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Clinical perspective

e Pulmonary arterial hypertension (PAH) has been proposed to share similarity to
oncogenesis. NSD2-mediated metabolic reprogramming regulates oncogenesis but its
role in PAH has never been investigated

e Here we show that silencing of NSD2 effectively ameliorated MCT-induced PAH and
right ventricle dysfunction, and partially reversed pathological remodeling of
pulmonary artery and right ventricular hypertrophy. In addition, silencing of NSD2
markedly reduced the di-methylation level of H3K36 in pulmonary artery.
Metabolomics analysis indicated that trehalose showed the most significant change in
lung tissue. NSD2-regulated trehalose mainly affected ABC transporters, mineral
absorption, protein digestion and absorption, metabolic pathways and
aminoacyl-tRNA biosynthesis. Furthermore, silencing of NSD2 inhibited autophagy
in pulmonary artery, consistent with the change in trehalose metabolism.

o We reveal a new role of NSD2 in the pathogenesis of PAH related to the regulation of
trehalose metabolism via increasing histone di-methylation. NSD2 is a promising

target for PAH therapy.



Abstract

Nuclear receptor binding SET domain 2 (NSD2)-mediated metabolic reprogramming has
been demonstrated to regulate oncogenesis via catalyzing the methylation of histones. This
study aimed to investigate the role of NSD2 mediated metabolic abnormality in pulmonary
arterial hypertension (PAH). Monocrotaline (MCT)-induced PAH rat model was established
and infected with adeno-associated virus carrying sShRNA targeting NSD2. Hemodynamic
parameters, ventricular function and pathology were evaluated by microcatheter,
echocardiography and histological analysis. Metabolomics changes in lung tissue were
analyzed by liquid chromatography-mass spectrometry (LC-MS). The results showed that
silencing of NSD2 effectively ameliorated MCT-induced PAH and right ventricle dysfunction,
and partially reversed pathological remodeling of pulmonary artery and right ventricular
hypertrophy. In addition, silencing of NSD2 markedly reduced the di-methylation level of
H3K36 and inhibited autophagy in pulmonary artery. Non-targeted LC-MS based
metabolomics analysis indicated that trehalose showed the most significant change in lung
tissue. NSD2-regulated trehalose mainly affected ABC transporters, mineral absorption,
protein digestion and absorption, metabolic pathways and aminoacyl-tRNA biosynthesis. In
conclusion, we reveal a new role of NSD2 in the pathogenesis of PAH related to the
regulation of trehalose metabolism and autophagy via increasing the di-methylation level of

H3K36 (H3K36me2). NSD2 is a promising target for PAH therapy.

Keywords: Pulmonary arterial hypertension; NSD2; H3K36; Methylation; Metabolism;

Trehalose; Autophagy



1 Introduction

Pulmonary arterial hypertension (PAH) is a complex and progressive cardiopulmonary
disorder characterized by increased pulmonary vascular resistance (PVR) and pulmonary
artery pressure (PAP), ultimately leading to the dysfunction and failure of the right ventricle
and death. Histological aspects of PAH include intimal hyperplasia, medial hypertrophy,
adventitial proliferation, and pathognomonic plexiform lesions. Notably, PAH demonstrates
several analogous features with carcinogenesis, including apoptotic resistance, pathological
hyperproliferation and excessive migration of pulmonary smooth muscle cell (SMC),
endothelial cell (EC) and fibroblast, metabolic reprogramming, inflammation and fibrosis *. In
addition, PAH shares similar metabolic abnormalities with oncogenesis that account for the
hyperproliferative, apoptosis resistant, and pro-survival phenotype of pulmonary vasculature,
angiogenesis, cell migration and vessel stiffening and fibrosis 2. For example, aberrant
metabolism has been proposed to reduce right ventricle contractility and promote adventitial
fibroblast, infiltrating macrophage and perivascular mononuclear cells pro-inflammatory,
hyperproliferative and pro-fibrotic phenotype®. In cancer and PAH, the mechanisms involved
in mitochondrial metabolic abnormalities and glycolysis include but are not limited to
fragmented mitochondria, decreased nitric oxide (NO) synthesis, reduced expression of
electron transport chain complexes I, I11, and X, epigenetic silencing of mitochondrial
superoxide dismutase 2 (SOD?2), altered reactive oxygen species (ROS) production, pyruvate
dehydrogenase kinase (PDK) induced pyruvate dehydrogenase (PDH) inhibition, and the
expression of pro-survival and proangiogenic hypoxia-inducible factor (HIF)-1®.

Nuclear receptor binding SET domain 2 (NSD2)/multiple myeloma SET domain (MMSET)



is a member of histone methyltransferase (HMTase) family, and acts as an epigenetic modifier
through methylating lysine residues on histone to change chromatin accessibility®’. Recent
studies showed that NSD2 was translocated, amplified, deleted or somatically mutated in
multiple types of cancer, suggesting a role in oncogenesis®*®. High NSD2 expression was
associated with tumor aggressiveness, drug resistance, recurrence and poor prognosis %%,
NSD2 can catalyze the mono-methylation of H3K36 (H3K36mel), di-methylation of H3K36
(H3K36me2) and H3K20 (H3K20me2), and tri-methylation of H3K36 (H3K36me3), H3K4
(H3K4me3) and H3K20 (H3K20me3) 3. The overexpression of NSD2 in breast and prostate
cancer led to aberrant high level of di- and/or tri-methylation of H3K36, indicating that
H3K36me2 and H3K36me3 are the main functional products of NSD2'2*,

NSD2 participates in metabolic reprogramming (aerobic glycolysis) in tamoxifen-resistant
breast cancer 2. Mechanistically, NSD2 was recruited to di-methylated H3K36 (H3K36me2)
at the promoters of hexokinase 2 (HK2) and glucose-6-phosphate dehydrogenase (G6PD),
two key enzymes of glycolysis and the pentose phosphate pathway (PPP). Overexpression of
NSD2 conferred breast cancer cells hormone-independent proliferative activities'?, and
promoted osteosarcoma cell proliferation and invasion. However, it remains unknown
whether NSD2 participates in metabolic reprogramming of pulmonary vasculature in PAH.

We hypothesized that NSD2 drives the pathogenesis of PAH by linking histone methylation
to metabolic reprogramming, leading to hyperproliferative, apoptosis resistant and survival
capability of the cells in pulmonary vasculature. In this study, we established monocrotaline

(MCT)-induced rat model of PAH and adopted adeno-associated virus (AAV) mediated short

hairpin RNA (shRNA) silencing of NSD2 to determine the role of NSD2 in PAH.



2 Materials and Methods

2.1 Animals and reagents

Male Sprague-Dawley (SD) rats (300-350 g body weight) were obtained from Slaccas Co.

Ltd. (Shanghai, China). All animal studies were performed at Experimental Animal Center of

Nanchang University in accordance with the Guideline of US National Institutes of Health

(NIH) and approved by the Institutional Committee for Use and Care of Laboratory Animals

of Nanchang University. Monocrotaline was purchased from Selleck (Cat. S3812, Shanghai,

China). To establish PAH rat model, SD rats were given intraperitoneal injection of saline

(sham, n=6) or MCT at 60 mg/kg body weight (BW) (n=6). The BW changes were monitored

from 21 to 35 days for all experimental groups.

BCA protein assay kit was obtained from Pierce (Rockford, IL, USA). Rabbit anti-NSD2

antibody (ab223694) and mouse anti-a-smooth muscle actin (a-SMA, ab5694) antibody were

purchased from Abcam (Cambridge, UK). Rabbit anti-H3K4me1/2/3, anti-H3K36me1/2/3

and anti-Histone H3 antibodies were obtained from Santa Cruz Biotechnology (Dallas, TX,

USA). Rabbit anti-LC3I/Il, anti-p62, anti-phos-AMPK and anti-AMPK, and mouse

anti-Beclinlwere purchased from Cell Signaling Technology (Cambridge, MA, USA). Goat

anti-rabbit 1gG, goat anti-mouse 1gG and rabbit anti-HRP-GAPDH were obtained from

KangChen Bio (Shanghai, China). Enhanced chemiluminescent (ECL) reagent was from

Amersham (Piscataway, NJ, USA).

2.2 Generation of recombinant AAV-shNSD2

Adeno-associated virus-2 vector (AAV2, Stratagene, La Jolla, CA, USA) carrying NSD2



ShRNA 5 CACGAATGTTCTGTATTCCTCAGCA-3’ (named AAV-shNSD2) and carrying
scramble sequence (named AAV-null) were constructed by Genelily Biotech (Shanghai,
China). AAV-shNSD2 and AAV-null were then packaged with pHelper and pAAV-RC in
modified AAV 293 cells to produce recombinant virus particles. The titer was determined by

real-time PCR. 5x10" of AAV-shNSD2 were used to infect the rats by tail vein.

2.3 Echocardiographic measurements

Echocardiographic measurements of pulmonary artery acceleration time normalized to
cardiac cycle length (PAAT/CL), Right ventricular end diastolic dimension (RVEDD), RV
end-diastolic systolic dimension (RVESD), Right ventricular end diastolic volume (RVEDV),
RV end-diastolic systolic volume (RVESV), RV cardiac output (RVCO), right ventricular wall
thickness (RVWT), interventricular septum thickness (IVS), right ventricular ejection fraction
(RVEF) and right ventricular fractional shortening (RVFS) were performed for all
experimental groups. Anesthesia was induced with 3% isoflurane gas and maintained with
1.0% to 1.5% isoflurane. Rats were laid supine on a heating platform. Body temperature was
monitored via a rectal thermometer (Indus Instruments, Houston, TX, USA) and maintained
at 36.5°C to 37.5°C using a heating pad and lamp. The rat's chest was shaved and treated with
a chemical hair remover to reduce ultrasound attenuation. To provide a coupling medium for
the transducer, a warm ultrasound gel was spread over the chest wall. Transthoracic
2-dimensional, M-mode and Doppler imaging were performed with a high-resolution imaging
system equipped with a 25-MHz transducer (VisualSonics, Toronto, ON, Canada). All

echocardiographic parameters were calculated offline using tool section of the VisualSonics



Vevo770 System. All measurements were performed by an experienced sonographer in a

blind manner.

2.4 Invasive hemodynamic measurement

The animals were initially anesthetized intraperitoneally with a mixture of ketamine (50
mg/kg) and medetomidin (100 ug/kg) for invasive hemodynamic measurements. A right-heart
catheter was inserted through the right jugular vein for measurement of right ventricular mean
pressure (RVMP), right ventricular systolic pressure (RVSP), mean pulmonary arterial
pressure (MPAP), and the left carotid artery cannulation was performed for systemic arterial
pressure (MSAP) and systolic body pressure (SBP) measurement. Total pulmonary resistance

(TPR) was calculated by the ratio of mMPAP/RVCO.

2.5 Histological analysis

Right ventricle and distal lungs were fixed in 4% paraformaldehyde, and then sectioned at
5-um. Hematoxylin and eosin staining was used to determine cardiomyocyte hypertrophy and
pulmonary artery media thickness (PAMT). The images of distal pulmonary arterioles per rat
(diameter between 30 and 100 um) were captured using a microscopic digital camera and
analysis program (Becton Dickinson). The PAMT is defined as the distance between inner and
outer elastic lamina. Vessel external diameter (ED) was determined. The relative PAMT (%)
was calculated as 100x2PAMT/ED. The RV wall was separated from the left ventricular (LV)
wall and ventricular septum (S). RV hypertrophy was expressed as the wet weight ratio of the

RV wall and free LV wall with ventricular septum (RV/(LV+S)). RVWT was measured by



using a standard micrometer calliper (RVWT invasive).

2.6 Morphometric analysis of the lung vessels

Pulmonary vascular remodeling was measured by the degree of occlusion of capillary arteries
on 7 um-thick sections of frozen lung tissue. Slices were fixed with acetone for 10 min at
room temperature and then saturated with human (10%) and donkey (10%) sera in PBS for 1
h at room temperature. Tissue sections were incubated for 24 h at 4°C with rabbit monoclonal
anti-a-smooth muscle actin (a-SMA) antibody (1:100, Abcam, USA) and mouse monoclonal
anti-NSD2 antibody (2 pg/ml, Abcam, USA). After washing, sections were incubated with
Alexa Fluor 488 goat anti-mouse 1gG (Invitrogen, Molecular Probes, Carlsbad, CA, USA;
1:2,000) and Alexa Fluor 594 goat anti-rabbit 1gG (Invitrogen; 1:2,000) at room temperature

for1h.

2.7 Western blot analysis

Tissues or cells were lysed in RIPA lysis buffer (50 mM Tris/HCI pH 7.4, 150 mM NaCl, 1%
Nonidet P-40, 0.25% Na-eoxycholate, 1 mM EDTA and protease inhibitor cocktail) on ice for
30 min, and the lysates were collected by centrifugation at 12,000 rpm for 15 min at 4°C. The
supernatants were collected and protein concentrations were determined using a BCA Protein
Assay Kit (Beyotime, Jiangsu, China). Equal amounts of denatured proteins were subjected to
SDS-PAGE and transferred onto PVDF membranes (Millipore, USA). The membranes were
blocked with 5% non-fat dry milk in TBS-T (20 mM Tris, 137 mM NacCl, 0.05% Tween-20,

pH 7.4) at room temperature for 3 h and then incubated with primary antibodies at 4°C



overnight. Subsequently, blots were washed and incubated with secondary antibodies at room

temperature for 1 h. Finally, immuno-reactive bands were detected using an Odyssey

Scanning system (Li-Cor, Lincoln, NE, USA).

2.8 Non-targeted LC-MS based metabolomics analysis

Samples stored at -80°C were thawed at room temperature. 50 pl sample was mixed with 10

ul 2-chloro-I-phenylalanine (0.3 mg/ml) dissolved in methanol. Subsequently, 150 pl ice-cold

mixture of methanol and acetonitrile (2/1, v/v) was added, and the mixtures were vortexed for

1 min, ultrasonicated at room temperature for 5 min, and stored at -20°C for 10 min. The

extract was centrifuged at 12,000 rpm at 4°C for 10 min. 150 pl of supernatant in a glass vial

was dried in a freeze concentration centrifugal dryer. 80 pl of 15 mg/ml methoxylamine

hydrochloride in pyridine was subsequently added. The resultant mixture was vortexed

vigorously for 2 min and incubated at 37°C for 90 min. 80 ul of BSTFA (with 1% TMCS) and

20 pl n-hexane were added into the mixture, vortexed vigorously for 2 min and then

derivatized at 70°C for 60 min. The samples were placed at room temperature for 30 min

before analysis on a GC-MS system (Agilent, model: 7890B) coupled with a mass selective

detector (Agilent, model: 5977A). A DB-5MS fused-silica capillary column (30 m x 0.25 mm

x 0.25 um, Agilent J & W Scientific, Folsom, CA, USA) was utilized to separate the

derivatives. The analysis was performed under the following conditions: Helium (> 99.999%)

was used as the carrier gas at a constant flow rate of 1 mL/min through the column. The

injector temperature was maintained at 260°C. Injection volume was 1 ul by splitless mode,

and the solvent delay time was set to 5 min. The initial oven temperature was 50°C, ramped to
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125°C at a rate of 15°C/min, to 210°C at a rate of 5°C/min, to 270°C at a rate of 10°C/min, to

305°C at a rate of 20°C/min, and finally held at 305°C for 5 min. The temperature of MS

quadrupole and electron impact ion source was set to 150°C and 230°C, respectively. The

collision energy was 70 eV. Mass spectrometric data were acquired in a full-scan mode (m/z

50-450). The QCs were injected at regular intervals (every 10 samples) throughout the

analytical run to provide a set of data from which repeatability could be assessed.

2.9 Statistical analysis

All data were presented as meanSD and analyzed by SPSS 11.0 statistical software.

Differences among various treatment groups were compared by one-way ANOVA.

Differences were considered significant at P<0.05.

3 Results

3.1 NSD2 silencing ameliorates MCT-induced PAH in rat model

To understand the role of NSD2 in MCT-induced PAH, SD rats were randomly divided into 4

groups (n=6): AAV-null treated SD rats administered with saline (Nullgyam); AAV-null treated

SD rats administered with MCT (Nullycr); AAV-shNSD?2 treated SD rats administered with

saline (ShANSD2gnam); and AAV-shNSD?2 treated SD rats administered with MCT (ShNSD2yct).

As shown in Figure 1, MCT significantly increased RVMP, RVSP, mPAP, TPR, and PAMT

(vs. saline treatment, P<0.01). RVCO in MCT treated groups was significantly reduced

compared with saline treated groups (P<0.01), but there were no significant differences in

SBP and mSAP between MCT and saline treated groups. Furthermore, NSD2 silencing led to
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significant decreases in RVMP, RVSP, mPAP, TPR and PAMT in sShNSD2ycr group compared

with Nullycrgroup (P<0.01), and significant increases in RVCO in ShANSD2ycr group

compared with Nullycr group (P<0.01). Collectively, these data suggest that NSD2 silencing

can ameliorate PAH in MCT-induced rat PAH model.

3.2 NSD2 silencing ameliorates right ventricular dysfunction in rat PAH model

Since PAH leads to dysfunction and failure of the right ventricle, we wonder whether NSD2

silencing ameliorates right ventricular dysfunction in rat PAH model. As shown in Figure 2,

MCT significantly increased RVEDD, RVEDV, RVESD, RVESV, RVPWT and IVST (vs.

saline treatment, P<0.01), and significantly decreased RVEF, RVFS and PAAT/CL (vs. saline

treatment, P<0.01). NSD2 silencing effectively increased RVEDD, RVEDV, RVESD, RVESV,

RVPWT and IVST, and reduced RVEF, RVFS and PAAT/CL in AAV-shRNA-NSD?2 infected

rats (vs. AAV-null, P<0.01). These data indicate that MCT-induced PAH rats develop right

ventricular dysfunction, which could be ameliorated by NSD2 silencing.

3.3 NSD2 silencing partially reverses pathological remodeling of pulmonary artery and

right ventricular hypertrophy

To confirm that NSD2 is involved in the remodeling of pulmonary arterial wall, we first

compared the thickness of PA between Nullgham and Nullyer group. We found significant

increase of pulmonary arterial wall thickness in MCT treated rats compared with saline

treated rats, but NSD2 silencing effectively inhibited the thickening of PA (Figure 3A, B).

Additionally, we observed obvious hypertrophy of RV in MCT treated rats, but NSD2
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silencing partially reversed RV hypertrophy. Quantitative analysis showed that Rv/BW and
RV/(LV+S) in MCT treated rats significantly increased compared with saline treated rats, but
NSD2 silencing significantly decreased RV/BW and RV/(LV+S) (Figure 3C, D). Taken
together, these data indicate that NSD2 silencing partially reverses pathological remodeling of

pulmonary artery and right ventricular hypertrophy in PAH rat model induced by MCT.

3.4 NSD2 mediates the di-methylation of H3K36 in PAH model

Next, we examined whether NSD2-mediated methylation of H3K36 is involved in PAH.
Immunofluorescence analysis of small size pulmonary artery showed that NSD2 was mainly
expressed in SMCs in PA (Figure 4A). MCT significantly increased NSD2 expression, and
NSD2 silencing significantly decreased protein expression of NSD2 in pulmonary artery
sections (Figure 4B). Western blot analysis showed that NSD2 silencing markedly reduced the
di-methylation level of H3K36 (H3K36me2), but there were no significant changes in
H3K36mel, H3K36me3, H3K4mel, H3K4me2 and H3K4me3 levels in pulmonary artery
sections (Figure 4B). Taken together, these data suggest that NSD2-mediated di-methylation

of H3K36 is involved in PAH.

3.5 Metabolomic analysis of NSD2-mediated PAH

NSD2-mediated metabolic abnormality plays an essential role in oncogenesis. This
phenomenon motivated us to detect NSD2-mediated metabolic alteration in lung tissue from
rats with PAH and determine how the differentially expressed metabolites regulate PAH.
Non-targeted LC-MS based metabolomics analysis of metabolites from rat lung tissue (Figure
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5A) showed that trehalose was changed most significantly among Nullgyam, Nullycr,
ShNSD2spam and sShNSD2ycr group (Figure 5B). Enrichment analysis of Kyoto encyclopedia
of genes and genomes (KEGG) metabolic pathway indicated that NSD2-regulated trehalose
mainly affected ABC transporters, mineral absorption, protein digestion and absorption,
metabolic pathways and aminoacyl-tRNA biosynthesis (Figure 5C). Furthermore, network
analysis showed that trehalose is closely related to ABC transporters and metabolic pathways
(Figure 5D). Taken together, these data indicate that NSD2-mediated di-methylation of
H3K36 regulates PAH via changing trehalose metabolism, which could affect ABC

transporters and metabolic pathways.

3.6 NSD2 regulates autophagy in PAH

Enhanced autophagy has been indicated to contribute to PAH and PAH-induced ventricular
hypertrophy*®*’. Trehalose has been reported to induce autophagy in many diseases'®. These
findings promoted us to investigate whether NSD2-mediated change in trehalose metabolism
may regulate autophagy in PAH. Western blot analysis showed that positive regulators of
autophagy including LC3-I11, beclin-1 and phos-AMPK were iupregulated while autophagy
suppressor p62 was downregualted in Nullycr group compared with Nullsyam group. Silencing
of NSD2 markedly decreased the levels of LC3-II, beclin-1 and phos-AMPK, and increased
p62 expression in ShANSD2ycr group compared with Nullycr group (Figure 6). These data

suggest that NSD2 might regulate autophagy in PAH via modulating trehalose metabolism.

4 Discussion
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MCT-induced PAH rat model has significantly contributed to the understanding of PAH
pathophysiology and the development of therapeutics™. In present study, we successfully
established SD rat PAH model through intraperitoneal injection of MCT, which was evaluated
via assessing haemodynamics and right ventricular function. Compared with the control
groups, silencing of NSD2 by shRNA can improve right ventricular function, suppress right
ventrivular hypertrophy, lower pulmonary arterial pressure and total pulmonary resistance and
reverse pulmonary arterial remodeling in PAH model induced by MCT. Meanwhile, decrease
in NSD2 expression achieved by NSD2 gene silencing was accompanied by reduced
H3K36me2 level and autophagy. Furthermore, Non-targeted LC-MS based metabolomics
analysis of lung tissue identified significant alteration in trehalose, which was significantly
upregulated in MCT treated rats but was downregulated in NSD2 shRNA treated rats. Our
study provides strong evidence that metabolic reprogramming mediated by NSD2 may play a
vital role in the development of experimental rat PAH.

PAH is characterized by metabolic reprogramming, excessive proliferation, and apoptotic
resistance of resident and recruited cells within the pulmonary arterial wall, sharing similar
properties with cancer cells?%?, Metabolic alterations have been proposed to provide
substrates and enzymes for increased biosynthesis to support cell survival and proliferation
and thus have become emerging targets for novel diagnostic and therapeutic approaches that
may have relevance to PAH. It has been demonstrated that abnormal proliferation of PASMC
and EC plays a dominant role in the thickening of pulmonary arterial wall and the decrease in
the pulmonary arterial lumen area®?. In our study, MCT-induced rat PAH model showed
thicker vessel wall and smaller lumen area than the control group, with the elevation of PAP
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and PVR and dysfunction and hypertrophy of right ventricle. Numerous studies have shown
that increased glycolysis is associated with the development of PAH. Overexpression of
glycolytic enzymes, such as glucose transporter 1 (GLUT1), phosphofructokinase B3
(PFKB3), pyruvate dehydrogenase (PDH) kinase 1, and lactate dehydrogenase A (LDHA),
may promote glycolysis and confer cells hyperproliferative and apoptosis resistant phenotype.
For instance, alpha-enolase (ENOL1), a glycolytic enzyme catalyzing the dehydration of
2-phospho-D-glycerate (2-PG) to phosphoenolpyruvate (PEP) in the glycolytic pathway, was
elevated in lungs from patients with PAH?. Overexpression of ENO1 in PASMC induced
de-differentiated and proliferative, apoptosis resistant and glycolytic phenotype, while the
silencing or inhibition of ENO1 decreased PASMC proliferation, promoted differentiation and
apoptosis, and restored the mitochondrial respiration®. Fatty acid metabolic defects also
participate in the development of PAH and right ventricular dysfunction and hypertrophy. On
one hand, reduced fatty acid oxidation can promote glucose oxidation, and thus mitigates the
development of PAH?. On the other hand, reduced fatty acid oxidation will lead to lipid
accumulation in the form of triglycerides, diacylglycerol, and ceramides in the cytoplasm of
RV cardiomyocytes, causing lipotoxicity??.

Accumulating evidence showed that elevated NSD2 plays a major role in the proliferation
and survival of malignant cells. NSD2 upregulates the expression of genes critical for cell
proliferation, anti-apoptosis and survival through catalyzing the di-methylation and/or
tri-methylation of H3K36 (H3K36me2, H3K36me3) at the promoter of these genes™®**#’.
Overexpression of NSD2 conferred breast cancer cells strong hormone-independent

proliferative activities'. In addition, NSD2 promoted the proliferation of pancreatic p cells?’.
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Consistently, knockdown of NSD2 resulted in a marked decrease of cell survival'®?. In this
study, silencing of NSD2 showed inhibitory effects on the thickening of pulmonary arterial
wall and right ventricle and protective role in pulmonary arterial pressure and right
ventrivular function, suggesting that NSD2 might be involved in the proliferation and/or
anti-apoptosis of cells within PA. Furthermore, the downregulation of NSD2 was
accompanied by decreased level of H3K36me2, indicating that NSD2-meidated thickening of
PA was achieved by increasing H3K36me2 level. Interestingly, NSD2 elevation strongly
stimulated the expression of TIGAR, HK2, and G6PD via di-methylating H3K36 (H3K36me3)
at the promoters, indicating its important role in metabolic reprogramming?. Elevated NSD2
strongly suppressed H,O»-induced ROS production and cell death/apoptosis. Consistently,
knockdown of NSD2 or HK2 or G6PD or TIGAR strongly increased ROS level and cell
death/apoptosis and decreased NADPH production®?. HK2 plays a pivotal role in diversion of
glucose into pathways such as the PPP for enhanced anabolic metabolism required for cell
proliferation. G6PD is the rate-limiting enzyme of the PPP and plays a key role in NADPH
production. TIGAR is a modulator of PPP, which was significantly decreased in
NSD2-overexpressing cells. Enhanced PPP is usually associated with elevated synthesis of
nucleosides or nucleotides. Indeed, metabolomics profiling demonstrated that
NSD2-overexpressing cells had higher levels of multiple nucleosides.

Several studies have suggested that NAPDH, G6PD and PPP were involved in the
development of PAH. Serving as a cofactor for nitric oxide synthase, NADPH plays a role in
the initial phase of PH development for vasoconstriction of pulmonary arteries®. The activity
of NADPH-producing isocitrate dehydrogenase-1 and -2 increased in pulmonary arteries and
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lungs of idiopathic- and heritable-PAH patients **. G6PD is a major supplier of cellular
NADPH. G6PD and G6PD derived NADPH mediate hypoxic pulmonary vasoconstriction.
The expression and activity of G6PD is increased in endothelin-1-treated PASMCs from PAH
patients, fibroblasts from idiopathic PAH patients and calves with severe hypoxic PH, ECs of
monocrotaline treated mice and lungs of hypoxia-induced and monocrotaline-induced PAH
rat models. Importantly, ectopic expression of G6PD increased rat PASMC proliferation®! and
contributed to HIF1a-induced EC growth®. It has been reported that G6PD and PPP activity
increased before PH developed™. Expression of enzymes in the glycolytic pathway was
upregulated in PASMCs from PAH patients®. Collectively, metabolic reprogramming is a key
mechanism underlying oncogenesis and PAH, and NSD2 has been reported to regulate
metabolic alterations in caner, indicating NSD2 may participate the development of PAH via
reprogramming the metabolism.

Trehalose, a non-reducing disaccharide consisting of two glucose residues, is synthesized
via the trehalose-6-phosphate synthase/trehalose phosphatase (TPS/TPP) pathway. Trehalose
has an important role in protecting cells against oxidative stress, hypoxia and inflammatory
responses: it could inhibit proinflammatory phenotype in macrophages®; downregulate
inducible nitric oxide synthase (iNOS) and nitric oxide (NO) production in macrophages®;
prevent angiogenesis by partially downregulating VEGF receptor 2 (VEGFR2) expression,
which is an important mechanism underlying plexiform lesions®; inhibit the proliferation of
myofibroblasts partially by inducing mesenchymal-epithelial transition®; inhibit
H,O,-induced increase of intracellular ROS, endoplasmic reticulum (ER) stress and reduction
in the activities of CAT and SOD*®; decrease H,0,-induced autophagic death and oxidative
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stress induced cell damage and apoptosis, and increase cell survival®**". Our metabolic
analysis showed that trehalose was increased in lung tissue from MCT-treated mice but
decreased in NSD2 shRNA-treated mice. Although there is no evidence that trehalose can be
synthesized by humans and other mammals, it was detected in rat lung tissue in this study. We
speculate that trehaose will be absorbed from intestine and accumulate to significant levels in
lung tissue with PAH. Certainly, detailed studies are needed to elucidate the role of trehalose
in PAH and the mechanism underlying the correlation of trehalose with NSD2.

Increased autophagy has been reported in many diseases including PAH, and inhibition of
autophagy can significantly prevent PAH progression by suppressing the proliferation and
migration of PASMCs and inducing their apoptosis"**%. Interestingly, trehalose can induce
autophagy in the liver, kidney, nervous system, vasculature and heart, inhibiting cell
apoptosis*®*. In particular, trehalose can significantly improve cardiac remodeling, apoptosis
and fibrosis by activating autophagy™®. In addition, trehalose can enhance arterial endothelial
cell autophagy, leading to reduced oxidative stress and inflammation and increased NO
bioavailability**. Our data show that silencing of NSD2 can markedly decrease trehalose and
reduce autophagy in lung tissue, suggesting that NSD2-mediated change in trehalose
metabolism might participate in the development of PAH via regulating autophagy.

In summary, our study for the first time reveals that NSD2 participates in the development
and progression of MCT-induced PAH via reprogramming metabolism of pulmonary
vasculature. In our next plan, we will investigate the detailed mechanism by which NSD2 acts
as an epigenetic regulator to modulate the expression of genes involved in metabolic
reprogramming and further validate whether NSD2 is a promising target for PAH prevention
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and treatment.
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Figure legends
Figure 1. NSD2 silencing ameliorates MCT-induced PAH in rat model. All data were

presented as mean+SD (n=6).*P<0.05, **P<0.01.

Figure 2. NSD2 silencing effectively ameliorates right ventricular dysfunction in rat
PAH model. All data were presented as mean+SD (n=6).*P<0.05, **P<0.01. N.S: not

significant.

Figure 3. NSD2 silencing partially reverses pathological remodeling of pulmonary artery
and right ventricular hypertrophy. A and B, RV hypertrophy was observed in MCT treated
rats, which was reversed by silencing of NSD2 (vs. saline treatment, P<0.01). C and D,
MCT-induced thickening of pulmonary arterial wall was partially reversed by NSD2 silencing

(vs. AAV-null, P<0.01).

Figure 4. NSD2 regulates PAH via mediating the di-methylation of H3K36. A,
Immunofluorescent staining of PA showed that NSD2 was mainly expressed in SMCs in PA.
B, Western blot analysis of significant increase in NSD2 and H3K36me2 expression in
pulmonary artery sections of MCT treated rats, while NSD2 silencing effectively decreased

NSD2 and H3K36me2 expression (P<0.01).

Figure 5. Metabolomic analysis of NSD2-mediated PAH. A, Non-targeted LC-MS based
metabolomics analysis of metabolites from rat lung tissue. B, Trehalose level was changed
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most significantly among Nullsyam, Nullycr, SANSD2gam and shNSD2ycr group. C,
Enrichment analysis of Kyoto encyclopedia of genes and genomes (KEGG) metabolic

pathway. D, Network analysis of metabolites.

Figure 6. NSD2 regulates autophagy in PAH. Western blot analysis of the changes in the
levels of autophagy markers in pulmonary artery sections of Nullspam, Nullyer, SANSD2spam
and shNSD2ycr group. GAPDH was loading control. All data were presented as mean=SD

(n=6). *P<0.05, **P<0.01.
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