analysis. After the addition of 10 μL of DMSO/acetonitrile 1:1 (v/
v), 20 μL of 200 ng/mL propranolol in methanol/water 1:1 (v/v) as
internal standard (IS), and 200 μL of chilled acetonitrile, cell pellet
samples were vortexed and centrifuged at 3500 rpm for 30 min. 0.5
μL of the supernatant was injected onto an AB Sciex Triple Quad
5500 LC-MS/MS system coupled with a Shimadzu Prominence
HPLC for analysis.

LC-MS/MS Analysis. LC separation was performed on a Agilent
Zorbax Extended-C18 column (5 μm, 2.1 × 50 mm2) with 0.1% acetic
acid 1 mM ammonium acetate in acetonitrile/water 1:9 (v/v) as
mobile phase A and 50 mM acetic acid in acetonitrile as mobile phase
B. A gradient elution at 0.75 mL/min started with 0% B. The B
component was increased linearly to 95% in 1 min. After holding at
95% B for 0.5 min, the column was reequilibrated with 0% B for 0.5
min. Mass spectrometric detection was performed with TurboSpray
ionization in positive ion mode. The multiple reaction monitoring
transitions for UNC7753, UNC8153, and the Internal Standard
(propranolol) are 740.3→ 176, 584.2→ 176.2, and 260.15→ 116.1,
respectively. The calibration ranges for the cell pellet and medium
sample analysis are 0.5−1500 ng/mL cell pellet homogenate and 0.2−
600 ng/mL medium, respectively.
UNC6934 and UNC8603 Competition Assay. 1 × 104 U2OS

cells per 100 μL per well were seeded in Nunc MicroWell 96-Well
Flat Clear Bottom Black Microplate (Thermo Fisher 165305). A
dose−response series of 5× concentrated UNC6934 or UNC8603
was prepared in a medium containing 10 μM UNC8153. 25 μL of the
5× compound-containing mixture was added to each well, reaching
1× concentration and 2 μM UNC8153. The plate was incubated for 6
h at 37 °C before being fixed for ICW (see the ICW protocol above).
NanoBRET Ubiquitination Assay. 100 μL of resuspended U2OS

cells at 4 × 105 cells/mL were seeded per well in 96-well white
opaque bottom plates to allow for cell attachment (2−4 h). A
mastermix of NanoLuc and HT plasmids was prepared by mixing 0.01
ng of NSD2-PWWP1 NanoLuc plasmid (as previously used in
Dilworth et al.), 0.3 ng of HaloTag-Ubiquitin plasmid (Promega
N272A), and 0.69 ng of empty vector pcDNA to each 100 μL of opti-
MEM (scaled up accordingly). XtremeGene HP (Millipore Sigma
6366236001) was subsequently added to the mastermix at 1 μL per
50 μL of mastermix. The mixture was incubated at room temperature
for 15 min before being added to the wells at 10 μL per well and
allowed to incubate overnight in a cell culture incubator. The next
day, the medium was removed from each well and 20 μL of 1:1000
(diluted in phenyl red free DMEM with 4% FBS) 618 ligand was
added to each well. This was followed by the addition of 20 μL of 2×
concentration (diluted in phenyl red free DMEM with 4% FBS) of
compound (or DMSO control) treatment to give 1× treatment at 40

μL total mixture in the wells. At least two wells were reserved for no
ligand control (40 μL of phenyl red free DMEM only). The cells were
placed back in the incubator and incubated for the prescribed time
(0.5 or 2 h). At the endpoint, 10 μL of 1:100 (diluted in phenyl red
free DMEM with 4% FBS) of NanoBRET Nano-Glo substrate
(Promega N1572) was added in each well and immediately scanned
(with orbital mixing) on a Clariostar plate reader (BMGlabtech). The
data collection and subsequent background subtraction follows the
Promega technical manual (Literature # TM616). The background-
subtracted (adjusted) BRET units were normalized to DMSO
treatment in the same experiment run in parallel (set = 1.00).
MG132, MLN4924, and TAK243 Inhibitor Assay. 1 × 104

U2OS cells per 100 μL per well were seeded in a Nunc MicroWell 96-
Well Flat Clear Bottom Black Microplate (Thermo Fisher 165305). A
dose−response series of 5× concentrated UNC8153 was prepared in
a medium containing 50 μM MG132 (Abcam ab141003), 5 μM
MLN4924 (Cayman Chemical 15217), or 5 μM TAK243 (Active
Biochem A-1384). 25 μL of the 5× compound-containing mixture
was added to each well, reaching a final concentration of 1×
UNC8153 and 10 μM MG132, 1 μM MLN4924, or 1 μM TAK243.
The plate was incubated for 6 h at 37 °C before being fixed for ICW
(see the ICW protocol above).
Global Proteomics. Sample Preparation for Proteomics

Analysis. For each replicate, 10 mL of U2OS cells were seeded into
15 cm plates in triplicate at a density of 2.5 × 105 cells/mL and
incubated at 37 °C for 24 h. To each plate was then added 2.5 mL of
media containing 25 μM test compound and 1.25% DMSO, to a final
concentration of 5 μM test compound and 0.25% DMSO. The plates
were then incubated at 37 °C for 6 h. Each plate was washed three
times with 5 mL of ice-cold DPBS (Gibco), then 1 mL of ice-cold
DPBS was added and the cells were scraped into a prechilled
microfuge tube and centrifuged at 14 000 rpm for 5 min at 4 °C. The
supernatant was aspirated, and the pellet was resuspended in 200 μL
of the lysis buffer (0.05M Tris pH 8, 8 M urea, 1× Roche PhosSTOP
phosphatase inhibitor cocktail, 1× ActiveMotif protease inhibitor) by
pipetting up and down 30 times. Each lysate was vortexed for 30 s,
incubated on ice for 30 min, vortexed again for 30 s, and incubated a
further 30 min on ice before centrifugation at 14 000 rpm for 15 min
at 4 °C. The supernatants were transferred into clean, prechilled
microfuge tubes and the protein concentration determined by the
Bradford assay. The samples were then snap-frozen in liquid nitrogen.
Each set of replicates was processed in parallel and staggered by 30
min from the next set, to minimize variability due to cell cycle
differences. Protein lysates (n = 3) were reduced with 5 mM DTT at
56 °C for 30 min, then alkylated with 15 mM iodoacetamide at room
temperature in the dark for 45 min. The samples were acetone
precipitated, then reconstituted in 1 M urea, and subjected to
digestion with LysC (Wako) for 2 h and trypsin (Promega) overnight
at 37 °C at a 1:50 enzyme/protein ratio. The resulting peptide
samples were acidified, desalted using Thermo desalting spin columns,
and then the eluates were dried via vacuum centrifugation. The
peptide concentration was determined using Pierce Quantitative
Colorimetric Peptide Assay. 40 μg of each sample was reconstituted
with 50 mM HEPES pH 8.5, then individually labeled with 150 μg
TMT 10plex reagent (Thermo Fisher) for 1 h at room temperature.
Prior to quenching, the labeling efficiency was evaluated by LC-MS/
MS analysis of a pooled sample consisting of 1 μL of each sample.
After confirming >99% efficiency, the samples were quenched with
50% hydroxylamine to a final concentration of 0.4%. The labeled
peptide samples were combined, desalted using Thermo desalting
spin column, and dried via vacuum centrifugation. The dried TMT-
labeled samples were fractionated using high-pH reverse-phase
HPLC.32 Briefly, the samples were offline fractionated over a 96
min run, into 96 fractions by high-pH reverse-phase HPLC (Agilent
1260) using an Agilent Zorbax 300 Extend-C18 column (3.5 μm, 4.6
× 250 mm2) with mobile phase A containing 4.5 mM ammonium
formate (pH 10) in 2% (vol/vol) LC-MS-grade acetonitrile, and the
mobile phase B containing 4.5 mM ammonium formate (pH 10) in
90% (vol/vol) LC-MS-grade acetonitrile. The 96 resulting fractions
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were then concatenated in a noncontinuous manner into 24 fractions
and then dried via vacuum centrifugation.

LC/MS/MS Analysis. The 24 fractions were analyzed by LC/MS/
MS using an Ultimate 3000 nLC coupled to an Orbitrap Exploris480
mass spectrometer (Thermo Scientific) using a turboTMT method.33

Samples were injected onto an Ion Opticks Aurora C18 column (75
μm id × 15 cm, 1.6 μm particle size) and separated over a 70 min
method. The gradient for separation consisted of 5−42% mobile
phase B at a 250 nl/min flow rate, where mobile phase A was 0.1%
formic acid in water and mobile phase B consisted of 0.1% formic acid
in 80% ACN. The Exploris480 was operated in turboTMT mode with
a cycle time of 3 s. Resolution for the precursor scan (m/z 375−1400)
was set to 60 000 with a AGC target set to standard and a maximum
injection time set to auto. MS2 scans (30 000 resolution) consisted of
higher collision dissociate (HCD) set to 38, AGC target set to
300%,maximum injection time set to auto, isolation window of 0.7
Da, and fixed first mass of 110 m/z.

Data Analysis. Raw data files were processed using Proteome
Discoverer version 2.5, set to “reporter ion MS2” with “10plex TMT.”
Peak lists were searched against a reviewed Uniprot human database
(downloaded Feb 2020 containing 20 350 sequences), appended with
a common contaminants database, using Sequest HT within
Proteome Discoverer. Data were searched with up to two missed
trypsin cleavage sites; fixed modifications: TMT6plex peptide N-
terminus and Lys, carbamidomethylation Cys, dynamic modification:
N-terminal protein acetyl, oxidation Met. Precursor mass tolerance
was 10 ppm and fragment mass tolerance was 0.02 Da. Peptide false
discovery rate was set to 1%. Reporter abundance based on intensity,
coisolation threshold set to 50, and proteins identified by >1 razor and
unique peptides were used for quantitation. Data were further
analyzed in Argonaut for statistical analysis and visualization.34

GraphPad was used to generate the volcano plots. Proteins with
−log p-value > 2 and log 2 fold change < −0.5 were considered
significant.
KMS11 Time-Course Treatments for Immunoblotting. 1.2 ×

105 cells were seeded in 1 mL of media per well in a 24-well plate and
compound treatments were done to specific wells every 2 days, until
day 6, allowing for a time-course treatment with 2-day intervals. The
cells were collected on day 8 and were subsequently lysed for
immunoblotting.
KMS11 Dose−Response Treatments for Immunoblotting.

1.5 × 105 cells were seeded in 1 mL of media per well in a 24-well
plate and compound treatments were done to specific wells
immediately achieving specified concentrations. Cells were collected
on day 6 and were subsequently lysed for immunoblotting.
KMS11 CellTiter-Glo Luminescence Cell Viability Assay. 1.5

× 103 KMS11 cells were seeded per well in 40 μL of media in a 384-
well plate. Cells were immediately treated with 20 μL of 3×
compound solutions diluted in media, making 1× compound 60 μL
culturing conditions, and then incubated for 8 days. At the endpoint,
25 μL of Promega CellTiter-Glo reagent (Promega G7572) was
added per well. The plates were mixed 2 min on an orbital shaker
gently, then incubated for 20 min at room temperature while
protected from light. The luminescence signal intensity of each well
was subsequently scanned on a CLARIOstar plate reader
(BMGlabtech).
MM1S Dose−Response Treatment and Proliferation Assay.

3.0 × 105 cells per well were seeded in triplicate into 24-well plates,
subjected to treatment with various final concentrations of the
compound. Fresh medium containing the compound was changed
every 2 days. All flow-growing cells were periodically diluted to keep
the cell density less than 1 million per mL. Cell numbers were
counted by an automated TC10 cell counter (Bio-Rad).
CRISPR/cas9-Mediated Gene Depletion. The sgRNAs target-

ing NSD2 were cloned into a pLenti LRG-2.1 Neo vector (Addgene
125593). A lentiviral plasmid that allows the doxycycline-inducible
expression of SpCas9 was obtained from Dr. David Sabatini. The
sgRNA sequences for targeting NSD2 are sgRNA #3 (5′-
GCGGGCGAGTTCTGCCAGAA-3′) and sgRNA #5 (5′-

CGGGCGAGTTCTGCCAGAAC-3′). All plasmid sequences were
verified by sequencing.
U2OS/HEK293T/MDA-MB-231 Proliferation Assays and

Immunoblotting. 1.0 × 105 of U2OS or MDA-MB-231 cells or
0.5 × 105 of HEK293T cells were seeded in triplicates in 2 mL of
media per well in a 12-well plate (for 5-day proliferation and
immunoblotting studies) and were subject to treatment with various
final concentrations of compounds upon cell attachment to the plate
(at minimum 6 h later). Plates from one independent experiment
were immediately placed in IncuCyte ZOOM for periodic confluency
measurements every 12 h. Plates from two independent experiments
were imaged on IncuCyte ZOOM for cell confluency at the endpoint.
Cells were collected at the endpoint and were lysed for
immunoblotting.
Adhesion Assay. Cells were transduced with Incucyte Nuclight

Green Lentivirus (Sartorius) and selected with puromycin to generate
green fluorescent stable cell lines. Cells were treated with control or
NSD2 degrader compounds (25 μM) for 14 days and plated in
Matrigel-coated 12-well plates (250 000 cells/well) for 12 h after
which media and suspended cells were aspirated. The wells were
washed with PBS and images of fluorescent adherent cells were taken
at 10× magnification on an EVOS imaging system (Thermo Fisher).
To quantify fluorescence in each well, plates were scanned on a
Clariostar Plus plate reader (BMGlabtech).
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