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Abstract 

Histone methyltransferase NSD2 (MMSET) overexpression in multiple myeloma (MM) patients plays an important role in the de v elopment of 
this disease subtype. Through the expansion of transcriptional activating H3K36me2 and the suppression of repressive H3K27me3 marks, NSD2 
activates an aberrant set of genes that contribute to m y eloma gro wth, adhesiv e and in v asiv e activities. NSD2 transcriptional activity also depends 
on its non-catalytic domains, which facilitate its recruitment to chromatin through histone binding. In this study, using NMR, ITC and molecular 
dynamics simulations, we show that the tandem PHD domain of NSD2 (PHD V C5HCH NSD2 ) is a combinatorial reader of unmodified histone H3K4 
and tri-methylated H3K27 (H3K27me3). This is the first PHD tandem cassette known to decode the methylation status of H3K27. Importantly, in a 
NSD2-dependent MM cellular model, w e sho w that expression of NSD2 mutants, engineered to disrupt the interaction between H3K27me3 and 
PHD V C5HCH, display in comparison to wild-type NSD2: incomplete loss of H3K27 methylation throughout the genome, decreased activation 
of adhesive properties and cell adhesion genes, and a decrease of the corresponding H3K27ac signal at promoters. Collectively, these data 
suggest that the PHD V C5HCH domain of NSD2 pla y s an important role in modulating gene expression and chromatin modification, providing 
new opportunities for pharmacological intervention. 
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Introduction 

The Nuclear receptor-binding SET (Su(var) 3–9, Enhancer of
zeste, Trithorax) domain protein 2 NSD2 (also known as mul-
tiple myeloma SET domain, MMSET, or Wolf-Hirschhorn
syndrome candidate 1 WHSC1) is a member of the struc-
turally conserved Nuclear Receptor Binding SET Domain
(NSD) protein family, composed by the mammalian his-
tone lysine methyl transferases (HMKT) NSD1, NSD2 and
NSD3 ( 1 ,2 ). The NSD proteins catalyze via their SET domain
the mono- and di-methylation of Lysine 36 of histone H3
(H3K36me1 and H3K36me2, respectively), which serves to
exclude the Polycomb Repressive Complex 2 (PRC2) and its
repressive H3K27me3 modification, thereby facilitating acti-
vation of gene expression ( 2 ,3 ). All three NSD members when
aberrantly expressed, amplified or somatically mutated give
rise to a variety of genetic diseases and different cancer types
( 1 ,2 ). In particular, the t(4;14)(p16;q32) chromosomal rear-
rangement, which places the NSD2 gene under the control
of the immunoglobulin heavy chain promoter has been as-
sociated with a high risk form of multiple myeloma (MM)
( 4 ,5 ). This translocation induces aberrant over-expression of
NSD2, that leads to a genome wide 6–8 fold increase of
H3K36 dimethylation (H3K36me2) across the genome. In
turn, this is associated to a global reduction of the repres-
sive chromatin mark H3K27me3 ( 6–8 ), ultimately result-
ing in the de-repression of normally silenced genes and in
the consequent activation of tumorigenesis pathways ( 7 ,9 ).
Furthermore, NSD2 overexpression is accompanied by al-
teration of EZH2 (Enhancer of Zeste Homolog 2)-induced
H3K27 methylation across the myeloma genome and misreg-
ulation of specific Polycomb target genes (such as GATA3 ,
HOXA2 genes), that contribute to myelomagenesis ( 7 ). In ac-
cordance with the oncogenic potential of NSD2, its knock-
down in t(4;14)+ MM cell lines reduces proliferation, cell-
cycle progression, and DNA repair ( 6 ,10–12 ). NSD2 tumori-
genic potential is strongly driven by its histone methyltrans-
ferase activity, as also highlighted by a gain-of-function muta-
tion (p.E1099K) in the NSD2 SET domain of pediatric Acute
Lymphoblastic Leukemia (ALL) patients. This mutation en-
hances NSD2 catalytic efficiency, yielding increased global lev-
els of H3K36me2 and reduced H3K27me3 ( 13 ). The molec-
ular basis of NSD2 histone lysine methyltransferase (HKMT)
activity by means of the SET domain has been unraveled by
the cryo-electron microscopy structure of NSD2 in complex
with nucleosome particles ( 14 ,15 ). However, NSD2 patho-
physiological function not only depends on its catalytic chro-
matin ‘writing’ activity, but also relies on its effector domains.
As typical member of the NSD family, NSD2 harbors sev-
eral chromatin-associated domains, including 5 Plant home-
odomain (PHD) finger domains, a PHD finger-like Cys–His
rich domain (C5HCH), two proline-tryptophan-tryptophan-
proline (PWWP) domains and a DNA-binding high mobility
group box (HMG-box) domain (Figure 1 A) ( 2 ). All these do-
mains likely contribute to NSD2 recruitment to specific chro-
matin loci via direct binding to chromatin or via mediation
of adaptor proteins. In fact, the N-terminal PWWP I domain
functions as preferential reader of NSD2 catalytic product, the
H3K36me2 mark, supporting the propagation and spreading
of H3K36me2 along chromatin ( 16 ). As such, PWWP I has re-
cently emerged as a promising pharmacological target to in-
hibit the aberrant function of NSD2 in MM ( 17 ,18 ). In addi-
tion, the PHD finger domains, versatile small Zn 

2+ binding do-
mains, seem to sustain NSD2 oncogenic activity ( 7 ,9 ). Within
different sequence contexts PHD fingers mainly work in tan- 
dem or alone as chromatin readers, decoding various histone 
marks, including methylated, unmethylated and acetylated ly- 
sine residues ( 19 ,20 ). PHD-finger mediated misinterpretation 

of these specific epigenetic marks is often associated with a 
wide range of human pathologies, ranging from cancer to de- 
velopmental diseases ( 20–22 ). NSD2 harbors three distinct 
NSD2 PHD cassettes, including three contiguous N-terminal 
PHD fingers (PHD I-II-III ), a PHD IV 

PWWP II tandem domain 

and a C-terminal PHD V 

C5HCH tandem domain (Figure 1 A).
Both PHD I-II-III and PHD V 

C5HCH cassettes were shown to 

contribute to NSD2 tumorigenic potential in non-redundant 
ways. On the one hand PHD I-II-III contributes to NSD2 re- 
cruitment to chromatin and HKMT activity, as a deletion mu- 
tant of this domain fails both to bind chromatin and cause 
the methylation switch between H3K36me2 and H3K27me3 

( 7 ,9 ). On the other hand, the PHD V 

C5HCH tandem domain 

contributes to H3K27 hypomethylation, as its deletion in- 
duces incomplete loss of H3K27 methylation, resulting in only 
partial transcriptional locus de-repression and modest clono- 
genic growth stimulation ( 7 ,9 ) However, despite the relevant 
role of PHD fingers in recruiting NSD2 to oncogenic loci driv- 
ing MM ( 9 ), their actual histone binding ability and specificity 
towards distinctive marks are still poorly explored at molec- 
ular level. In this study we examined the histone tail bind- 
ing activity of the PHD V 

C5HCH tandem domain of NSD2 

(PHD V 

C5HCH NSD2 ) and elucidated the molecular and struc- 
tural determinants underlying its ability to interpret the dual 
H3K4K27me3 epigenetic mark (i.e. unmethylated H3K4 and 

tri-methylated H3K27, defined from now on for simplicity as 
H3K27me3). Furthermore, we demonstrate that within the 
context of the full-length protein, PHD V 

C5HCH NSD2 plays 
a functional role in modulating the cell adhesion proper- 
ties of MM cells through the regulation of cell adhesion 

genes. 

Material and methods 

Protein expression and purification and synthetic 

peptides 

NSD-PHD V 

C5HCH tandem domains 
Murine PHD V 

C5HCH NSD1 (E2117–D2207) and human 

PHD V 

C5HCH NSD3 (R1310–P1413) were expressed and pu- 
rified as described ( 23 ). Three different constructs of hu- 
man PHD V 

C5HCH NSD2 domain (Uniprot code: o96o28-1,
residues R1228-K1340 and R1228-A1331 for NMR studies; 
R1228-R1334 for X-ray studies) were cloned into pETM11- 
SUMO3 vector (EMBL) expressed and purified as described 

previously ( 24 ). In all these constructs C1324 NSD2 (a non-Zn 

binding Cysteine) was mutated into Serine (C1324S NSD2 ) to 

improve solubility. Site-directed mutagenesis of all the mu- 
tants analyzed by NMR were performed by standard overlap 

extension methods. The DNA constructs were sequenced by 
Eurofins (Milan, Italy). 

Proteins concentrations were determined by 
UV spectroscopy using predicted extinction co- 
efficients ( ε ) for PHD V 

C5HCH NSD1 ( ε = 11 490 

M 

−1 cm 

−1 ). PHD V 

C5HCH NSD2 ( ε = 13 490 M 

−1 cm 

−1 ),
PHD V 

C5HCH NSD3 ( ε = 15 470 M 

−1 cm 

−1 ), 

Recombinant histone H3 1-44 

The human histone H3 fragment containing residues 1–
44 (H3 1-44 ) was cloned into pETM11-His 6 -SUMO3 vector 
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Figure 1. The three PHD V C5HCH domains of the NSD family share similar str uct ure and dynamics. ( A ) Domain architect ure of NSD2. Multiple sequence 
alignment (performed with ESPript.3 ( 79 ) of the human PHD V C5HCH domain of the NSD family (NCBI codes, NSD1: NP_071900.2; NSD2: 
NP_579890.1; NSD3: NP_075447.1, conserved residues are colored. Secondary str uct ure elements and Zn 2+ coordination sites are reported. ( B ) 
Superimposition of PHD V C5HCH NSD1 (PDB code: 2NAA, y ello w), PHD v C5HCH NSD2 (PDB code:9GBF, chain B, violet) and PHD V C5HCH NSD3 (PDB code: 
4gnd, chain A, green). Elements of secondary str uct ure are labeled. ( C ) Cartoon representation of PHD V C5HCH NSD2 tandem domain (PDB code:9GBF, 
chain B), with PHD V and C5HCH colored in pale cyan and wheat, respectively. Zn 2+ ions are represented in spheres and aromatic residues involved in 
interdomain interactions are shown as sticks and dots. ( D ) Backbone dynamics of PHD V C5HCH NSD family. The dotted line indicates the { 1 H}–15 N 

heteronuclear NOE value threshold of 0.65. Elements of secondary str uct ure are indicated on the top. 
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EMBL), expressed in BL21 (DE3) at 23 

◦C after induction
ith 1mM of IPTG, in LB medium or in minimal medium

ontaining 15 NH 4 Cl with or without 13 C-D-glucose. The H3
ragment was purified from the soluble fraction using HisTrap
P affinity column (GE Healthcare) with a linear gradient of

midazole. The eluted fusion protein was digested with His 6 -
ENP2 ( 25 ) at 4 

◦C for 4–5 h, followed by affinity chromatog-
aphy on a Ni-NTA column and size-exclusion chromatogra-
hy on Superdex 75 prep grade column (GE Healthcare) in a
uffer containing 20 mM NaH 2 PO 4 / Na 2 HPO 4 , pH 6.3, 150
M NaCl. 
 

Recombinant histone H3K C 

27me3 1-44 

To generate a recombinant mimic of H3K27me3 histone
tail, a single Lysine-to-Cysteine mutation (K27C) was in-
troduced into the H3 1-44 sequence by site-directed mutage-
nesis (H3K C 

27 1-44 ) and produced in labeled and unlabeled
form, as described for recombinant H3 1-44 . H3K C 

27 1-44 was
then alkylated as described ( 26 ). Briefly, purified recombi-
nant H3K C 

27 1-44 was reduced with DTT before addition
of a 50-fold molar excess of (2-bromoethyl) trimethylam-
monium bromide (Sigma 117196–25G). The reaction mix-
ture was incubated for 4 h at 50 

◦C before quenching with
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A

B

Figure 2. PHD V C5HCH NSD2 two histone H3 binding sites. NMR and ITC titrations of ( A ) H3 1-15 and ( B ) H3 1-37 peptides into PHD V C5HCH NSD2 . On the left 
superposition of selected regions of 1 H–15 N HSQC spectrum of 0.13 mM PHD V C5HCH NSD2 without (black) and with 1.5 mM histone peptides (orange). 
Center panel, bar graph showing residue-specific amide CSPs of 15 N PHD V C5HCH NSD2 (0.15 mM) upon addition of a 12-fold excess of histone peptides. 
Residues with CSP > avg+ σ (black line) or disappearing upon binding (red dots) are labeled. Grey dots represent prolines. On the right, ITC-binding 
curves of histone peptides titrated into PHD V C5HCH NSD2 . In the ITC curves the upper panel shows the sequential heat pulses for peptide–domain 
binding, the lo w er panel shows the integrated data, corrected for heat of dilution and fit to a single-site-binding model using a nonlinear least-squares 
method. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5 mM β-mercaptoethanol. The modified protein was sep-
arated and desalted using a PD-10 desalting column (GE
Healthcare) pre-equilibrated in water supplemented with 2
mM β-mercaptoethanol and lyophilized. The alkylation was
confirmed by western blot analysis. 

Synthetic peptides 
Synthetic histone H3 peptides (H3 1–15 , H3K4me3 1–15 , H3 1–37 ,
H3K27me3 1–37 , H3K9me3 1–37, H3K27me3 17-28 were C-
amidated and purchased from Caslo Lyngby, Denmark. Pep-
tide purity ( > 98%) was confirmed by HPLC and mass spec-
trometry). Peptide concentrations were estimated from their
dry weight. 

Crystallization conditions, data collection and 

structure determination 

Well-diffracting crystals were obtained for the
PHD V 

C5HCH NSD2 construct comprising residues R1228-
R1334, using the sitting drop vapor diffusion method at 4 

◦C
at a protein concentration of 18mg / ml. The crystallization
buffer contained 28% PEG Smear Medium, 0.1M HEPES pH
7.5 and 0.05M magnesium sulfate. Diffraction data were col-
lected at SLS X06SA, processed with XDS ( 27 )Since collected
data revealed anisotropic diffraction, they were anisotropi-
cally truncated and scaled with STARANISO ( 28 ). Molecular
replacement was performed with PHASER from CCP4 suite
( 29 )using a homology model of PHD V 

C5HCH NSD2 gen-
erated by SWISS-MODEL ( 30 ) using PHD V 

C5HCH NSD3 

apo structure (PDB code: 4gnd) as template. The model 
was rebuilt in COOT ( 31 ) and refined using phenix.refine 
( 32 ). Water molecules were added using phenix.refine and 

manually inspected. The model was inspected and validated 

using MolProbity ( 33 ). 

NMR spectroscopy 

NMR experiments were performed at 295K on a Bruker 
Avance III 600 MHz equipped with inverse triple-resonance 
cryoprobe and pulsed field gradients (Bruker, Karlsruhe, Ger- 
many). Typical sample concentration was 0.1–0.4 mM. Data 
were processed using NMRPipe ( 34 ) or Topspin 3.2 (Bruker) 
and analyzed with CCPNmr Analysis 2.5 ( 35 ). The backbone 
1 H, 13 C, 15 N chemical shifts of the PHD V 

C5HCH NSD2 were 
obtained from three-dimensional HNC A, CBC A(CO)NH,
CBCANH, HNCO experiments (BMRB code: 51 637). The 
backbone 1 H, 15 N chemical shift of the PHD V 

C5HCH NSD1 

and PHD V 

C5HCH NSD3 were obtained from the BMRB data- 
bank (BMRB code: 25 933 and 18 664, respectively) and 

confirmed by HNC A, CBC A(CO)NH, CBC ANH, HNCO 

experiments. The 1 H and 

15 N chemical shifts of H3 1-44 

and H3K27 C 

me3 1-44 were obtained from ( 36 ) and con- 
firmed by HNC A, CBC A(CO)NH, CBC ANH, HNCO ex- 
periments. NMR titrations and relaxation experiments were 
performed on the constructs R1228-K1340 and R1228- 
A1331, respectively. The final buffer contained 20 mM 
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aH 2 PO 4 / Na 2 HPO 4 , pH 6.3, 150 mM NaCl, 1 mM TCEP,
0 μM ZnCl 2 supplied with 0.15 mM 4,4-dimethyl-4-
ilapentane-1-sulfonic acid (DSS) and D 2 O (10% v / v). 

elaxation experiments 
eteronuclear { 1 H}- 15 N nuclear Overhauser enhancement,

ongitudinal and transversal 15 N relaxation rates (R 1 , R 2 )
ere performed using standard 2D methods methods ( 37 ).
uty-cycle heating compensation was used for both T 1 and
 2 relaxation experiments ( 38 ). T 1 and T 2 decay curves were
ampled at 12 and 11 different time points respectively (T 1 

rom 50 to 2000 ms and T 2 from 12 to 244 ms) collected
n random order, with 2.5 seconds recovery delay. Two de-
ays were acquired twice for evaluation of 〈 T 1 〉 , 〈 T 2 〉 and
he corresponding standard deviations. The { 1 H}- 15 N NOEs
ere measured recording HSQC spectra with and without
roton saturation in an interleaved fashion using a 4 sec-
nd recycle delay / saturation. The standard deviation of the
oise of both saturated and unsaturated spectra were used
o estimate I sat / I unsat uncertainty via error propagation for-
ula. R 1 , R 2 and { 1 H}- 15 N NOEs values have been ob-

ained using the CcpNmr2.5 fitting routine ( 35 ) and internal
cripts. 

MR binding assays 
o minimize dilution and NMR signal loss, titrations were
arried out by adding to protein samples (typically 0.1–0.2
M) small aliquots of concentrated (15 mM) peptide stock

olutions in 20 mM phosphate buffer, 150 mM NaCl, at pH
.3. For each titration point (typically 0.5, 1, 2, 3, 6, 8, 10, 12
quivalents of ligand) a 2D water-flip-back 

15 N-edited HSQC
pectrum was acquired with 2048 (180) complex points, 100
s (42 ms) acquisition times, apodized by 60 

◦ shifted squared
sine) window functions and zero filled to 2048 (512) points
or 1 H ( 15 N). Assignment of each titration spectrum in the
resence of histone peptides was made by following individ-
al cross-peaks through the titration series. For each residue
he weighted average of the 1 H and 

15 N chemical shift pertur-
ation (CSP) was calculated as described in (1) ( 39 ). 

CSP = 

√ 

�δ2 
H 

+ 

(
�δN 

5 

)2 

2 

(1)

sothermal titration calorimetry 

TC titrations were performed using a VP-ITC isothermal
itration calorimeter (MicroCal LLC, Northampton, MA,
SA). Recombinant proteins (typically 0.2–0–3 mM) and syn-

hetic peptides were dissolved against the same buffer (20
M NaH 2 PO 4 / Na 2 HPO 4 , pH 7.2, 150 mM NaCl, 2 mM β-
ercaptoethanol, 10 μM ZnCl 2 ) at 23 

◦C. Stepwise injections
f the 0.5–6 mM histone peptides solution into a cell con-
aining a 0.1–0–2 mM of PHD V 

C5HCH NSD2 (R1228-K1340)
r PHD V 

C5HCH NSD3 were performed to finally reach 6-fold
olar excess of histone peptides with respect to the protein

oncentration. The heat released in the process was measured.
ontrol experiments were performed under identical condi-

ions to determine the dilution heat of the titrant peptides
nto buffer and of the buffer into protein samples. The final
ata were analyzed using the software ORIGIN 7.0 (Origin-
ab Corp., Northampton, MA, USA). 
PHD V 

C5HCH NSD2 -H3K27me3 1-34 complex model 

PHD V 

C5HCH NSD2 . The PHD V 

C5HCH NSD2 structure (chain
B of the crystallographic structure of PHD V 

C5HCH NSD2

(PDB code:9GBF) was prepared with the Protein Prepara-
tion Wizard module of the Schrödinger Maestro suite, release
2020–4 ( 40 ). The crystallographic water molecules and HET
groups were removed, missing sidechains were added using
Prime and terminal residues were capped. The orientation of
the hydroxyl groups of Ser, Thr and Tyr, the side chains of Asn
and Gln residues, and the protonation state of His residues
were optimized at pH = 7 ± 2. Three independents 0.5 μs
Molecular Dynamics (MD) simulations of PHD V 

C5HCH NSD2

were performed as detailed below. 

PHD V 

C5HCH NSD2 -H3K27me3 1-34 

Based on CSPs data and on sequence conservation, we hypoth-
esized that PHD V 

C5HCH NSD2 and PHD V 

C5HCH NSD3 simi-
larly recognized the first nine residues of unmodified histone
H3 (H3 1-9 ) through the formation of a third beta-strand on
the PHD V 

surface. Thus, we modelled PHD V 

C5HCH NSD2 in
complex with H3 1-9 using as template the coordinates of H3
in complex with PHD V 

C5HCH NSD3 (PDB code: 4gnf) ( 41 ).
Next, the structure of H3 10-34 was extracted from the nucle-
osome structure (PDB code:1kx5, chain E) ( 42 ) and linked to
residue H3K9. To generate three different plausible models,
we used three different allowed �H3S10 dihedral angle values.
Next, we introduced the tri-methylation on the amino-group
of H3K27. To drive H3K27me3 into the aromatic cage com-
posed by W1282, H1283 and F1295, we performed three in-
dependents 1.5 μs long Steered MD simulations, followed by
0.5 μs long plain MD simulations as described in the next
paragraph. The production was carried out on the CINECA
Marconi 100 supercomputer. 

Molecular dynamics 
The MD simulations were performed using Gromacs2020.2
( 43 ) and PLUMED2 ( 44 ), with Amber14SB force-field (FF)
( 45 ) and TIP3P water model ( 46 ). The AmberTools20 LEaP
module ( 47 ) was used to integrate into the FF the Zhang et al.
( 48 ) tri-methyl lysine parameters, for the atomic description of
Kme3, and with the Zinc AMBER Force Field (ZAFF) ( 49 ) to
describe the His / Cys zinc ions coordination. The system was
solvated into a cubic box of TIP3P water molecules (edge de-
fined as the largest distance between system atoms plus 3.0
nm) and NaCl (150 mM). After energy minimization with
steepest descent and conjugate gradient algorithms, the sys-
tem was equilibrated. A 25 ps long NVT simulation was per-
formed with heavy atoms restrained to their initial positions,
followed by a 200 ps long simulation in NPT conditions at
300K. Temperature and pressure were controlled using the ve-
locity rescale algorithm ( 50 ) and the Parrinello-Rahman baro-
stat ( 51 ), respectively. Short-range Coulomb interactions were
calculated using a potential-shift Verlet ‘cut-off’, while long-
range Coulomb interactions were computed using the particle
mesh Ewald method ( 52 ). All the simulations were performed
at 300 K with 0.2 fs time steps. Steered MD simulations
(3 × 1.5 μs) were performed by applying a harmonic restraint
with a force constant of 4 kJ / mol to the distance between the
N ζ atom of the histone K27me3 residue and the center of mass
of the C ε 3 atom of W1282 and the C ε 2 atom of F1295 of
PHD V 

C5HCH NSD2 . After the steered simulations, the system
was relaxed for 500 ns with a plain MD simulation (one for
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each replica). In addition, we perform 3 independent classi-
cal MD simulations of PHD V 

C5HCH NSD2 in apo form. The
last 200 ns of each plain MD simulation were analyzed. The
root mean square deviation (RMSD) was calculated on the N,
C α, C, and O backbone atoms of PHDvC5HCH NSD2 (residues
5–95) in the apo form and in complex with the histone
H3K27me3 (residues 1–30). The RMSD was also calculated
for H3K27me3 (residues 1–30) bound to PHDvC5HCH NSD2

(residues 5–95). The system coordinates extracted from each
trajectory at 300 ns were used as the reference. The root mean
square fluctuation (RMSF) was computed on the C α atoms of
PHD V 

C5HCH NSD2 (residues 5–95) in apo form and bound
to the H3K27me3 tail, and on the C α atoms of H3K27me3
(residues 1–30) in complex with PHD V 

C5HCH NSD2 . The
RMSF was calculated on a combined trajectory constructed
by concatenating the three single replicas belonging to the
same condition, using the coordinates at 300 ns of the first
replica as a reference. H-bond analysis was performed on each
trajectory using the VMD 1.9.3 software ( 53 ), with 3.5 Å and
35 

◦ as the distance and angle ‘cut-off’, respectively. Only H-
bonds that persisted for more than 25% of the simulation
time in two of the three models are reported. Molecular im-
ages were generated with VMD 1.9.3 software (VMD is de-
veloped with NIH support by the Theoretical and Compu-
tational Biophysics group at the Beckman Institute, Univer-
sity of Illinois at Urbana-Champaign) ( 53 ), the open source
version of PyMOL (The PyMOL Molecular Graphics System,
Version 2.5.0 Schrödinger, LLC). Figures were prepared using
Inkscape 1.3.2. 

Protein expression in mammalian cells 

Cloning and site directed mutagenesis 
NSD2 wild type (WT) construct was cloned into pLVX-IRES-
mCherry. Site directed mutagenesis of the C-terminal PHD fin-
ger mutants (D1240A, D1255A and F1295A) was performed
using Q5 Site-Directed Mutagenesis Kit (NEB). Primers with
desired mutations were designed with NEBaseChanger. The
primers were used to PCR-amplify the plasmid and the prod-
uct was transformed into NEB 5-alpha competent cells. Single
colonies were selected, and mutations confirmed with sanger
sequencing. Colonies with confirmed wild-type or mutant
plasmids were expanded, and their plasmid DNA purified us-
ing Plasmid Maxi Kit (Qiagen) ( Supplementary Table S1 ). 

Lentiviral vector production 

HEK293T cells were cultured in T25 flasks and co-transfected
with 3.4 μg of NSD2 

WT or NSD2 

D1240A , NSD2 

D1255A ,
NSD2 

F1295A plasmid, 2.6 μg of the packaging plasmid
(psPAX2) and 1.7 μg of the envelope plasmid (pMD2.G).
Lipofectamine 2000 and Plus reagent (Thermo Fisher Scien-
tific) were used as transfection agents. The virus-containing
media of each flask was collected 60 h after transfection and
cell debris separated by centrifugation at 1500 g for 10 min.
The lentiviral-containing supernatant was filtered through a
Steriflip-HV 0.45 μm low protein-binding PVDF membrane
(Millipore) and concentrated 50-fold using Lenti-X Concen-
trator (Clontech). All viral solutions were aliquoted and stored
at − 80 

◦C until transduction. 

Lentivir al tr ansduction 

NSD2 TKO cells ( 10 ) were seeded in media supplemented
with 8 μg / mL polybrene at a density of 1 × 10 

6 cells per well
in a 12-well plate. 5 μL of concentrated virus harboring wild- 
type or mutant NSD2 was added to each well and mixed with 

the cell suspension. Plates were centrifuged at 1000 g for 2 h at 
33 

◦C, and transduced cells were subsequently resuspended in 

fresh media and recovered for 48h. After recovery, cells were 
sorted for mCherry to achieve a > 99% pool of transduced 

cells 

Protein extraction and western blotting 

Nuclear extracts were prepared using the Nuclear Complex 

Co-IP Kit (Active Motif), following the manufacturer’s pro- 
tocol. Protein concentrations of all samples were determined 

with Bicinchoninic acid (BCA) assay (Thermo Fisher Scien- 
tific) and equal amounts of protein were loaded onto NuPAGE 

4–12% Bis-Tris gels (Invitrogen). Proteins were separated us- 
ing SDS-PAGE and transferred to nitrocellulose membranes 
using iBlot 2 (Invitrogen). Histone modifications and pro- 
tein levels were determined using antibodies including anti- 
H3K36me2 (Abcam, RRID: AB_1 280 939), anti-H3 (Cell 
Signaling Technology, RRID: AB_2 756 816), anti-HDAC2 

(Cell Signaling Technology, RRID: AB_2 116 822) and anti- 
NSD2 (Abcam, RRID: AB_1 310 816). 

Colony formation and proliferation 

Cells were grown in MethoCult H4100 (Stem Cell Technolo- 
gies) supplemented with 20% FBS, 1%Pen Strep (Life Tech- 
nologies) and 1%GlutaMax-I (Life Technologies). Cells were 
seeded at a density of 500 cells / mL in a 12-well plate and 

allowed to grow for 14 days. Cells were plated at a density 
of 0.2 × 10 

6 cells / mL. Every 3 days cells were counted with 

trypan blue dye and replated at the same density. 

RT-qPCR 

RNA was extracted from cells using the RNeasy Plus Mini Kit 
(Qiagen). cDNA was synthesized from total RNA using Super- 
Script IV VILO Master Mix (Invitrogen) and genomic DNA 

was removed with ezDNase™ Enzyme. Quantitative RT-PCR 

was performed using a TaqMan Fast Advanced Master Mix 

(Applied Biosystems) and a predesigned TaqMan assay (Ap- 
plied Biosystems) for JAM3 (Hs00230289_m1), which was 
normalized to a GAPDH (Hs02786624_g1) control. qRT- 
PCR was performed in the CFX96 Touch Real-Time PCR De- 
tection System (Biorad). 

Adhesion Assay 

12-well plates were coated with 1 mL of 150 μg / mL media- 
diluted Matrigel solution (Corning) and incubated at 37 

◦C 

for 1 h to create a thin coat of Matrigel at the bottom of 
the wells. Each cell line was fluorescently labeled with Cy- 
toLight Rapid Red (Sartorius), following manufactures in- 
structions. The Matrigel-coated wells were rinsed gently with 

serum-free media and all cells were plated at a concentration 

of 5 × 10 

5 cells / well. Cells were allowed to adhere for 16 h 

and were then imaged for an initial reading using the Incucyte 
S3 Live-Cell Analysis System (Sartorius). Then, the plates were 
flipped to remove non-adherent cells and imaged again. Lastly,
additional non-adherent cells were removed with a gentle 
PBS wash and the plates were imaged a third time. Adher- 
ent cells from the second and third reading were normal- 
ized to the initial reading to account for differences in cell 
plating. 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1121#supplementary-data
https://scicrunch.org/resolver/https://scicrunch.org/resolver/RRID:
https://scicrunch.org/resolver/https://scicrunch.org/resolver/RRID:
https://scicrunch.org/resolver/https://scicrunch.org/resolver/RRID:
https://scicrunch.org/resolver/https://scicrunch.org/resolver/RRID:
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NA-seq 

otal RNA was extracted with the Direct-zol RNA MiniPrep
lus Kit. Library preparation and Poly(A) RNA sequencing
ere performed by the University of Florida Interdisciplinary
enter for Biotechnology Research core. Short reads were

rimmed using trimmomatic (v 0.36) ( 54 ) and quality con-
rol on the original and trimmed reads was performed using
astQC ( 55 ) (v 0.11.4) and MultiQC ( 56 ). The reads were
ligned to the GRCh38 transcriptome using STAR version
.7.9a ( 58 ), and transcript abundance was quantified using
 SEM (R SEM v1.3.1)(59). PC A and MDS plots produced us-

ng custom R scripts were used to evaluate similarity between
eplicates. Differential expression analysis was performed us-
ng DESeq2 ( 59 ) with an FDR-corrected P -value threshold of
.05. The output files were further filtered to extract tran-
cripts showing a 1.5-fold change in either direction. Results
ere reported for protein-coding genes only, and for all tran-

cript types. 

hIP-seq 

hIPmentation was performed as previously described
 60 ),TK O , WT, D1240A and F1295A cell lines were
ross-linked with 0.8% formaldehyde and quenched with
.125 mol / L glycine. Using the Covaris E220 Focused-
ltrasonicator (Covaris), the extracted chromatin was son-
cated and precleared with Prot.A / G Dynabeads (Invitro-
en, #10001D and 10003D). The DNA was immunoprecipi-
ated with anti-H3K27ac (Active Motif, RRID:AB _ 2561016 )
vernight at − 4 

◦C. The precipitated chromatin was washed
nd incubated in Tagmentation buffer containing Tagment en-
yme (Illumina, #20 034 210) and DNA was purified after re-
erse cross-linking. The purified DNA samples were amplified
or the library with index primers using the KAPA HiFi Hot-
tart Kit (Roche, #7 959 028 001). The libraries were cleaned
nd size-selected using Ampure XP Beads (Beckman Coulter,
A63880), and pooled for Novaseq 6000 S4 2 × 150 flow
ell (ICBR Next-Gen Sequencing Core, University of Florida).
hort reads were trimmed using trimmomatic (v 0.36) ( 54 )
nd quality control on the original and trimmed reads was
erformed using FastQC ( 55 ) (v 0.11.4) and MultiQC ( 56 ).
eads were aligned to the GRCh38 genome using Bowtie2
ersion 2.4.5 ( 57 )with default parameters. Peak detection was
erformed using MACS ( 57 ) version 2.2.7.1. Differential peak
nalysis was performed with the D ASA pipeline ( 61 ). D ASA
dentifies the set of consensus peaks in replicates of the same
ondition, and computes the set of all comparable peak re-
ions, that is, the peaks that appear in at least one condi-
ion. Comparable peaks were quantified using bedtools ( 62 )
roducing a matrix containing the amount of signal under
ach peak in each condition. The matrix was then analyzed
ith DESeq2 ( 59 ) to determine peaks showing a significant
ifference between conditions. A similar procedure was em-
loyed to identify differential signal at gene transcription start
ites ( ± 2KB around the TSS), gene bodies, and known en-
ancers (retrieved from the enhanceratlas.org site). Results
ere visualized using deeptools ( 63 ) and custom Python and
 scripts. 

UT & RUN sequencing and data analysis 

ells (5 × 10 

5 ) were harvested for Cleavage Under Targets
 Release Using Nuclease (CUT&RUN) following the in-

tructions of ChIC / CUT&RUN Kit (EpiCypher, #14–1048).
Briefly, the four cell lines (TK O , TK O repleted with NSD2 

WT ,
NSD2 

D1240A , NSD2 

D1255A , NSD2 

F1295A ) were incubated in ac-
tivated beads for 10 min to allow cells to bind to beads. Af-
ter adding the spike-in SNAP-CUTANA™ K-MetStat Panel,
the activated beads with cells were incubated with 0.5 μg an-
tibodies (anti-IgG, anti-H3K4me3, and anti-H3K27me3) on
nutator at 4 

◦C overnight. The cells were permeabilized by
5% Digitonin for binding of pAG-MNase to cleave target-
DNA complex. The targeted chromatin was digested in 100
mM calcium chloride for 2 h at 4 

◦C. The chromatin was then
combined with E. coli Spike-in DNA and released at 37 

◦C
for 10 min to the supernatants. The CUT&RUN-enriched
DNA was purified for library preparation. Paired-end se-
quencing libraries were prepared from CUT&RUN enriched
DNA ( ∼5 ng) using the CUTANA™ CUT&RUN Library Prep
Kit (EpiCypher, #14–1001&14–1002). End repair, adapter
ligation and U-Excision were performed to the CUT&RUN
enriched DNA. After clean-up with SPRIselect reagent (Beck-
man Coulter), a unique pair of i5 & i7 Indexing Primers
was added to enriched DNA for indexing PCR. The libraries
were cleaned up using SPRIselect reagent and enrichment of
mononucleosomal fragments ( ∼300 bp, including sequencing
adapters) was confirmed by TapeStation. The libraries were
pooled for Novaseq 6000 S4 2 × 150 flow cell (ICBR Next-
Gen Sequencing Core, U Florida). The input sequences were
trimmed using Trimmomatic. Quality control was performed
before and after trimming using FastQC ( 55 ). The input se-
quences were then aligned to the genome using Bowtie (v
2.4.5). For control and experimental reactions spiked with the
SNAP-CUTANA K-MetStat Panel, the occurrences of DNA
barcodes were counted using both R1 and R2 paired-end
reads for assessment of K-MetStat Spike-in Control data. The
E. coli Spike-in DNA was used for NGS normalization. Peak
detection was performed using SEACR ( 64 ). 

Results 

The PHD V 

C5HCH NSD2 tandem domain shares 

similar structure and dynamics with the other 
members of the NSD-PHD V 

C5HCH family. 

The NMR and crystallographic structures of
PHD V 

C5HCH NSD1 ( 23 ) and PHD V 

C5HCH NSD3 ( 41 ) have
been previously determined. To obtain a comprehensive ex-
perimental understanding of the NSD family, we determined
the crystallographic structure of the PHD V 

C5HCH NSD2

tandem domain (Table 1 ). Like the other NSD members,
the two Zn-binding domains form an indivisible structural
entity, with PHD V 

and C5HCH arranged in a face-to-side
orientation (Figure 1 B). PHD V 

adopts the classical PHD fin-
ger architecture, with an initial flexible loop (R1228-K1235,
not visible in the electron density map), a two-stranded
anti-parallel β-sheet 

( β1, β2) followed by two short 3–10 helixes α1 and
α2 linked by the so-called variable L3 Loop ( 65 ). α2 con-
nects PHD V 

to the C5HCH domain, an atypical PHD fin-
ger, consisting of two orthogonally oriented antiparallel ß-
hairpins (ß3-ß6). The tandem domain is hold together by
four Zn 

2+ ions, that are coordinated in an interleaved fash-
ion by conserved Cysteines and Histidines) (Figure 1 A, B).
Hydrophobic interdomain interactions involving conserved
residues (F1243, Y1263, P1281, W1282, H1283, H1284,
P1291, F1295, P1300) stabilize the fold, creating a shallow

https://scicrunch.org/resolver/https://scicrunch.org/resolver/RRID:AB_2561016
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Table 1. Data collection and refinement statistics for X-ray diffraction data 
collected on a single crystal of PHD V C5HCH 

a 

PHD v C5HCH NSD2 

Data collection Refinement 

Space group P 1 2 1 1 Resolution (Å) 1.60 
Cell dimensions No. reflections 17 295 
a , b , c (Å) 36.13, 45.25,60.65 R work / R free 0.1870 / 0.2248 
α, β, γ ( ◦) 90.00, 99.65, 90.00 No. atoms 2641 
Resolution (Å) 36.08–1.60 

(4.97–1.60) 
Protein 171 

Total reflections 56 250 (1825) Ligand / ion 12 
Unique reflections 17 296 (866) Water 75 
R merge 0.083 (0.611) B -factors 
R meas 0.099 (0.837) Protein 32.58 
I / σ I 9.7 (1.5) Ligand / ion 28.42 
Completeness 
(%) ellipsoidal 

87.3 (42.1) Water 32.94 

Redundancy 3.3 (2.1) Clash scores 5 
CC 1 / 2 0.997 (0.483) R.m.s. deviations 

Bond lengths (Å) 0.019 
Bond angles ( ◦) 1.6 
Ramachandran b 

Allowed (%) 1.8 
Favored (%) 98.2 

a Values in brackets correspond to the high-resolution shell. For cross-validation, 
10% experimental reflections were randomly selected to calculate the Rfree. 
b MolProbity 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

hydrophobic groove (Figure 1 C). PHD V 

C5HCH NSD2 aligns
with a RMSD of 0.9 Å and 1.2 Å on the C α atoms of the
equivalent domains in NSD1 (64% sequence identity) and
NSD3 (58.4% sequence identity), respectively. The highest
differences are observed in the L3 loop of PHD V 

and in
the β4- β5 loop, showing the greatest sequence divergence
among the three sequences. The connecting turn between β5
and β6 also varies, likely due to the exclusive presence of a
Proline residue (P1317) in NSD2 (Figure 1 A,C). In solution,
PHD V 

C5HCH NSD2 shares with the other two family mem-
bers similar sub-nanosecond internal motions, as indicated by
comparable steady-state heteronuclear { 1 H}–15 N NOE pro-
files (Figure 1 D). Most residues exhibit values around 0.8, ex-
cept for the N- and C-termini, the L3-loop within PHD V 

, and
the β5- β6 loop, which display lower values indicating higher
mobility in the picosecond-nanosecond time range (Figure
1 D). This is in line with the low electron density observed in
the very same regions. The uniform R 2 / R 1 ratio of residues in
both PHD V 

and C5HCH suggests that the PHD V 

C5HCH NSD2

behaves as a monomer, tumbling as a single unit with a cal-
culated rotational correlation time ( τc ) of 8.75 ± 0.21 ns, in
strong analogy to the cognate domains (PHD V 

C5HCH NSD1 ,
τc = 7.96 ± 0.41 ns and PHDvC5HCH NSD3 , τc = 8.38 ± 0.24
ns). Some local variations are observed in the R 2 and R 1

values of PHD V 

C5HCH NSD2 , particularly in the α2 helix
connecting PHD V 

and C5HCH of PHD V 

C5HCH NSD2 . The
higher R 2 values suggest the presence of slow conforma-
tional exchange phenomena that likely reverb on neighbor-
ing residues (R1256-C1259, C1296-C1299, D1318, Y1322-
E1325) ( Supplementary Figure S1 ). Taken together, these find-
ings indicate that the structural and dynamic characteristics
of the PHD V 

C5HCH tandem domain are highly conserved
within the NSD family. 
PHD V 

C5HCH NSD2 is a combinatorial reader of 
unmodified H3K4 and tri-methylated H3K27 

Despite similar structure and dynamics, the three NSD- 
PHD V 

C5HCH tandem domains have evolved to different 
histone binding abilities. PHD V 

C5HCH NSD1 shows only 
weak / non-specific binding towards histone H3 tail pep- 
tides ( 66 ), whereas PHD V 

C5HCH NSD3 specifically recog- 
nizes unmethylated Lysine 4 and tri-methylated Lysine 9 

on histone H3 (H3K9me3) ( 41 ). Previously, the binding of 
PHD V 

C5HCH NSD2 to the histone H3 tail has been sug- 
gested ( 41 ), yet the specificity and the molecular details un- 
derlying this interaction remain unexplored. We have thus 
tested by NMR 

1 H- 15 N heteronuclear single quantum coher- 
ence (HSQC) titration experiments and Isothermal Titration 

Calorimetry (ITC) the binding of PHD V 

C5HCH NSD2 to dif- 
ferent histone H3 peptides with different lengths and modi- 
fications. Gradual addition to 

15 N-PHD V 

C5HCH NSD2 of an 

unlabeled peptide, corresponding to the first 15 unmodified 

residues of histone H3 tail (H3 1-15 ), induced significant chem- 
ical shift perturbations (CSP > avg+ σ, i.e. average + stan- 
dard deviation) and line broadening effects of the amide 
resonances of residues mainly located at the N-terminus of 
PHD V 

(S1238, D1240-F1243, C1245, D1247-C1254, R1256,
C1259, A1262, L1265, F1275, G1276, E1279, F1295). Re- 
markably, this binary interaction was significantly weaker 
(Kd ∼ 600 μM) in comparison to higher binding affinities 
(Kd in the low micromolar range) typically observed in chro- 
matin readers ( 67 ,21 ) (Table 2 , Figure 2 A). We next tested 

whether PHD V 

C5HCH NSD2 sensed the methylation status of 
histone H3 at position K4. The presence of the N-terminal 
acidic hallmark (Figure 1 A) suggested a preference for bind- 
ing to unmethylated H3K4. Indeed, tri-methylation of H3K4 

(H3K4me3 1-15 ) had a detrimental effect on the interaction 

with PHD V 

C5HCH NSD2 (Kd not measurable by ITC) (Table 
2 ). Next, we wondered whether a C-terminal extension of the 
histone H3 peptide increased the interaction strength. Intrigu- 
ingly, NMR and ITC experiments using a longer synthetic 
histone H3 peptide (residues 1–37, H3 1-37 ) revealed pertur- 
bations of additional amide resonances on the C5HCH re- 
gion (H1283, C1285, D1286, F1295, L1298, S1302) (Figure 
2 B) and a three-fold increase in affinity (Kd ≈ 180 μM, Ta- 
ble 2 ). Taken together, these results highlighted the existence 
of a second histone H3 binding site on PHD V 

C5HCH NSD2 

which recognizes residues beyond position 15 of the H3 

tail, that contribute to binding affinity. Indeed, reversed titra- 
tions performed with recombinant 15 N labelled histone H3 1-44 

(residues 1–44) clearly pinpointed two distinct regions af- 
fected by the interaction with PHD V 

C5HCH NSD2 , charac- 
terized by significant CSPs or reduced peaks intensity. The 
two distinct regions encompassed respectively, the very end of 
the N-terminal tail (H3T3-H3S10) and residues within Q19- 
A29 ( Supplementary Figure S2 ). Prompted by the observation 

that the binding affected the H3K27 amide resonances and 

inspired by the documented alteration of H3K27 methyla- 
tion across the myeloma genome ( 7 ), we investigated whether 
PHDvC5HCH NSD2 could decode this specific mark. 

The addition of PHD V 

C5HCH NSD2 to 

15 N H3Kc27me3 1-44 

(a recombinant histone H3 peptide mimicking H3K27me3) 
(Figure 3 A) confirmed that two different histone regions (T3- 
T11; A24-Kc27me3) were involved in the binding, as as- 
sessed by significant CSPs (Figure 3 B, C). The interaction,
in agreement with the low micromolar affinity, was in the 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1121#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1121#supplementary-data
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Table 2. Thermodynamic parameters, stoichiometry (n) and dissociation constants (K d ) measured by ITC 

a 

PHD V C5HCH H3 �G (kcal / mol) �H (kcal / mol) 
T �S 

(K 

* kcal / mol) n K d ( μM) 

WT H3 1-15 −4.3 ± 0.7 −0.5 ± 0.1 3.8 ± 0.1 1.2 ± 0.2 602.4 ± 0.5 
WT H3K4me3 1-15 nd b nd b nd b nd b nd b 

WT H3 1-37 −5.1 ± 0.8 −4.5 ± 0.8 0.6 ± 0.1 0.9 ± 0.1 182.8 ± 0.6 
WT H3K27me3 1-37 −7.4 ± 0.1 −3.9 ± 0.1 3.5 ± 0.1 1.0 ± 0.1 3.3 ± 0.3 
WT H3K9me3 1-37 nd b nd b nd b nd b nd b 

F1295L H3K27me3 1-37 −4.5 ± 0.6 −0.7 ± 0.1 3.8 ± 0.1 1.3 ± 0.1 483.1 ± 0.4 
F1295A H3K27me3 1-37 −4.5 ± 0.9 −1.0 ± 0.1 3.5 ± 0.1 1.2 ± 0.1 465.1 ± 0.2 
D1240A nd b nd b nd b nd b nd b 

D1247A nd b nd b nd b nd b nd b 

D1255A nd b nd b nd b nd b nd b 

WT H3K27me3 17-28 nd b nd b nd b nd b nd b 

a Experiments have been performed (T = 293 K) between wild type (WT) or mutant forms of PHDVC5HCH NSD2 and histone H3 peptides. 
b and not detectable as binding is too weak to be reliably quantified. 

A B

C

D

Figure 3. 15 N H3Kc27me3 1-44 interacts with PHD V C5HCH NSD2 . (A) 1 H–15 N HSQC spectrum and selected region of 15 N H3Kc27me3 (0.1 mM) without 
(black) and with three-f old e x cess PHD V C5HCH NSD2 (blue). ( B ) B ar graphs sho wing residue-specific amide CSPs (upper panel) and ( C ) peak intensity ratio 
(I / I 0 ) of 15 N H3Kc27me3 (0.1 mM) upon addition of a three-fold excess of PHD V C5HCH NSD2 . Residues with CSP > avg+ σ◦ (black line and dark yellow 

bars, σ◦ corresponds to corrected standard deviation as defined in ( 80 )), and with I / I 0 < avg- σ (black line and light-yellow bars) or disappearing upon 
binding (y ello w dots) are labeled and plot ted on ( D ) the H3Kc27me3 1-44 (one-let ter code) amino-acids sequence. Blac k dots represent prolines. The 
dotted line represents the expected decrease of intensity due to dilution. A1 and R2 amide resonances are missing in the 1 H–15 N HSQC reference 
spectra, because of fast exchange with the solvent. 

i  

s  

p  

o  

t  

a  

s  

m  

C  

H  

c  

c  

s  

 

 

 

 

 

 

 

 

 

 

 

 

ntermediate exchange regime on the NMR timescale, with
everal amide resonances decreasing in intensity or disap-
earing upon binding (Figure 3 B–D). The reverse titration
f 15 N-PHD V 

C5HCH NSD2 with unlabeled synthetic H3 pep-
ide methylated at position K27 (H3K27me3 1-37 ) resulted in
 similar pattern and direction of CSPs in the 1 H, 15 N HSQC
pectrum, as observed with H3 1-37 , suggesting a comparable
ode of interaction. However, the CSPs affecting residues on
5HCH NSD2 (H1283, C1285, D1286, V1287, G1289, F1295,
1297, L1298, N1301, S1302) were more pronounced as

ompared to the unmodified histone peptide, suggesting an in-
reased affinity (Figure 4 ). Indeed, the methylation of H3K27
ubstantially enhanced the affinity by two orders of magnitude
compared to the unmodified histone peptide (Kd ≈ 3 μM) re-
sulting in a value typically observed in PHD fingers and other
common epigenetic readers ( 68 ). The interaction stoichiome-
try was 1:1, with both enthalpic and entropic favorable con-
tributions (Table 2 ). 

Decoding of unmodified H3K4 and tri-methylated H3K27
appeared to be a unique feature of PHD V 

C5HCH NSD2 ,
as NMR and ITC titrations of H3K27me3 1-37 into
PHD V 

C5HCH NSD1 and PHD V 

C5HCH NSD3 revealed a
much lower affinity (Kd ≈ 500 μM and Kd ≈ 120 μM,
respectively, Supplementary Table S2 ). Interestingly, while
PHD V 

C5HCH NSD3 showed a preference for H3K9me3 1-37

(K d ≈ 90 μM) the same modification abrogated binding to

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1121#supplementary-data
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A

B

C D

Figure 4. PHD V C5HCH NSD2 is a combinatorial reader of unmodified H3K4 and tri-methylated H3K27. ( A ) NMR and ITC titrations of PHD V C5HCH NSD2 with 
H3K27me3 1-37 peptide. On the left panel superposition of selected regions of 1 H–15 N HSQC spectrum of 0.13 mM 

15 N PHD V C5HCH NSD2 without (black) 
a 12-fold excess H3K27me3 1-37 (orange). Central panel, bar graph showing the corresponding residue-specific amide CSPs. Residues with CSP > avg+ σ

(black line, red bars) or disappearing upon binding (red dots) are labeled. On the right, ITC-binding curves of H3K27me3 1-37 titrated into 
PHD V C5HCH NSD2 . In the ITC curves the upper panel shows the sequential heat pulses for peptide–domain binding, the lower panel shows the 
integrated data, corrected for heat of dilution and fit to a single-site-binding model using a nonlinear least-squares method. (B) Surface representation of 
PHD V C5HCH NSD2 (PHD V , cyan; C5HCH NSD2 , wheat; residues with CSP > avg+ σ or disappearing upon binding of H3K27me3 1-37 are colored in red). The 
canonical histone binding site and the aromatic cage are indicated as dotted o v al and circle, respectively. In the inset a zoom of the aromatic cage 
f ormed b y F1 295, W1 282 and H1 283 is shown in stic ks and dots. B ar graphs sho wing residue-specific amide CSPs of: ( C ) 15 N-PHD V C5HCH NSD2 (F1295L) 
(0.13 mM) upon addition of a 12-fold excess of H3K27me3 1-37 (residues with CSP > avg+ σ (black line) or disappearing upon binding are labelled) and ( D ) 
15 N PHD V C5HCH NSD2 upon addition of 12-fold excess of H3K27me3 17-28 . Grey (A,C) and the green (C) dots represent prolines and F1295L, respectively. 

 

 

 

 

 

PHD V 

C5HCH NSD2 ( Supplementary Table S2 ). Collectively,
these findings indicated that PHD V 

C5HCH NSD2 is a novel
specific combinatorial reader of both the unmethylated H3K4
and H3K27me3 epigenetic marks. 

Two distinct binding surfaces of PHD V 

C5HCH NSD2 

cooperate to the combinatorial read out of 
unmodified H3K4 and tri-methylated H3K27 

Mapping on the crystallographic structure of
PHD V 

C5HCH NSD2 of the residues whose amide reso-
nances mostly shifted and / or disappeared in the presence of 
H3K27me3 1-37 highlighted two distinct binding surfaces of 
the tandem domain (Figure 4 B). The first one, corresponding 
to the classical histone binding site (Figure 4 B, center) com- 
prised the acidic residues (D1240, E1241) responsible for 
the preferential binding to unmodified H3K4, the β1-strand 

(L1251-L1253), and the P1274xGxW1278 pocket, that 
usually accommodates the N-terminal Alanine of histone H3 

(H3A1). The second interaction surface was in the interdo- 
main groove between PHD V 

and C5HCH and featured an 

aromatic cage formed by W1282, H1283 and F1295, well 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1121#supplementary-data
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uited for π–cation interactions with H3K27me3 (Figure
 B, right). Indeed, partial disruption of the aromatic cage
hrough the fold preserving mutants F1295L and F1295A
 Supplementary Figure S3 ), resulted in a hundred-fold reduc-
ion of the binding affinity (Table 2 ). Furthermore, analysis
f the CSPs induced by the addition of H3K27me3 1-37 to
he 15 N-F1295L mutant revealed that, while the binding to
he first site was maintained, the interaction with the second
ite was significantly impaired (Figure 4 C). This observation
onfirms the essential role of the aromatic cage in recognizing
he methylation state of H3K27 and in stabilizing the overall
nteraction of PHD V 

C5HCH NSD2 with the histone H3 tail.
mportantly, a histone H3 peptide corresponding to residues
17-S28 with tri-methylation on H3K27 (H3K27me3 17-28 )
as not able to interact with PHD V 

C5HCH NSD2 (Table 2 )
nd induced only negligible CSPs of 15 N-PHD V 

C5HCH NSD2 

Figure 4 D), indicating that the anchorage of the N-terminal
art of histone H3 is indispensable for complex formation
nd subsequent recognition of the H3K27me3 mark. Collec-
ively, these results reveal that PHD V 

and C5HCH constitute
 functional and structural unit that orchestrates the com-
inatorial readout of unmethylated H3K4 and H3K27me3.
he recognition of this dual mark follows a hierarchical order

n which PHD V 

is indispensable to anchor the N-terminal
lanine of histone H3 and H3K4 on the canonical histone
inding surface, while the interdomain interface recognizes
3K27me3 via aromatic caging, eventually promoting

nhanced binding affinity. 

hree-dimensional model of the double-anchor 
ecognition of H3K27me3 by PHDvC5HCH NSD2 

ttempts to obtain crystals of PHD V 

C5HCH NSD2 in com-
lex with H3K27me3 1-37 failed, most likely because of the
ntrinsic dynamics of the system. Moreover, the unfavor-
ble intermediate exchange regime on the NMR time-scale
ampered the detection of intermolecular nuclear Over-
auser effects (NOEs) and further complex characteriza-
ion. Thus, to describe the molecular mechanisms underly-
ng recognition of the double epigenetic mark H3K27me3
y PHD V 

C5HCH NSD2 , we adopted a computational multi-
tep approach. The protocol included the generation of
hree starting models of H3K27me3 1-37 in complex with
HD V 

C5HCH NSD2 , on which we performed three indepen-
ent 1.5 μs Steered MD simulations to drive H3K27me3 into
he aromatic cage (Figure 4 B). Subsequently, to relax the sys-
em, we performed 0.5 μs plane MD simulations. For compar-
son we also run three independent 0.5 μs molecular dynam-
cs simulations on free PHD V 

C5HCH NSD2 . The RMSD of free
nd bound PHD v C5HCH NSD2 indicated that the tandem do-
ain was stable and that the binding to H3K27me3 is main-

ained throughout the simulation time ( Supplementary Figure 
4 ). Overall, the root means squared fluctuations (RMSF)
rofile of bound PHD V 

C5HCH NSD2 was similar to that of
he free form, with smaller values especially in the regions
omprising L3 (K 1272 -G 1276 ), β4- β5 (D 1309 -T 1311 ) and β5-
6 (T 1316 -G 1319 ) loops (Figure 5 A), suggesting that histone
inding dumps down PHDvC5HCH NSD2 flexibility, with mi-
or effects on its intrinsic dynamic. Notably, the RMSF pro-
le of H3K27me3 was in good agreement with the spec-
ral perturbations observed in 

15 N-H3Kc27me3 1-44 titrations
nd was in line with the proposed dual recognition mech-
nism. In fact, the residues with very high RMSF (residues
10–15) corresponded to the resonances that were less af-
fected by the binding, while the two regions with the lowest
RMSF values (A1-A7 and R26-S28) showed significant CSPs
or peaks disappearance upon binding (Figure 5 B), suggest-
ing their direct involvement in the binding. In all the simula-
tions the first nine amino-acids of the histone H3 peptide sta-
bly interacted with the canonical ‘ β1-surface’ of PHD v form-
ing a third antiparallel β-strand (Figure 5 C, Supplementary 
Figure S5 A, C, D) via persistent hydrogen-bonds between the
backbone atoms of H3R2, H3K4, H3T6 and L1253, L1251
and G1249 ( Supplementary Table S3 ). H3A1 snugly fit into
the so-called PxGxW pocket with the N-terminal amino-
group forming hydrogen bonds with both G1276 and R1273
( Supplementary Figure S5 C). Charge complementarities and
hydrophilic interactions further contributed to complex for-
mation ( Supplementary Table S3 ). D1240, D1247 and D1255
formed stable salt-bridges with H3K4, H3R8 and H3R2, re-
spectively . Accordingly , D1240A, D1247A and D1255A mu-
tants resulted in impaired binding in ITC titrations. Of note,
steric exclusion of the methylated ε amino group accounts for
specificity for non-methylated H3K4 ( Supplementary Figure 
S5 C, D, Table 2 ). The complex models also suggested the
presence of persistent hydrogen bonds between, the amino
group of H3K9, the carbonyl of G1246 and the carboxylate of
E1241 ( Supplementary Figure S5 C, Supplementary Table S3 ).
Indeed, tri-methylation of H3K9 strongly impaired binding,
possibly through steric clashes with E1241 (Table 2 ). Hy-
drophobic interactions between H3A1, H3R2, H3K4, H3T6
and P1274, L1251, V1252, L1253 and W1278 also con-
tributed to complex stabilization. Only a few residues beyond
H3K9, devoid of secondary structure elements, established
stable contacts with the PHD v C5HCH NSD2 ( Supplementary 
Table S3 , Supplementary Figure S5 B, D). Despite the high flex-
ibility around residue H3K27me3, the tri-methylammonium
group appeared stably anchored inside the aromatic pocket,
through cation- π, and hydrophobic interactions with W1282,
H1283 and F1295 (Figure 5 C) Backbone interactions between
Arg1320 and Ser1321 also contributed to hold H3K27me3 in
place ( Supplementary Figure S5 B). 

Overall, these models were in good agreement with the bi-
partite interaction surfaces identified by CSPs (Figure 5 C),
and they provided a structural rationale for the combinato-
rial readout of unmodified H3K4 and tri-methylated H3K27
by PHD V 

C5HCH NSD2 . 

Mutations within PHD V 

C5HCH affect the expression
of NSD2 regulated cell adhesion genes 

We next asked whether in the context of the full-length NSD2
protein the PHD V 

C5HCH domain and its histone H3 tail
binding ability played a functional role in NSD2-dependent
properties, such as H3K36 di-methylation, cell proliferation,
cell colony formation and cell adhesion ( 10 ). To answer to this
question, we investigated in a NSD2-dependent MM cellular
model the effects of site-specific mutants of PHD V 

C5HCH
(NSD2 

D1240A , NSD2 

D1255A and NSD2 

F1295A ), whose in vitro
binding to H3K27me3 was impaired (Table 2 ). The t(4;14)
KMS11 cell line was previously engineered to create a pair of
isogenic cell lines such that either the IgH rearranged overex-
pressed allele of NSD2 was ablated (targeted knockout cells,
TKO; NSD2 low) or the non-rearranged basal level expressed
allele was disrupted (NTKO; NSD2 high) ( 10 ). KMS11
TKO cells were repleted with NSD2 

WT or with NSD2 

D1240A ,

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1121#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1121#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1121#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1121#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1121#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1121#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1121#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1121#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1121#supplementary-data
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https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1121#supplementary-data
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BA

C

Figure 5. Three-dimensional model of the combinatorial reading of H3K27me3 by PHD V C5HCH NSD2 . ( A ) Root mean square fluctuation (RMSF) of C α

atoms of PHDvC5HCH NSD2 (residues 5–95) o v er the simulation time was calculated on a combined trajectory constructed concatenating three 
independent replica. The RMSF profiles for the free system and in complex with H3K27me3 are shown in red and black, respectively. ( B ) RMSF of C α

atoms of H3K27me3 (residues 1–30) o v er the simulation time was computed on a combined trajectory constructed concatenating three individual 
replica. On the same graph the RMSF profile is compared to 1 H- 15 N CSPs of 15 N-H3K27me3 residues in the presence of unlabeled PHDvC5HCH NSD2 . 
Dots indicate peaks disappeared upon binding. Residues showing significant CSP are colored in yellow. ( C ) Superposition of representative snapshots 
extracted from the three MD simulations of the bound system. PHDvC5HCH NSD2 and H3K27me3 are shown in surface and cartoon representation, 
respectively, with H3K4 and H3K27me3 highlighted in sticks. Residues of PHDvC5HCH NSD2 mostly affected by the interaction with H3K27me3 
(CSP > avg+ σ or disappearing upon binding of H3K27me3 1-37 ) are colored in red. In the insets, zoom of the intermolecular interactions engaged by 
H3K4 (left) and H3K27me3 (right). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

NSD2 

D1255A and NSD2 

F1295A by lentiviral vector transduction
(for simplicity defined as NSD2 

WT , NSD2 

D1240A , NSD2 

D1255A

and NSD2 

F1295A cells) ( Supplementary Figure S6 ). After trans-
duction of TKO cells, expression levels of NSD2 (WT and
mutants) were higher compared to TKO control cells, and
the H3K36me2 levels were comparable to KMS11 t(4;14)
NTKO cells (Figure 6 A). In addition, the NSD2-dependent
oncogenic phenotypes, such as cell colony formation and cell
proliferation ( 10 ), were preserved in these repleted cell-lines
( Supplementary Figure S7 A, B). Intriguingly, while repletion of
TKO cells with NSD2 mutants did not affect NSD2-dependent
catalytic HMKT activity, cell colony formation and prolifera-
tion, it strongly affected the cell adhesion properties. Indeed,
Matrigel adhesion assays performed on TKO cells repleted
with NSD2 

WT led to increased cell adhesion in comparison
to TKO control cells, whereas the three cell lines expressing
the NSD2 mutants failed to adhere to Matrigel (Figure 6 B,
C). We thus investigated whether the mutations affected the 
expression of adhesion genes previously shown to be upregu- 
lated by NSD2 ( 7 ). Indeed, we found that the cell lines repleted 

with mutated NSD2 failed to upregulate junctional adhesion 

molecule 3 (JAM3) ( Supplementary Figure S7 C). Prompted by 
this observation, we further compared by RNA-Seq analysis 
the global changes in gene expression observed in NSD2 

WT ,
NSD2 

D1240A or NSD2 

F1295A cells as compared to non–repleted 

TKO cells (Figure 7 A). The NSD2 

D1255A cells were not further 
examined due to its low level of expression when expressed 

in MM cells. Re-expression of NSD2, whether in its WT or 
mutated forms, lead to dysregulation of gene expression, with 

a predominance of upregulated genes. NSD2 

WT and the two 

mutants cell lines shared 1387 upregulated genes (Figure 7 B),
indicating that NSD2 mutants retain much of the transcrip- 
tional function of the WT protein. Interestingly, the 377 genes 
exclusively upregulated by NSD2 

WT and not by the NSD2 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1121#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1121#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1121#supplementary-data
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utants ( Supplementary Figure S8 A, Supplementary Table S4 ,
upplementary Table S5 ) were involved in hematopoietic stem
ell migration to the bone marrow (GAS6, JAM3, GPLD1
enes), junction formation and cell adhesion (JAM3, PRKCA,
XN ) (Figure 7 C,D, Supplementary Figure S8 B, C). Moreover,
EGG Pathway analysis using gene set enrichment analysis

GSEA) revealed that re-expression of NSD2 

WT in TKO cells
nduced significant upregulation of genes belonging to tight
unction and focal adhesion subgroups, corroborating the Ma-
rigel adhesion assay results (Figure 7 C). Importantly, most
f the upregulated genes belonging to these pathways (e.g.
 AM2, J AM3, PRKCA, PXN, VEGFC, VEGFA, DOCK1 )
ere not as highly expressed in NSD2 

D1240A or NSD2 

F1295A 

ells, in agreement with their reduced adhesion phenotype
Figure 7 C). Finally, Hypergeometric Optimization of Motif
nRichment (HOMER) ( 69 ) analysis of transcription factor

TF) binding motifs in genes upregulated by either NSD2 

WT 

r its mutants revealed that the promoters of genes exclu-
ively upregulated by NSD2 

WT were enriched with specific
F binding motifs, such as those for SIX1 and ST A T6 TFs
 Supplementary Figure S8 C). This observation supports the
otion that the PHDvC5HCH domain plays a crucial role in
SD2-mediated activation of a specific subset of genes. 
Taken together, our data suggest that in a MM context the

HD V 

C5HCH domain of NSD2 specifically regulates the ex-
ression of a subset of genes associated with cell adhesion
nd that mutations hampering in vitro the histone binding ac-
ivity of this domain, fail to activate the expression of these
enes. 

utations within PHD V 

C5HCH of NSD2 result in 

ncomplete loss of H3K27 methylation throughout 
he genome 

revious studies have shown that in t(4;14) associated
M the increased level of NSD2 induces an increase of

he H3K36me2 mark and a depletion of the antagonistic
3K27me3 signature ( 7 ). These studies also showed that re-
cruitment of NSD2 to chromatin and the methylation lev-
els of H3K27 were in part dependent on the structural in-
tegrity of the PHD domains ( 7 ). The latter were also required
to recruit NSD2 to specific oncogenic gene loci ( 9 ). It was
therefore hypothesized that the PHD finger domains might
modulate NSD2 binding to specific chromatin sites. Indeed,
our biophysical analysis indicates that PHD V 

C5HCH NSD2

domain is a reader of the H3K27me3 mark. Intriguingly,
the 377 genes exclusively upregulated by NSD2 

WT were en-
riched in target genes (e.g. JAM3, GAS6, PRKCA ) of SUZ12,
the catalytic subunit of the PRC2 complex responsible of
H3K27me3 deposition ( Supplementary Figure S8 D). Thus,
prompted by these observations we asked whether genes up-
regulated in NSD2 

WT cells showed differential H3K27me3
levels as compared to TKO control cells. Using CUT&RUN
sequencing (Cleavage Under Targets and Release Using Nu-
clease), a recent method for ultra-sensitive genomic mapping
of chromatin targets, we scrutinized the four cell lines (TK O ,
NSD2 

WT , NSD2 

D1240A , NSD2 

F1295A ) for differences in the
level and distribution of H3K27me3. In agreement with pre-
vious findings ( 7 ), we found that chromatin at the promoters
and gene bodies of genes activated in the presence of NSD2 

WT ,
as determined by RNA-Seq, had a significantly decreased
H3K27me3 read density compared to TKO control cells. Con-
versely, in NSD2 

D1240A or NSD2 

F1295A cells H3K27me3 read
densities on these genes did not decrease and were compara-
ble to those of TKO control cells (Figure 8 A). In contrast, for
those genes whose expression is downregulated by NSD2 

WT

there was no difference in H3K27me3 read count when com-
paring TKO cells with NSD2 

WT and mutant cells (Figure
8 B). On a global scale, differential peak analysis of NSD2 

WT

cells showed more than 2000 differential H3K27me3 peaks
compared to TKO control cells, whereas NSD2 

D1240A and
NSD2 

F1295A cells displayed less than 200 differential peaks
relative to TKO cells (Figure 8 C). Taken together, these data
suggested that the two mutants are functionally impaired in
regulating H3K27me3 throughout the genome. Intriguingly,
the corresponding mutants in PHD V 

C5HCH NSD2 had a re-

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1121#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1121#supplementary-data
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duced ability to recognize the H3K27me3 mark in vitro . This
suggests that recognition of the methylation status of H3K27
via the PHD V 

C5HCH of NSD2 plays a role in the subsequent
removal of this mark to activate gene expression. The inter-
section between genes associated with decreased H3K27me3
peaks in NSD2 

WT cells and genes upregulated in NSD2 

WT

cells, as indicated by RNA-Seq analysis, shows that more than
20% of the upregulated genes also have decreased H3K27me3
peaks (Figure 8 D, Supplementary Table S6 ). This supports the
notion that upregulation of gene expression by NSD2 is linked
to the removal of H3K27me3 marks. Of the 377 genes exclu-
sively activated by NSD2 

WT 100 (27%) failed to show de-
creased H3K27me3 upon mutation of the PHD V 

PHD5 do-
main (Figure 8 E, Supplementary Table S6 ). These include
genes involved in the neural and adhesive pathways activated
by NSD2, such as NEO1 and JAM3 that code for surface ad-
hesive proteins. 

Collectively, these results indicate that the non-catalytic
PHD V 

C5HCH domain of NSD2 is critical for the removal
of the H3K27me3 signature required to activate the expres-
sion of a specific set of genes that are mainly involved in cell
adhesion. 

Mutations within PHD V 

C5HCH of NSD2 fail to 

produce increased H3K27ac signal within gene 

bodies and promoters of adhesion genes 

Recent work indicated that NSD2 overexpression leads to in-
creased gene expression due to removal of the H3K27me3
repressive mark and acquisition of the activation-associated
H3K27ac modification at promoters and enhancers ( 70 ). Our 
analysis of patterns of H3K27ac across the genome showed 

that repletion of TKO cells with NSD2 

WT led to a significant 
increase of 1313 H3K27ac peaks and a loss of ∼300 peaks 
(Figure 9 A). In marked contrast, re-expression of NSD2 

D1240A 

and NSD2 

F1295A resulted in an increase of less than 100 

H3K27ac peaks. Analysis of the 1313 upregulated H3K27ac 
peaks in NSD2 

WT cells indicated that the average signal across 
all peaks had a ∼ 3-fold increase compared to TKO cells.
By contrast, the average H3K27ac signal across these peaks 
increased by only 1.4-fold and 1.6-fold in NSD2 

D1240A and 

NSD2 

F1295A cells, respectively (Figure 9 B, C). Upon repletion 

of TKO cells either with NSD2 

WT or with mutants the ma- 
jority of increased H3K27ac signals mapped to gene bod- 
ies (Figure 9 D, Supplementary Tables S7 –S15 ). Nearly 33% 

of the genes showing increased H3K27ac levels (ChIP-seq) 
were also upregulated (RNA-Seq) in NSD2 

WT cells (Figure 
9 E, Supplementary Table S16 ). In particular, 10 / 39 genes en- 
coding tight junction proteins and 6 / 39 encoding focal adhe- 
sion proteins displayed increased H3K27 acetylation. Strik- 
ingly, there was no increase of H3K27ac peaks within these 
gene bodies in NSD2 

D1240A mutant cells and only one signif- 
icant peak within the gene body of integrin gene ITGA2 in 

NSD2 

F1295A cells. This suggests a correlation between NSD2 

overexpression, the change of expression and H3K27 acety- 
lation level of a specific genes subset. For example, mRNA 

production and H3K27ac level at the promoter of JAM2 

were significantly upregulated in NSD2 

WT cells, but only 
moderately increased in NSD2 

D1240A and NSD2 

F1295A cells 
(Figure 9 F). 
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Figure 8. Mutations in PHD V C5HCH impair the ability of NSD2 to modify chromatin. H3K27me3 read density at genes ( A ) upregulated and ( B ) 
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Collectively, these data indicate that the PHD v C5HCH
omain contributes to the NSD2-dependent increase of the
3K27ac signal at gene bodies and promoters of adhesion

enes. 

iscussion 

he PHD finger domain is a highly-conserved structural scaf-
old that alone or in tandem works as versatile protein–protein
nteraction domain. It plays multifaceted roles in interpreting
odifications of histone tails, facilitating the recruitment and

etention of host proteins on chromatin. This, in turn, pro-
otes the stabilization of chromatin-bound complexes and / or
irects catalytic subunits towards their specific substrates ( 19–
1 ,71 ). In this study, we present new evidence revealing the
reviously unknown ability of the PHD V 

C5HCH cassette of
MKT NSD2 to specifically recognize the dual histone mark

omposed by unmethylated H3K4 and H3K27me3. This in-
eraction contributes to the recruitment of NSD2 to chromatin
egions that are transcriptionally repressed and characterized
y an abundance of H3K27me3 marks. This is the first evi-
ence of such a specificity for the PHD V 

C5HCH cassette in
SD2, expanding our understanding of its functional mech-

nisms in chromatin regulation. The combined use of X-ray
rystallography, NMR, ITC and molecular dynamics simula-
ions provided molecular insights into this double mark recog-
nition. PHD V 

C5HCH NSD2 forms an indivisible structure that
works as combinatorial reader of unmethylated H3K4 and tri-
methylated H3K27 on the same histone tail. This in cis multi-
valent interaction allows for efficient complex formation with
low micromolar affinity. The binding occurs through two dis-
tinct binding surfaces within PHD V 

C5HCH NSD2 , each recog-
nizing different regions of the histone H3 tail. Specifically, the
initial 10 amino acids of the histone H3 tail fit into the canon-
ical binding pocket of PHD V 

, extending the existing antipar-
allel β-sheet through the formation of an additional β-strand.
This reproduces the well-established interaction pattern be-
tween the histone H3 tail and PHD finger domains. Electro-
static interactions between unmodified H3K4, H3R2, H3K9,
and D1240, D1255, and D1247, respectively, contribute to
the binding specificity. Mutating these Aspartate residues to
Alanine results in a loss of binding, supporting their crucial
role in complex formation. Importantly, PHD V 

C5HCH NSD2 is
highly sensitive to the methylation status of H3K4 and H3K9,
as methylation at these positions significantly impairs bind-
ing. NMR spectroscopy and extensive MD simulations indi-
cate that the uttermost N-terminal tail of H3 engages in very
stable interactions with the classical β1 surface. Conversely,
residues beyond S10 maintain a high degree of conforma-
tional heterogeneity upon binding, with H3K27me3 making
crucial and stable π–cation interactions with a conserved aro-
matic cage at the tandem domain interface, formed by residues
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W1282, H1283 and F1295. Methylation of H3K27 is funda-
mental for binding specificity, as demethylation of this posi-
tion results in a 60-fold reduction of the affinity. The recog-
nition mechanism via aromatic caging is typical of methyl-
lysine readers and has been observed in other H3K27me3
binding domains, such as the chromatin modifier organization
(chromo) ( 72 ) or the (bromo-adjacent homology) BAH do-
main within the repressive complex BAH-PHD-CPL2 in Ara-
bidopsis ( 73 ). Interestingly, in this complex the BAH domain
of protein APP3 interacts with the PHD finger of the proteins
AIPP2 / PAIPP2 allowing the bivalent reading of H3K27me3
and H3K4, respectively ( 73 ). Intriguingly, while in this latter
case the cross-talk among different epigenetic marks occurs
through two distinct proteins, in PHD V 

C5HCH NSD2 the com-
binatorial reading of the distinct marks occurs on the same hi-
stone H3 tail taking advantage of different surfaces within the 
same molecule. The BAH-PHD cassette of the plant SHORT 

LIFE (SHL) represents another example of dual reading of 
histone marks ( 74 ). In this case, the adjacent BAH domain 

and PHD fingers recognize the H3K27me3 and H3K4me3,
respectively, and their recognition is independent and mutu- 
ally exclusive ( 74 ). Conversely, in PHD V 

C5HCH NSD2 decod- 
ing of the double epigenetic signature follows a hierarchical 
mechanism that requires the recognition of both marks on 

the same Histone H3 tail for optimal binding. The uttermost 
N-terminal histone H3 residues are indispensable to accom- 
modate the unmodified histone H3 tail on the canonical his- 
tone binding site of PHDv and to place then H3K27me3 in a 
suitable position to interact with the aromatic cage at the do- 
mains interface. Decoding of H3K27me3 strongly depends on 
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Figure 10. Role of PHD V C5HCH in the transcriptional activity of NSD2. (A) PHD V C5HCH (blue o v al) of NSD2 recognizes H3K27me3 (green circle) on 
chromatin. ( B ) Cells repleted with NSD2 WT show high levels of both H3K36me2 (magenta line) and H3K27ac (orange line) and low levels of H3K27me3 
(green line), herewith the expression of a specific set of genes (e.g. cell-adhesion genes) is activated. ( C ) Mutations (cyan star) within PHD V C5HCH 

impair binding to H3K27me3. ( D ) Cells repleted with NSD2 mut ha v e similar le v els of H3K36me2 as NSD2 WT , but for a subset of genes high levels of 
H3K27me3 and low levels of H3K27ac are observed. As a result, a specific subset of genes (e.g. cell-adhesion genes) is not activated. 
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nmethylated H3K4 recognition, as a short histone segment
arboring H3K27me3 but lacking the N-terminal Histone H3
esidues is unable to bind PHD V 

C5HCH NSD2 . Notably, de-
pite the substantial sequence and structural identity among
he NSD family, the three NSD-PHD V 

C5HCH proteins have
volved to distinct and non-redundant functions, possibly due
o the small sequence variations present on the loops and
n β5- β6 of C5HCH (Figure 1 A). PHD V 

C5HCH NSD1 ex-
ibits only weak interactions with the histone H3 tail, re-
ardless of the modifications explored until now ( 23 ). We
ypothesize that a yet unidentified histone mark (conceiv-
bly in the N-terminal residues) is required to increase the
ffinity of PHDvC5HCH NSD1 for the histone H3 tail. How-
ver, it specifically interacts with the Zinc finger domain of
he repressor protein Nizp1 (C2HR Nizp1 ) ( 23 ). In contrast,
oth PHD v C5HCH NSD2 and PHD V 

C5HCH NSD3 showed low
inding affinity to C2HR Nizp1 ( 24 ), but they clearly func-
ion as epigenetic readers. PHD V 

C5HCH NSD3 , similarly to
HD V 

C5HCH NSD2 , binds to the unmethylated H3K4 mark
hrough conserved acidic residues, but it specifically recog-
izes H3K9me3 via a unique Tyrosine (Tyr 1323 ) ( 41 ). Our in
itro binding assays also suggested that PHD V 

C5HCH NSD3 

as the potential to bind to H3K27me3 through the conserved
romatic cage, with an affinity (high micromolar) which is
omparable to the one measured for H3K9me3. Interest-
ngly, the double mark H3K9me3K27me3 did not increase the
ffinity (Kd 104.9 ± 2.5 μM, Supplementary Table S2 ), sug-
esting that additional histone modifications and / or interac-
ors are required to increase the histone H3 binding capacity
f PHD V 

C5HCH NSD3. Lastly, PHD V 

C5HCH NSD2 , among all
SD family members, exhibits the strongest affinity for the

epressive H3K27me3 mark. Moreover, the sequence-specific
istone H3 recognition by PHD V 

C5HCH NSD2 is negatively
odulated by the active mark H3K4me3. The PHD finger

as single domain or in tandem) is generally not sufficient for
ssociation of the host complex with chromatin. However,
in many cases it has been shown to be necessary for proper
levels of binding, for targeting chromatin enriched in a spe-
cific histone mark herewith modulating the transcriptional ac-
tivity of the host protein ( 74 ). This is also the case for the
PHD V 

C5HCH domain within NSD2. Our study shows that,
this tandem domain is not involved in H3K36 di-methylation
but is crucial in localizing NSD2 to H3K27me3-enriched re-
gions, herewith controlling the transcription of specific set of
genes, in particular cell adhesion genes. Genome wide epige-
nomic profiling showed that cells repleted with NSD2 

WT had
decreased H3K27me3 and increased H3K27ac levels within
gene bodies. Conversely, repletion with NSD2 mutants known
to impair histone H3 binding of the PHD V 

C5HCH domain in
vitro (D1240A, F1295A) led to less effective gene activation.
Herein a subset of genes failed to show decreased H3K27me3
and increased H3K27ac levels (Figure 10 ). Interestingly, the
promoters of NSD2-activated genes were enriched for DNA
binding motifs of specific transcription factors, such as SIX1
and ST A T6. Of note, SIX1 as member of the SIX family, regu-
lates tumorigenesis, promotes cell proliferation, epithelial-to-
mesenchymal transition, and metastasis ( 75 ) and ST A T6 is as-
sociated with cancer cell proliferation, increased malignancy
and poor prognosis ( 75 ). Conceivably, cooperation with those
transcription factors, in addition to proper chromatin recog-
nition, is critical for NSD2 to exert its full oncogenic action
in stimulating aberrant gene expression in myeloma. Genes
that the NSD2 mutants failed to upregulate are involved in
hematopoietic stem cell migration to the bone marrow and in
junction formation and cell adhesion, such as J AM3, J AM2,
GAS6, GPLD1, PRKCA . Indeed phenotypically, MM cells ex-
pressing the NSD2 mutants have impaired cell adhesion prop-
erties. These results are in line with previous studies in which a
deletion mutant of NSD2 lacking PHD V 

C5HCH (previously
defined as PHD4) did not affect H3K36me2 levels but induced
incomplete demethylation of H3K27me3, thus allowing for
only partial JAM2 activation ( 7 ). Incomplete removal of the

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1121#supplementary-data
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repressive methylation of H3K27 in this case and in the case
of the PHD V 

C5HCH mutants would preclude its acetylation
and the related transcriptional activation. Loss of acetylation
can inhibit gene transcription by preventing BRD4 binding
which links promoters and enhancers and recruits pTEFB, a
factor that stimulates transcriptional elongation (reviewed in
( 76 )). H3K27me3 demethylation of loci in response to NSD2
could be due to rapid deposition of the H3K36me2 mark
upon cell replication since this modification prevents the ac-
tion of PRC2 (via EZH2) to deposit the H3K27me3 modifi-
cation ( 77 ). Alternatively, NSD2 might facilitate the recruit-
ment of H3K27me3 specific demethylases, such as JMJD3 or
KDM6A. 

In conclusion, in this work we have shown that the
PHD V 

C5HCH domain of NSD2 is a novel dual reader of the
unmethylated H3K4 and H3K27me3 marks that contributes
to the transcription of cell adhesion genes induced by the over-
expression of NSD2 in pathological MM conditions. As such,
its direct pharmacological targeting, might constitute a novel
intervention strategy against MM. In analogy to what is cur-
rently developed for the PWWP I domain of NSD2 ( 78 ), the
design of small molecule antagonists of PHD V 

C5HCH, might
represent an additional opportunity for NSD2 inhibition, thus
complementing epigenetic approaches based on protein de-
graders and on inhibitors of writer or eraser enzymes. 
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