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Aberrant smooth muscle cell (SMC) plasticity is etiological to
vascular diseases. Cholesterol induces SMC phenotypic transi-
tion featuring high LGALS3 (galectin-3) expression. This proa-
therogenic process is poorly understood for its molecular un-
derpinnings, in particular, the mechanistic role of sterol
regulatory-element binding protein-1 (SREBP1), a master
regulator of lipid metabolism. Herein we show that cholesterol
loading stimulated SREBP1 expression in mouse, rat, and hu-
man SMCs. SREBP1 positively regulated LGALS3 expression
(and vice versa), whereas Krüppel-like factor-15 (KLF15) acted
as a negative regulator. Both bound to the Lgals3 promoter, yet
at discrete sites, as revealed by chromatin immunoprecipita-
tion-qPCR and electrophoretic mobility shift assays. SREBP1
and LGALS3 each abated KLF15 protein, and blocking the
bromo/extraterminal domain-containing proteins (BETs) fam-
ily of acetyl-histone readers abolished cholesterol-stimulated
SREBP1/LGALS3 protein production. Furthermore, silencing
bromodomain protein 2 (BRD2; but not other BETs) reduced
SREBP1; endogenous BRD2 co-immunoprecipitated with
SREBP1’s transcription-active domain, its own promoter
DNA, and that of Lgals3. Thus, results identify a previously un-
characterized cholesterol-responsive dyad—SREBP1 and
LGALS3, constituting a feedforward circuit that can be blocked
by BETs inhibition. This study provides new insights into SMC
phenotypic transition and potential interventional targets.

INTRODUCTION
Atherosclerosis is the principal cause of cardiovascular disease with
widespread global prevalence. The extremely complex etiology of
atherosclerosis involving vascular cell pathobiology is not well under-
stood. Rong et al.1 showed that cholesterol loading of cultured
vascular smooth muscle cells (SMCs) induced down-regulation of
SMC markers and activation of Lgals3 (Mac2). Results were initially
interpreted as evidence that SMCs were transitioning to a macro-
phage-like state. However, subsequent gene array studies by the
Fisher group2 showed that cholesterol-loaded SMCs at best formed
highly dysfunctional macrophages and suggested that the cholesterol
loading may be a more appropriate model for foam cells, which is
consistent with studies by Wang et al.,3 suggesting that SMCs are
the major source of foam cells within lesions. Importantly, however,
a recent study by Alencar et al.4 indicated that the identity of the
LGALS3+ cells of SMC origin is far more complex. The study applied
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single-cell RNA sequencing (scRNA-seq) in both SMC lineage tracing
ApoE�/� mice and in a novel myosin heavy chain 11 (Myh11)-
tdTomato LGALS3 GFP ApoE�/� dual-recombinase mouse line
that, after tamoxifen treatment, permits identification of Myh11+

SMCs that convert from being tdTomato+ to GFP+ on expression
of LGALS3. Results indicated that Lgals3 activation in SMCs in
late-stage brachiocephalic artery lesions of ApoE�/� mice did not
represent their transition to a macrophage-like state.4 Rather, we
showed that individual dedifferentiated medial SMCs that activate
Lgals3 represent a multi-potential stem cell marker+ (e.g., stem cell
antigen-1 [Sca1 or Ly6A]+; Klf4+) transition state that can give rise
tomultiple SMC-derived transcriptomic clusters or phenotypic states.
Notably, SMCs that activate Lgals3 appear to preferentially give rise to
osteochondrogenic and pro-inflammatory cells that are likely detri-
mental for plaque pathogenesis by contributing to advanced plaques
and calcification.4 However, some of these cells gave rise to myofibro-
blast-like cells important for formation of the protective fibrous cap.
Which phenotype they exhibit may be a function of lesion SMCs re-
sponding to spatially and temporally distinct environmental cues pre-
sent in lesions. Alternatively, one cannot rule out the possibility that
there are distinct subsets of SMCs that exhibit restricted plasticity,
especially given the oligoclonal nature of SMC within lesions.5,6

In accordance with these recent studies indicating diverse cell types or
states derived from LGALS3+ SMCs, LGALS3 is expressed by
numerous cell types and has been implicated in the control of
many cellular processes, including cancer cell and epithelial cell
migration,7,8 stemness transformation of some cancer cell lines,9 pro-
liferation of hepatic stellate cells,10 suppression of T cell apoptosis,11

and adipocyte and osteoblast differentiation.12,13 Moreover, LGALS3
is expressed in SMCs within pulmonary arteries during development
of pulmonary hypertension and mediates proliferation, migration,
and resistance to apoptosis of cultured SMCs.14 In addition, Lgals3
knockout rats are resistant to development of experimentally induced
pulmonary hypertension.14 Although the preceding studies indicate
that LGALS3 plays a key role in regulating SMC function, relatively
uthors.
://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. SREBP1 positively regulates LGALS3 expression in mouse and rat SMCs

The SMCs used in experiments were mouse MOVAS cells unless otherwise specified (i.e., rat primary aortic SMCs in C). For loss or gain of function, SMCs were transduced

with lentivirus for 24 h to express a specific shRNA or scrambled control, or to express a gene or empty vector (EVec) control. The culture was then changed to fresh medium

and continued until subconfluence prior to cholesterol loading. Cells cultured in full medium were incubated with solvent control (0.25% BSA) or cholesterol (Chol; in a Chol-

methyl-b-cyclodextrin soluble form) at indicated concentrations for 72 h prior to harvest for various assays. Data quantification for western blots: mean ± SEM, nR 3 inde-

pendent repeat experiments. Data quantification for quantitative real-time PCR and ChIP-qPCR: mean ± SD, n = 3 replicates; presented is one of two similar experiments.

Statistics: one-way ANOVA followed by Tukey test; #p < 0.05, ##p < 0.01, ###p < 0.001 (between paired bars); *p < 0.05, **p < 0.01, ***p < 0.001, compared with the basal

condition (the first bar in each plot); non-significant comparisons are not labeled. Note: Srebf1 produces two highly homologous mRNA variants and protein variants

(SREBP1a and SREBP1c); the primers and antibody used here do not distinguish between these two variants. (A) Upregulation of LGALS3 and SREBP1 proteins (western

blot) and mRNAs (quantitative real-time PCR) by increasing concentrations of cholesterol. (B) SREBP1 silencing in MOVAS cells reduces LGALS3 protein and mRNA

(legend continued on next page)
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little is known regarding mechanisms that activate its expression in
this or other cell types.8,15

Sterol regulatory-element binding proteins (SREBPs) are master
regulators of lipid metabolism.16 SREBP1 is key to lipogenesis
and triglyceride deposition. In contrast, SREBP2 has been more
closely associated with cholesterol synthesis and accumulation.
Although SREBP2 is known to play an important role in choles-
terol accumulation in rat aortic SMCs in vitro,17 SREBP1 is less un-
derstood for its role in SMCs,18 especially in cholesterol-induced
SMC phenotypic transition. Whether SREBP1 plays a role in
SMC expression of LGALS3 is not known. Activated in response
to low cholesterol, SREBP2 is down-regulated in cholesterol-rich
conditions.19 Interestingly, SREBP1 was reported to be upregulated
by cholesterol loading of cultured SMCs,20 although the mecha-
nistic details were not determined. This motivated us to determine
whether SREBP1 is required for upregulation of LGALS3 in choles-
terol-loaded SMCs.

Krüppel-like factor 15 (KLF15) is another cholesterol-responsive
transcription factor that was initially shown to be crucial for gluco-
neogenesis.21 Of interest, recent studies unveiled its importance in
lipid homeostasis22,23 and a role of inhibiting Srebp1 expression in he-
patic lipogenesis.23 Moreover, it has been reported to impact migra-
tory, proliferative, and inflammatory SMC states and associated dis-
orders, such as neointimal hyperplasia and aneurysm.24–26

However, whether KLF15 is a transcriptional regulator of Lgals3 in
cholesterol-loaded SMCs has not been reported.

Using the in vitro model of cholesterol-loaded SMCs,2 we found that
SREBP1 and KLF15 positively and negatively regulated LGALS3
expression, respectively. This further led to the finding of a feedfor-
ward circuit formed by SREBP1 and LGALS3 positively regulating
each other. Moreover, they each reduced KLF15 protein levels. In
addition, we found that cholesterol-induced upregulation of the
SREBP1/LGALS3 dyad involved cooperative actions of the transcrip-
tion factor SREBP1 and bromodomain protein 2 (BRD2), a histone
acetyl bookmark reader. Therefore, this study sheds new light on
the mechanistic understanding of SMC phenotypic transition sensi-
tive to cholesterol-rich environments.

RESULTS
SREBP1 positively regulates LGALS3 expression in cholesterol-

loaded SMCs

Rong et al.1 discovered that cholesterol loading could activate Lgals3
expression in cultured SMCs. An important yet hitherto unad-
dressed question is whether the master regulator of lipid meta-
bolism, SREBP1, plays a role in this activation. Herein we show
that in mouse SMCs (MOVAS [mouse smooth muscle cell line]),
expression. (C) SREBP1 silencing in primary rat aortic SMCs reduces LGALS3 protein

qPCR showing SREBP1 binding at a proximal site of the Lgals3 promoter. S1, S2, and

promoter sites. ChIP was performed using an antibody specific for endogenous SR

SREBP1Nterm, the N-terminal half molecule, which is the active form of the SREBP1 t
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LGALS3 increased in a cholesterol dose-dependent fashion and
peaked at 80 mg/ml27 (Figure 1A). Cholesterol loading also increased
the expression of ABCA1 and pro-inflammatory factors (VCAM-1
and MCP-1) (Figure S1), consistent with previous reports.2,27

CD68, which is often used together with LGALS3 as macrophage
markers, was also elevated by cholesterol loading (Figure 1A). We
thus determined two other bona fide macrophage markers, F4/80
and CD11b. However, their levels were not significantly altered by
treatment with cholesterol (although CD11b was slightly increased
in MOVAS cells) (Figure S2). This is consistent with the recent sin-
gle-cell sequencing studies showing that LGALS3-expressing SMCs
do not necessarily transition to macrophage-like cells.4,28 More
interestingly, full-length SREBP1 and the N-terminal half molecule
which is the transcription-active form (SREBP1Nterm), responded
to cholesterol loading in the same fashion as LGALS3 (Figure 1A).
This new information led us to explore a potential relationship be-
tween SREBP1 and LGALS3. We found that silencing SREBP1
reduced LGALS3 protein and mRNA expression in MOVAS cells
(Figure 1B), as also observed in primary rat aortic SMCs
(Figures 1C and S3). Conversely, SREBP1 overexpression signifi-
cantly increased LGALS3 protein (Figure 1D). Furthermore, chro-
matin immunoprecipitation and quantitative PCR (ChIP-qPCR) ex-
periments revealed strong SREBP1 association with the Lgals3
promoter at the S1 site (Figure 1E).

KLF15 negatively regulates LGALS3 expression in cholesterol-

loaded SMCs

KLF15 is another cholesterol-responsive transcription factor.
Although KLF15 was recently found to regulate SMC pathophysio-
logical states,24–26 it has not been reported to regulate LGALS3
expression. Our data show that KLF15 protein diminished in
response to increasing cholesterol concentrations (Figure 2A), oppo-
site to the response of SREBP1 (Figure 1A). More interestingly,
KLF15 silencing (Figure 2B) and overexpression (Figure 2C)
increased and decreased LGALS3, respectively. Furthermore,
ChIP-qPCR data showed prominent binding of KLF15 at the S2
site of the Lgals3 promoter (Figure 2D). These results revealed
KLF15-mediated negative regulation of LGALS3 expression in
SMCs, contrary to SREBP1’s positive regulation described above.

SREBP1 and KLF15 bind to the Lgals3 promoter DNA at different

sites

We next pursued further evidence for transcription factor/pro-
moter DNA interactions through electrophoretic mobility shift
assay (EMSA), using biotin-labeled oligos that contain Lgals3 pro-
moter DNA sequences (Figure 3). The EMSA data show that the
oligos containing the KLF15-binding sequence (S2) or SREBP1-
binding sequence (S1) ran at different locations on the gel
(Figures 3A and 3B), suggestive of binding with different proteins.
. (D) SREBP1 overexpression in MOVAS cells increases LGALS3 protein. (E) ChIP-

S3 denote three software-predicted SREBP1-binding sequences at different Lgals3

EBP1, after MOVAS cells were treated for the indicated hours. r.u., relative unit;

ranscription factor.



Figure 2. KLF15 negatively regulates LGALS3

expression in mouse SMCs

Mouse MOVAS cells were used. Cholesterol loading and

lentiviral transduction were performed as described in

detail for Figure 1. Data quantification for western blots:

mean ± SEM, n R 3 independent repeat experiments.

Data quantification for quantitative real-time PCR and

ChIP-qPCR: mean ± SD, n = 3 replicates; presented is

one of two similar experiments. Statistics: ANOVA fol-

lowed by Tukey test; #p < 0.05, ##p < 0.01, ###p < 0.001

(between paired bars); *p < 0.05, **p < 0.01,

***p < 0.001, compared with the basal condition (the first

bar in each plot). (A) Down-regulation of KLF15 by

increasing concentrations of cholesterol. (B) KLF15

silencing increases LGALS3 protein and mRNA. (C)

KLF15 overexpression reduces LGALS3 protein. (D)

ChIP-qPCR indicating KLF15 binding at the S2 site of

the Lgals3 promoter. S1, S2, and S3 refer to the same

sites in Figure 1E. ChIP was performed using an antibody

specific for endogenous KLF15, after MOVAS cells were

treated for indicated hours.
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Multiple bands were detected for S1 most likely because of oligo-
merization of SREBP1 in non-denaturing native gel. Indicative of
binding specificity, the EMSA signal was extinguished by
increasing concentrations of a competitive unlabeled oligo
Molecular T
(Figures 3C and 3D). In contrast, the oligo
corresponding to the S3 site of the Lgals3 pro-
moter, which did not show SREBP1 binding in
the ChIP-qPCR experiment (Figure 1E), did
not have an effect on the Biotin-S1/SREBP1
EMSA signal (Figure 3E). Further confirming
the oligo sequence specificity, the EMSA signal
of KLF15 or SREBP1 binding was attenuated
by mutations in each respective oligo
(Figures 3F and 3G). In addition, the biotin-
S1/SREBP1 complex formation was not
affected by KLF15 silencing (Figure 3H),
consistent with the ChIP-qPCR result that
SREBP1 and KLF15 bound at separate sites
(S1 and S2, respectively) in the Lgals3
promoter.

Aside from their differential binding to the
Lgals3 promoter, SREBP1 and KLF15 exhibited
opposite roles in regulating LGALS3’s expres-
sion, as presented above. We were thus inspired
to investigate the relationship of these two tran-
scription factors. As indicated in Figure 4A,
while SREBP1 silencing and overexpression
increased and decreased KLF15 protein, respec-
tively, KLF15 silencing and overexpression
increased and decreased SREBP1 protein. Of
note, KLF15 protein did not increase signifi-
cantly in response to SREBP1 silencing in the condition of cholesterol
loading. This could be rationalized by the fact that high cholesterol
(80 mg/mL) is a potent repression signal for KLF15 expression (Fig-
ure 2A), as also documented in the literature.23
herapy: Nucleic Acids Vol. 28 June 2022 895
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Figure 3. Electrophoretic mobility shift assays

(EMSAs) showing transcription factor/promoter

DNA interactions

MOVAS cells were cultured without or with 80 mg/mL

cholesterol for 72 h. Nuclear proteins were then extracted

and incubated with biotin-labeled oligonucleotides (A and

B). Duplicate samples were loaded to the right six lanes in

(A). S1, S2, and S3 denote the oligo sequences within the

respective S1, S2, and S3 Lgals3 promoter sites (see

Figures 1E and 2D). (C–E) A competitor oligo (without

biotin label) in 2.5�, 5�, or 10�molar excess was added

in nuclear extracts before adding the biotin-oligo of the

same sequence. (F and G) A biotin-oligo without (WT con-

trol) or with a mutated sequence (mutant) was used.

Shown in each blot is one of two to three similar experi-

ments. (H) Experiments were performed in cells trans-

duced with lentivirus expressing scrambled or KLF15-

specific shRNA. (I and J) Schematics depict KLF15’s

negative effect and SREBP1’s positive effect on Lgals3

transcription, respectively, as suggested by combined re-

sults presented in Figures 1 and 2 and this figure.
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Thus, up to this point, our data have demonstrated that the two prom-
inent cholesterol-responsive transcription factors, SREBP1 and
KLF15, positively and negatively regulate Lgals3 expression, respec-
tively, likely via binding at discrete sites on the Lgals3 promoter
(see schemes in Figures 3I and 3J).

LGALS3 positively regulates SREBP1, but negatively regulates

KLF15

Although poorly understood, interaction of LGALS3 with nuclear
components has been recently reported.29 We thus surmised that
LGALS3 might influence SREBP1 and/or KLF15 levels. We first
explored this possibility with a commonly used LGALS3 inhibitor,
TD13930 (Figures 4B and 4C). The data show that TD139 dose-
dependently reduced SREBP1 protein, in cholesterol-loaded
MOVAS cells and rat primary SMCs. In contrast, TD139 increased
KLF15 in non-loaded cells, at a concentration as low as 50 nM. In
the cholesterol-loading condition, however, TD139 increased
896 Molecular Therapy: Nucleic Acids Vol. 28 June 2022
KLF15 protein only in rat primary SMCs.
This dampened potency of TD139 was likely
due to the aforementioned strong inhibitory
effect of cholesterol on KLF15 levels. We
then sought to confirm LGALS3’s functional
specificity using genetic approaches. As shown
in Figure 5A, LGALS3-specific silencing
diminished SREBP1 protein and mRNA, in
either cholesterol-loaded or non-loaded
MOVAS cells; the opposite occurred to
KLF15 protein. LGALS3 overexpression
increased SREBP1 protein (full-length and
N-terminal half) (Figure S4) and decreased
KLF15, and the LGALS3 inhibitor TD139
dampened these changes (Figure 5B). The ex-
periments with rat primary SMCs led to essentially the same re-
sults, albeit with varied statistical outcomes in some conditions
(Figures 5C and 5D).

Thus, SREBP1 and LGALS3 appeared to form a feedforward signaling
circuit that is augmented by cholesterol loading.We therefore focused
on this dyad in the following experiments.

Upregulation of SREBP1 and LGALS3 can be blocked by BETs

inhibition

Epigenetic factors play critical roles in transmitting extra- or
intra-cellular perturbations to transcriptional reprogramming
and subsequent cell-state changes. A prominent example is the
BETs (bromo/extraterminal domain-containing proteins),
including BRD2, BRD3, BRD4, and BRDt (testis restricted and
hence herein irrelevant), which have been recently implicated in
lipid metabolism.31,32 Given our results showing that SREBP1 is



Figure 4. Reciprocal regulation of the transcription factors SREBP1 and KLF15

The SMCs used in experiments were mouse MOVAS cells unless otherwise specified (i.e., rat primary aortic SMCs in C). Cholesterol loading (80 mg/mL) and lentiviral trans-

duction were performed as described in detail for Figure 1. TD139 was added at indicated concentrations 2 h prior to cholesterol loading. Quantification: mean ± SEM, nR 3

independent repeat experiments. Statistics: ANOVA followed by Tukey test; #p < 0.05, ##p < 0.01, ###p < 0.001 (between paired bars); *p < 0.05, **p < 0.01, ***p < 0.001,

compared with the basal condition (the first bar in each plot). (A) Reciprocal SREBP1 and KLF15 regulations in MOVAS cells. (B) Effect of LGALS3 inhibition with TD139 on

SREBP1 and KLF15 protein levels in MOVAS cells. (C) Effect of LGALS3 inhibition with TD139 on SREBP1 and KLF15 protein levels in rat primary SMCs.

www.moleculartherapy.org
a powerful regulator of the response of SMCs to cholesterol
loading, we next asked whether in this context BETs served as up-
stream determinants controlling SREBP1 expression. As shown in
Figure 6A (and Figure S5), treating SMCs with JQ1, the first-in-
class BETs-selective inhibitor,33 abolished cholesterol-induced up-
regulation of SREBP1, LGALS3, and CD68. Taken together, these
results suggest that blocking BETs may provide an effective means
to suppress cholesterol-induced activation of the SREBP1/LGALS3
dyad.

BRD2 co-immunoprecipitates with the SREBP1 N-terminal

domain and the promoters of Srebf1 and Lgals3

We then performed knockdown experiments to distinguish the role of
individual BET family proteins. The data indicate that BRD2
Molecular Therapy: Nucleic Acids Vol. 28 June 2022 897
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silencing, but not BRD3 or BRD4 silencing, reduced SREBP1 protein
in cholesterol-loaded MOVAS cells (Figure 6B). Recent evidence sug-
gests that BETs collaborate with transcription factors to assume their
functional specificity in cell-type/state transitions.19,31,34 In partic-
ular, master transcription factors that are key to cell identity often
activate their own gene transcription.33 We therefore next investi-
gated possible BRD2/SREBP1 functional cooperation. Interestingly,
we first observed their physical association (Figure 6C), as evidenced
by the co-immunoprecipitation (coIP) of endogenous BRD2 with
SREBP1Nterm.16 The specificity of the coIP was supported by equal
BRD2 protein levels in SREBP1Nterm-expressing cells and empty
vector control cells (see input in Figure 6C) and also by efficient
expression and immunoprecipitation (IP) of SREBP1Nterm (Fig-
ure 6D). Furthermore, as an additional negative control for the pos-
itive coIP of BRD2 with SREBP1Nterm, there was a lack of coIP of
LGALS3 with SREBP1Nterm (Figure 6E). To assess the functional
significance of the BRD2/SREBP1Nterm association, we performed
ChIP-qPCR experiments in MOVAS cells using an antibody against
endogenous BRD2 (Figure 6F). The data show that although the
Srebf1 promoter DNA coIPed with BRD2 (�6-fold over the IgG back-
ground) under basal conditions, the coIP was further enhanced by
cholesterol loading (�17-fold above the IgG background). A similar
result occurred to the Lgals3 promoter DNA, consistent with Lgals3
being a target gene of SREBP1 (Figure 1E). Moreover, in line with
BETs being histone-3 acetyl bookmark readers,35 Srebf1 and Lgals3
promoter DNA fragments also coIPed with the H3K27ac antibody
in ChIP experiments (Figure 6F). In aggregate, these results suggest
that BRD2 and SREBP1Nterm form a protein complex while co-local-
izing on the promoter of Srebf1, and they also co-localize on the pro-
moter of Lgals3 (see schematic in Figure 6G), consistent with the
observed inhibitory effect of JQ1 on the SREBP1/LGALS3 feedfor-
ward dyad (see Figure 6A and the schematic in Figure 6H).

SMCs with Lgals3 activation do not transition to an adipocyte

phenotype

Thus far, our data have shown transcriptional control of LGALS3 by
SREBP1, likely in combination with BRD2. Of note, LGALS3 was
initially used as a macrophage marker reciprocally regulating
SREBP1 levels (Figure 5). In fact, increasing evidence in the literature
supports the notion that LGALS3 is not merely a marker, but it
actively participates in various cellular events while distributed
broadly in intra- or extra-cellular locations of different cell types.30

We were thus prompted to examine its possible influence on choles-
terol-induced SMC phenotype. The data in Figure 7A show that
LGALS3 silencing and overexpression potently mitigated and pro-
Figure 5. LGALS3 positively regulates SREBP1 and negatively regulates KLF15

The SMCs used in experiments were mouse MOVAS cells unless otherwise specified (i.

transduction were performed as described in detail for Figure 1. TD139 was added (fina

SEM, n R 3 independent repeat experiments. Data quantification for quantitative real-ti

Statistics: ANOVA followed by Tukey test; #p < 0.05, ##p < 0.01, ###p < 0.001 (between

(the first bar in each plot). (A) Effect of LGALS3 silencing on SREBP1 and KLF15 levels

SREBP1 (primer2) refers to a sequence in the N-terminal domain. (B) Effect of LGALS3

LGALS3 silencing on SREBP1 and KLF15 protein levels in rat primary SMCs. (D) Effect o
moted an SMCmigratory behavior, respectively, and LGALS3 knock-
down without cholesterol loading appeared to be pro-apoptotic (Fig-
ure S6). These results agree with previous reports.30,36 Consistent with
SREBP1 regulation of LGALS3 (Figure 1), silencing SREBP1 reduced
SMC migration as well (Figure 7B). Because cholesterol loading re-
sulted in remarkable lipid accumulation inside SMCs (Figure 7C),
we were curious as to whether this treatment had turned SMCs into
an adipocyte-like phenotype, a question not previously addressed.
We found that although three lipid-storage factors, SREBP1 (Fig-
ure 1), FABP4, and ACC1, were elevated after cholesterol loading,
other adipogenic factors including CEBPA, PPARg, adiponectin,
and ACAT2, decreased (Figure 7D). This result was confirmed by ex-
periments with rat primary SMCs (Figure S7). Indicative of a specific
role for LGALS3, its silencing significantly inhibited cholesterol-
induced upregulation of SREBP1 (Figure 5), FABP4, and ACC1, albeit
without a significant effect on other markers (Figure 7E). Accord-
ingly, the effects of SREBP1 silencing on these markers largely fol-
lowed the pattern that resulted from LGALS3 silencing (Figure 7F).
This differential LGALS3 regulation of adipogenic markers in choles-
terol-loaded SMCs was not previously reported and may deserve
future investigation, including genomic analysis at different time
points.

LGALS3 represses protein levels of the SMC master

differentiation control factor myocardin-related transcription

factor A (MRTF-A)

Loss of smooth muscle a-actin (aSMA), a common etiology of
various vascular pathologies, is another conspicuous SMC phenotypic
change induced by cholesterol loading.2,27 Evidence exists for an in-
fluence of LGALS3 on aSMA expression in SMCs,36 and we found
that SMCs that activate Lgals3 during development of atherosclerosis
show reductions in expression of SMC differentiation marker genes,
including aSMA and Myh11.4 However, the underlying mechanisms
remain unclear. As expected, cholesterol loading dose-dependently
reduced aSMA protein (Figures 8A and 8B) andMyh11mRNA (Fig-
ure S1A) in MOVAS cells. Interestingly, this inhibitory effect
of cholesterol loading also occurred on MRTF-A, the transcription
co-activator for the expression of aSMA.MRTF-A protein was signif-
icantly elevated by inhibiting LGALS3 with TD139 at a higher con-
centration (1 mM) in non-loaded MOVAS cells, but not in choles-
terol-loaded cells (Figure 8B), consistent with the strong inhibitory
effect of cholesterol on MRTF-A and aSMA observed in Figure 8A.
Nevertheless, genetic manipulations of LGALS3, via LGALS3
silencing or overexpression, effectively increased and decreased
aSMA andMRTF-A proteins, respectively (Figure 8C). More detailed
e., rat primary aortic SMCs in C and D). Cholesterol loading (80 mg/mL) and lentiviral

l 1 mM) 2 h prior to cholesterol loading. Data quantification for western blots: mean ±

me PCR: mean ± SD, n = 3 replicates; presented is one of two similar experiments.

paired bars); *p < 0.05, **p < 0.01, ***p < 0.001, compared with the basal condition

in MOVAS cells. SREBP1 (primer1) refers to a sequence in the C-terminal domain;

overexpression on SREBP1 and KLF15 protein levels in MOVAS cells. (C) Effect of

f LGALS3 overexpression on SREBP1 and KLF15 protein levels in rat primary SMCs.
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Figure 6. BETs inhibition abrogates cholesterol-induced upregulation of SREBP1 and LGALS3 proteins

MouseMOVAS cells were used unless otherwise specified. Cholesterol loading (80 mg/mL) and lentiviral transduction were performed as described in detail for Figure 1. Data

quantification for western blots: mean ± SEM, n R 3 independent repeat experiments. Data quantification for qPCR: mean ± SD, n = 3 replicates; presented is one of two

similar experiments. Statistics: ANOVA followed by Tukey test; #p < 0.05, ##p < 0.01, ###p < 0.001 (between paired bars); *p < 0.05, **p < 0.01, ***p < 0.001, compared with

the basal condition (the first bar in each plot). (A) Treatment of MOVAS cells with BET-selective inhibitor JQ1 abolishes cholesterol-induced protein upregulation of SREBP1,

LGALS3, and CD68. JQ1 was added (final 0.5 mM) 2 h prior to cholesterol loading (final 80 mg/mL). (B) Effect of silencing individual BETs on SREBP1 protein levels in MOVAS

cells. (C) Co-immunoprecipitation (coIP) of endogenous BRD2 with SREBP1Nterm. The vector for expressing FLAG-GFP (EVec control) or FLAG-SREBP1Nterm was trans-

fected into HEK293 cells. An anti-FLAG antibody was used for IP, and coIPed endogenous BRD2was detected via immunoblotting (IB). Mean ± SEMwas calculated from n =

(legend continued on next page)
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analysis indicated that elevating LGALS3 protein reduced MRTF-A
protein in both the nucleus and the cytosol (Figure 8D). In accor-
dance, silencing SREBP1, which positively regulates LGALS3 (Fig-
ure 1), increased MRTF-A protein levels (Figure 8F). Taken together,
these results provide novel information that LGALS3 and SREBP1
negatively regulate SMC MRTF-A protein levels.
The SREBP1/LGALS3 dyad occurs in cholesterol-loaded human

primary SMCs

Following the above experiments performed with both the mouse
MOVAS cell line and rat primary SMCs, we determined whether
LGALS3 regulation by SREBP1 also occurs in human primary aortic
SMCs. As shown in Figure 9A, whereas SREBP1, LGALS3, and
CD68 proteins were upregulated by cholesterol loading, KLF15,
MRTF-A, and aSMA were down-regulated, largely recapitulating
the results obtained from mouse and rat SMCs. Indeed, SREBP1
silencing diminished LGALS3 and increased KLF15 protein levels
(Figure 9B). Interestingly, pre-treating human SMCs with JQ1 pre-
vented cholesterol-induced upregulation of SREBP1, LGALS3, and
CD68 and partially restored the protein production of KLF15,
MRTF-A, and aSMA that was inhibited by cholesterol loading (Fig-
ure 9C). In addition, LGALS3 silencing reduced CD68 protein in the
cholesterol-loaded condition and elevated MRTF-A and aSMA pro-
tein levels in human SMCs without cholesterol loading (Figure 9D).
In sum, these results of SREBP1/LGALS3 regulations in human pri-
mary aortic SMCs largely reproduced that from rodent SMCs,
although in the cholesterol-loaded condition, LGALS3 silencing in hu-
man SMCs did not significantly increaseMRTF-A andaSMAproteins
as it did in rodent SMCs.
DISCUSSION
In a cholesterol-rich environment, arterial wall resident SMCs acti-
vate Lgals3, giving rise to a multi-potential stem cell-like transition
state that contributes to distinct phenotypic states that can be either
beneficial or detrimental for atherosclerotic lesion pathogenesis.4,28

However, these previous studies did not determine mechanisms
that activate Lgals3. To this end, we used the in vitromodel of choles-
terol-induced SMC phenotypic transition27 to investigate cholesterol-
responsive regulators and the interplay thereof. Major findings are the
following: (1) the master regulator of lipid metabolism, SREBP1 posi-
tively regulates LGALS3 expression and vice versa; (2) KLF15 inhibits
the expression of LGALS3 and SREBP1; (3) BETs inhibition abrogates
cholesterol-induced upregulation of the SREBP1/LGALS3 dyad; and
(4) LGALS3 negatively regulates MRTF-A protein levels. Taken
4 independent repeat experiments. Pre-stained marker bands are labeled with molecu

used. (E) Lack of coIP of LGALS3 with SREBP2Nterm. Experiments were performed as

cipitation (ChIP) followed by qPCR. MOVAS cells were cultured without or with cholester

used for data normalization. ChIP was performed using an antibody specific for endoge

(within the sequence of S1 site) was used to detect Lgals3 promoter (see Table S6). (G

promoter, as suggested by the results presented in Figure 6 (A–F). (H) A schematic de

results presented in Figures 1, 2, 3, 4, and 5 and this figure. SREBP1 positively regula

and KLF15 negatively regulates their expression. Pre-treatment with BET-selective inhi
together, our findings provide new insights regarding mechanisms
by which cholesterol loading regulates SMC plasticity.

SREBP1 has been implicated in atherosclerosis.37,38 However, these
studies mainly focused on leukocytes and endothelial cells, cell types
that respond to environmental perturbations differently than
SMCs.39 Moreover, a role for SREBP1 in governing Lgals3 transcrip-
tion was not previously reported. Our data revealed that SREBP1
bound to the proximal side of the Lgals3 promoter, and this binding
was enhanced by cholesterol loading into SMCs. The SREBP1 speci-
ficity was further demonstrated by the contrasting result that KLF15
negatively regulated Lgals3 expression. The two transcription factors
bound to the Lgals3 promoter with spatially and temporally distinct
patterns. This raises an interesting question as to howKLF15 represses
Lgals3 transcription. Apparently, it cannot be fully accounted for by an
effect of KLF15 reducing SREBP1 protein, given our data showing
direct KLF15 binding to the Lgals3 promoter DNA. Another scenario
is that SREBP1 binding with the Lgals3 promoter sterically blocks
KLF15 from activating Lgals3 transcription. However, counter to
this possibility, theKLF15ChIP-qPCR signal had already ebbed before
a surge of SREBP1 ChIP-qPCR signal induced by cholesterol. Alterna-
tively, by analogy with a recent study using hepatocytes,23 a plausible
speculation is that KLF15 may recruit a yet-to-be-identified repressor
or repressor protein complex that inhibits Lgals3 transcription.

Recent research discovered other transcription factors key to SMC
phenotypic transition on cholesterol loading. For instance, in vivo
and in vitro studies indicated that KLF4 not only promotes SMCdedif-
ferentiation via inhibiting SMCcontractile gene expression, it alsome-
diates expression of LGALS3 and CD68, as well as pro-inflammatory
cytokines.27 Similar to MRTF-A, myocardin is a master regulator of
SMC contractile gene expression, which was previously reported to
negatively regulate cholesterol-induced SMC phenotypic transitions.2

However, whether KLF4 or myocardin regulates Lgals3 expression by
directly binding to its promoter remains unclear. Herein we show that
cholesterol loading enhanced SREBP1 binding to a proximal Lgals3
promoter site. Furthermore, our data revealed a negative regulation
of MRTF-A protein levels by SREBP1, as well as LGALS3, in choles-
terol-loaded SMCs, an outcome in favor of SMC dedifferentiation
and hence in accordance with these previous reports. A new question
is whether SREBP1 cross-talks with KLF4 and myocardin pathways,
which may deserve future studies to explore.

Transcription factors rarely act alone. Rather, along with other tran-
scription factors and co-regulatory proteins, they nearly always
lar weights. (D) IB of IPed FLAG-SREBP1Nterm. The same samples from (C) were

in (C) except for the IB detecting endogenous LGALS3. (F) Chromatin immunopre-

ol (80 mg/mL) for 1 h prior to harvest for ChIP-qPCR. The value from IgG control was

nous BRD2 or H3K27ac. Primer 2 was used to detect Srebf1 promoter; primer S1

) A schematic depicts co-occupancy of BRD2 and SREBP1 at the Srebf1 or Lgals3

picts the feedforward interplay of the SREBP1/LGALS3 dyad, as suggested by the

tes LGALS3 expression and vice versa. They each suppress KLF15 protein levels,

bitor JQ1 abrogates cholesterol-induced SREBP1/LGALS3 protein upregulation.
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Figure 7. LGALS3 mediates SMC migration and activates expression of a subset of adipogenic marker genes

Mouse MOVAS cells were used unless otherwise specified (i.e., rat primary aortic SMCs in (B) and (F). Cholesterol loading (80 mg/mL) and lentiviral transduction were per-

formed as described in detail for Figure 1. Data quantification for western blots: mean ± SEM, nR 3 independent repeat experiments. Data quantification for quantitative real-

time PCR: mean ± SD, n = 3 replicates; presented is one of two similar experiments. Statistics: ANOVA followed by Tukey test; #p < 0.05, ##p < 0.01, ###p < 0.001 (between

paired bars); *p < 0.05, **p < 0.01, ***p < 0.001, compared with the basal condition (the first bar in each plot). (A) Effect of LGALS3 silencing or overexpression onMOVAS cell

(legend continued on next page)
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regulate interactions of cis-regulatory elements to activate or repress
gene expression in concert with epigenetic controls, including histone
modifications.33,40 BETs are powerful epigenetic effectors that recog-
nize histone acetyl marks as anchoring sites to render cell-state tran-
sitions.35 Indeed, our data show that inhibition of the BET family
effectively contained SREBP1 and LGALS3 protein levels that were
otherwise amplified because of cholesterol loading. Of particular in-
terest, BRD2 appeared to be primarily responsible for the BET family
function in this context. This result underscores differential functions
of individual BETs, especially in view of a reported prominent role of
BRD4 in other conditions, including proliferative and inflammatory
cell states34,35,41,42 and, more recently, in adipogenesis31,32 and mito-
chondrial dysfunction.43 Furthermore, our data uncovered novel
mechanistic details, namely, a BRD2 physical association with
SREBP1 at SREBP1’s own gene and its target gene, Lgals3. This con-
curs with SREBP1 being a master transcription factor, a term used for
a limited number of transcription factors key to cell identity that often
bind at their own promoters.33 Echoing this SREBP1 story, SREBP2
was reported to also collaborate with BRD2 in activating gene expres-
sion, however, in cholesterol-deprived conditions instead in retinal
pigment epithelial cells.19 It is also worth noting that in terms of re-
straining SREBP1 and LGALS3 from upregulation, blocking the
BET family with JQ1 appeared to be more effective than silencing
BRD2. This is rationalizable, because it may not be mechanistically
equivalent to eliminate a BET protein via genetic silencing or to use
a small molecule to block the binding of BET bromodomains to the
histone acetyl-lysine marks. These differential outcomes hence lend
new knowledge that may prove useful for identifying future therapeu-
tic interventions for diseases such as atherosclerosis where SMC
phenotypic transitions play a critical role.44

LGALS3 used to be deemed a macrophage marker, but more recent
studies have unveiled its broad signaling and regulatory functions.30

Of note, genetic and pharmacological studies suggested its impor-
tance in atherogenesis,30,45,46 and in vitro evidence showed its positive
role in promoting SMC migration and pro-inflammatory cytokine
expression.36 Beyond this knowledge, our data contributed new infor-
mation showing that LGALS3 decreased expression of MRTF-A pro-
tein, a well-established transcription co-activator of SMC contractile
genes. Collectively, our results and existing reports suggest that rather
than merely a cell-type marker, LGALS3 is a key effector that pro-
motes cholesterol-induced SMC phenotypic states, including migra-
tion, inflammation, dedifferentiation, lipid storage, and resistance
to apoptosis (Figure S3). Moreover, we identified it as an atypical
target gene of both SREBP1 and KLF15. In addition, we observed
that LGALS3 promotes SREBP1 expression but represses KLF15 pro-
duction. Our coIP experiments did not show an obvious LGALS3/
SREBP1 physical association, although it has been reported that
migration. Cells were illuminated with calcein fluorescence. Larger non-occupied scratc

SMC migration. Cells were illuminated with calcein fluorescence. (C) Lipid storage in MO

are nuclei. Scale bar: 100 mm. (D) Effect of cholesterol loading (to MOVAS cells) on ad

protein levels of adipogenic markers. MOVAS cells were transduced with lentivirus expre

tein levels of adipogenic markers. Rat primary SMCs were transfected with scrambled
LGALS3 participates in nuclear function, such as forming an early
splicing machinery.29 However, it will be important that future
studies determine how LGALS3 regulates SREBP1 and KLF15
expression.

In view of the SREBP1/LGALS3/SREBP1 feedforward circuit
identified herein, and previous evidence that SMCs with activated
Lgals3 preferentially give rise to atherosclerotic lesion cells,4 it is inter-
esting to consider LGALS3 as a potential interventional target for
breaking this vicious cycle. However, the effectiveness of using an
LGALS3 inhibitor to attenuate SREBP1 upregulation varied in
different conditions, and conflicting reports exist with regard to its
role in atherosclerosis in animal and human studies.45–47 In contrast,
BETs inhibition with JQ1 abrogated cholesterol-induced increases of
LGALS3 and SREBP1 protein levels, in rodent SMCs and also in hu-
man primary SMCs. This potent effect implicates an alternative strat-
egy to inhibit this SREBP1/LGALS3 pathway. BETs inhibitors have
shown anti-atherogenic efficacy in preclinical models.35,40 In a phase
II clinical trial, the pan-BETs inhibitor RVX208, which is known to
increase apolipoprotein A-I,48 has exhibited a favorable profile of
safety and efficacy in amelioration of major adverse cardiovascular
events.49 In contrast, the molecular mechanisms concerning BETs
in atherosclerosis, especially in the perspective of the SREBP1/
LGALS3 dyad in SMC phenotypic transition, remain to be better
understood.

CONCLUSIONS
In this study, we focused on unraveling molecular mechanisms that
underlie the SMC pathobiology elicited by cholesterol overload. We
found a SREBP1/LGALS3 feedforward circuit that was antagonized
by KLF15. We further found that pharmacological blockade of the
BET epigenetic reader family prevented this SREBP1/LGALS3 dyad
from surging in a cholesterol-rich environment. It will be important
that future studies examine these regulatory pathways in vivo in an
atherogenic disease background. Nevertheless, our findings shed
new light on molecular determinants of SMC plasticity and potential
interventional strategies.

MATERIALS AND METHODS
Materials

Various resources, including kits and reagents, are presented in
Table S1 or included in the corresponding texts below.

Cell culture and cholesterol loading

MOVAS, which is a commonly used mouse aortic SMC line, and hu-
man primary aortic SMCs were purchased from ATCC (Manassas,
VA, USA). The cells were cultured in DMEM high-glucose full me-
dium (catalog no. [cat.] 11965092; ThermoFisher) supplemented
h wound area indicates less migration. (B) Effect of SREBP1 silencing on rat primary

VAS cells. Shown are representative images of oil red O staining. Unstained circles

ipogenic marker expression (protein and mRNA). (E) Effect of LGALS3 silencing on

ssing scrambled or LGALS3-specific shRNA. (F) Effect of SREBP1 silencing on pro-

or SREBP1-specific siRNA.
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Figure 8. LGALS3 negatively regulates MRTF-A protein levels

Mouse MOVAS cells were used. Cholesterol loading and lentiviral transduction were performed as described in detail for Figure 1. Data quantification for western blots:

mean ± SEM, n R 3 independent repeat experiments. Data quantification for quantitative real-time PCR: mean ± SD, n = 3 replicates; presented is one of two similar ex-

periments. Statistics: ANOVA followed by Tukey test; #p < 0.05, ##p < 0.01, ###p < 0.001 (between paired bars); *p < 0.05, **p < 0.01, ***p < 0.001, compared with the basal

condition (the first bar in each plot). (A) Down-regulation of aSMA and MRTF-A expression by cholesterol loading to MOVAS cells. (B) Effect of LGALS3 inhibitor TD139 on

MRTF-A protein levels. (C) Negative LGALS3 regulation of aSMA and MRTF-A protein levels. (D) Effect of LGALS3 overexpression on nuclear and cytosolic MRTF-A protein

levels. (E) Schematic of negative regulation of MRTF-A protein by LGALS3, as suggested by the results in (A)–(D). (F) Effect of SREBP1 silencing on MRTF-A protein levels.

Molecular Therapy: Nucleic Acids
with 10% FBS and 50 mg/mL G418 (antibiotic, cat. 4727878001;
Sigma-Aldrich) at 5% CO2 and 37�C. Primary rat aortic SMCs were
isolated as described previously42 with minor modifications based
on a recent report.50 The cells were cultured in smooth muscle com-
plete (full) medium (cat. M2268; Cell Biologics) and used at passage 5.
904 Molecular Therapy: Nucleic Acids Vol. 28 June 2022
To load cholesterol into SMCs, we followed a previously reported
method using a soluble form of cholesterol, i.e., cholesterol-methyl-
b-cyclodextrin (cat. C4951; Sigma-Aldrich).1,2 Cholesterol-methyl-
b-cyclodextrin (concentration indicated in the figure legends) in
0.25% (w/v) BSA was added to subconfluent SMCs and incubated



(legend on next page)
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for 72 h prior to harvest for various assays.2,27 No obvious apoptosis
was observed after cholesterol loading (Figure S1B). The cells incu-
bated with 0.25% BSA for 72 h without cholesterol-methyl-b-cyclo-
dextrin served as solvent controls.2

Lenti-vector construction

For loss-of-function experiments using MOVAS cells, mouse short
hairpin RNAs (shRNAs) designed with web tools (https://portals.
broadinstitute.org/gpp/public/) were expressed by lentivirus. Their
sequences are listed in Table S2. The shRNA-expressing constructs
were generated using the vector pLKO.1 puro (cat. 8453; Addgene).
For gain-of-function experiments, stable cell lines were generated us-
ing lentiviral vectors. First, mouse and rat mRNAs were extracted
from MOVAS cells and rat primary aortic SMCs, respectively, using
TRIzol reagents (cat. 15596018; Thermo Fisher Scientific). Second,
reverse transcription was performed with the extracted mRNA, and
a full-length cDNA was cloned. Coding sequences were Mouse
KLF15 (GenBank: NM_023184.4), rat KLF15 (GenBank:
NM_053536.2), mouse LGALS3 (GenBank: NM_001145953.1), and
rat LGALS3 (GenBank: NM_031832.1). Mouse SREBP1 (GenBank:
XM_006532716.3) cDNA was cloned from the pLKO-puro FLAG-
SREBP1 vector (cat. 32017; Addgene). KLF15 and SREBP1 cDNAs
were each subcloned into the pLenti-puro vector (cat. 39481; Addg-
ene) with a FLAG tag at the N terminus. Mouse and rat LGALS3
cDNAs were also subcloned into this vector but with a V5 tag at
the C terminus. The primers used for cloning are listed in Table S3.

Lentivirus production and transduction

Lentivirus was produced using HEK293FT cells (cat. A14527; Invitro-
gen) with the second-generation packaging system pSPAX2
(cat.12260; Addgene) and pMD2.G (cat. 12259; Addgene). Lentiviral
titer was determined using Lenti-X GoStix Plus (cat. 631280; TakaRa)
by measuring the viral RNA content in the supernatant. MOVAS cells
or rat primary SMCs were cultured in their respective full medium
until 80–90% confluence and then transduced with >1 � 108 lenti-
virus for 48 h while selected with 5 mg/mL puromycin. Prior to exper-
iments such as cholesterol loading, selected cells were replated and
cultured to subconfluence in fresh full medium still under the selec-
tion pressure of 5 mg/mL puromycin.

Gene silencing

Gene silencing in MOVAS cells was performed using shRNA-ex-
pressing lentivirus. Lentiviral transduction was done as described
Figure 9. SREBP1 positively regulates LGALS3 protein levels in human primary

Human primary aortic SMCs in full medium were transfected with a specific siRNA or sc

subconfluence. The cells were incubated with solvent control (0.25% BSA) or cholester

(and full-length SREBP1) protein levels peaked at 40 mg/mL cholesterol (see A), this conc

mean ± SEM, nR 3 independent repeat experiments. Statistics: one-way ANOVA follow

**p < 0.01, ***p < 0.001 compared with the basal condition (the first bar in each plot); no

proteins in cholesterol-loaded human SMCs. The colored bands are molecular weight m

KLF15, p = 0.031 and 0.057 when compared pairwise using Student’s t test. (C) Pre

SREBP1 and LGALS3 protein production. Cells were incubated with JQ1 (0.1 or 0.5 mM

ulates MRTF-A protein levels in human SMCs.
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above. Gene silencing in rat primary SMCs was achieved via small
interfering RNAs (siRNAs) transfection for 24 h using the Lipofect-
amine RNAiMAX Transfection Reagent (Cat. 13778075;
ThermoFisher Scientific), and cholesterol was then added and
cultured for another 72 h before cell harvest. Sequences of siRNAs
are listed in Table S2.

Quantitative real-time PCR

We followed our previous report.19 Briefly, total RNA was isolated
from cultured cells using the TRIzol reagent (cat. 15596018;
ThermoFisher Scientific). Potential contaminating genomic DNA
was removed by using gDNA Eliminator columns provided in the
kit. RNA was quantified with a NanoDrop NP-1000 spectrometer,
and 1 mg was used for the first-strand cDNA synthesis. Quantitative
real-time PCR was then performed using Quant Studio 3 (Applied
Biosystems, Carlsbad, CA, USA). The housekeeping gene GAPDH
was used for normalization using theDDCtmethod. Each cDNA tem-
plate was amplified in triplicate reactions using PerfeCTa SYBR
Green SuperMix (cat. 95054; Quantabio) with gene-specific primers
listed in Table S4.

Western blotting analysis

At the end of each treatment, cells were harvested and lysed on ice in
the RIPA buffer (cat. 89900; ThermoFisher Scientific) that includes a
Halt protease and phosphatase inhibitor cocktail (cat. 78440;
ThermoFisher Scientific). Cell lysates were quantified for protein con-
centrations using the Bio-Rad DC Protein Assay kit (cat. 5000112;
Bio-Rad). Proteins were separated on a 5–12% SDS-PAGE gel, trans-
ferred to a polyvinylidene fluoride (PVDF)membrane, and then incu-
bated with a primary antibody (see list in Table S5). The signal from a
specific protein was amplified by Goat Anti-mouse IgG (H + L)-HRP
Conjugate (cat. 1706516; Bio-Rad) or Goat Anti-rabbit IgG (H + L)-
HRP Conjugate (cat. 1706515; Bio-Rad) and illuminated with Clarity
ECL Western Blotting Substrates (cat. 1705060; Bio-Rad). Western
blot images were immediately recorded with Azure C600 Imager
(Azure Biosystems). Protein band densitometry was quantified using
National Institutes of Health (NIH) ImageJ and normalized to
loading control for statistical analysis.

Cell migration assay

The assay was performed using the scratch method as we previously
described.51 Briefly, MOVAS cells were cultured to 90% confluence in
six-well plates. A sterile pipette tip was used to scrape out an�1-mm
SMCs

rambled control. The culture was then changed to fresh medium and continued until

ol at indicated concentrations for 72 h prior to harvest for assays. Because LGALS3

entration was used in the following experiments (see B–D). Data quantification (A–D):

ed by Tukey test; #p < 0.05, ##p < 0.01, ###p < 0.001 between paired bars; *p < 0.05,

n-significant comparisons are not labeled. (A) Upregulation of SREBP1 and LGALS3

arkers. (B) SREBP1 silencing in human SMCs down-regulates LGALS3 protein. For

-treatment of human SMCs with JQ1 (0.1 or 0.5 mM) inhibits cholesterol-induced

) or vehicle (DMSO) for 1 h prior to cholesterol loading. (D) LGALS3 negatively reg-

https://portals.broadinstitute.org/gpp/public/
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cell-free gap. Dislodged cells were washed away with PBS followed by
refilling fresh basal medium supplemented with 10% FBS. For gene
silencing using shRNA, cells were transduced with lentivirus and
selected with puromycin prior to cholesterol loading, as described
above. TD139 (LGALS3 inhibitor, 1 mM) or vehicle control
(DMSO) was added 2 h prior to cholesterol loading. For illumination
of the cells, Calcein-AM (cat. C1430; Thermo Scientific) was added
(final 2 mM) and incubated for 10 min at the end of each treatment.
Images were taken after at least four times of gentle rinse with PBS.
Cell migration was quantified with ImageJ (NIH) based on the area
of the cell-free gap.

ChIP-qPCR assay

We followed the manufacturer’ instruction and our recently re-
ported protocol.34 Briefly, MOVAS cells cultured under various
conditions (indicated in the figure legends) were cross-linked with
1% formaldehyde for 10 min at room temperature. The reaction
was terminated for 5 min with 0.125 M glycine. The cells were
washed with ice-cold PBS and lysed in the buffer containing
10 mM Tris-HCl (pH 7.9), 0.25% Triton X-100, 10 mM EDTA,
and protease inhibitors. The lysate was centrifuged at 4,000 rpm
for 5 min. The pellet was suspended in the nuclei extraction buffer
(50 mM Tris-HCl [pH 7.5], 150 mM NaCl, 0.1% SDS, 1% Triton
X-100, 1 mM EDTA, and protease inhibitors) and sonicated (forty
30-s pulses at 20 W per 1�107 cells) to disrupt the nuclear mem-
brane. Chromatin extracts containing DNA fragments (each with
�100–1,000 bp) were IPed by incubating with a specific antibody
(or nonspecific IgG) overnight at 4�C. ChIP-grade Protein A/G
Magnetic beads were added and incubated for 4 h at 4�C. RNase
A (5 U) and Proteinase K (2 mg/mL) were used to digest RNA and
proteins. The purified DNA was used for qPCR with primers listed
in Table S6.

EMSA

Assays were performed using 50-biotinylated double-stranded DNA
oligonucleotide probes and LightShift Chemiluminescent EMSA Kit
(cat. 20148; ThermoFisher Scientific), with a procedure described in
our recent publication.52 In brief, equimolar complementary strands
were mixed and heated to 95�C followed by gradual cooling to
ambient temperature for at least 5 h to anneal the probes. Double-
stranded DNA probes (40 fmol) were mixed with 10 mg of nuclear ex-
tracts from MOVAS cells in 20 mL reaction buffer containing 10 mM
Tris (pH 7.5), 50 mM KCl, 1 mM DTT, 50 ng/mL poly(dI:dC), 5%
glycerol, 0.05% Nonidet P-40 (NP-40), 5 mM MgCl2, and 1 mM
EDTA. After 30-min reaction at room temperature, the protein:DNA
complexes were separated at 4�C on a pre-run 6% native polyacryl-
amide gel in 0.5� Tris-borate-EDTA (TBE) and transferred to a posi-
tively charged nylon membrane. The mobility of biotinylated DNA
probe was illuminated using Chemiluminescent Nucleic Acid Detec-
tion Module (cat. 89880; ThermoFisher Scientific). For competition
experiments, an unlabeled oligonucleotide in 2.5�, 5�, or 10�molar
excess was incubated with the respective biotinylated probe. Wild-
type (WT) and mutant probes with a 50-biotin label were synthesized
by Invitrogen (Table S7).
CoIP

We followed the method used in our recent report19 with minor
modifications. In brief, cells (HEK293) were transfected with
pEGFP-N1-FLAG (empty vector) (cat. 60360; Addgene) or
pFLAG-SREBP1Nterm (N-terminal transcription-active domain,
amino acids 1–490) (cat. 26801; Addgene) and cultured for 24 h.
The cells were harvested and lysed on ice for 30 min in Pierce IP
Lysis Buffer (cat. 87788; ThermoFisher Scientific) containing Halt
Protease Inhibitor Cocktail (cat. 87785; ThermoFisher Scientific)
and then centrifuged at 13,200 � g for 15 min at 4�C. The super-
natant was incubated overnight at 4�C with 50 mL of Pierce Anti-
FLAG (DYKDDDDK) Magnetic Agarose beads (cat. A36797;
ThermoFisher Scientific). To elute the immunoprecipitates, we
washed the beads three times with cold PBS and then incubated
in 100 mM glycine (pH 2.8) for 10 min at room temperature while
frequently vortexed. The eluate was neutralized with 1 M Tris-HCl
(pH 8.5; 15 mL per 100 mL eluate), briefly heated at 95�C in SDS
sample buffer, and then loaded for SDS-PAGE and western blot
analysis. An antibody specific for endogenous BRD2 or LGALS3
was used for immunoblotting (IB) to detect their coIP with
SREBP1Nterm. Antibodies are listed in Table S5.
Statistical analysis

Western blot analysis was repeated in at least three independent ex-
periments performed in different days, and the averaged data values
are presented as mean ± standard error of the mean (SEM). For PCR-
based analysis, the same result was repeated in two independent ex-
periments performed in different days, and one of two sets of data
is presented as mean ± standard deviation (SD) of triplicates, as spec-
ified in the figure legends. Comparison between two groups was
analyzed using Student’s t test. In the case of multi-group analysis,
one-way ANOVA with post hoc Tukey test was performed.
p < 0.05 was regarded as statistically significant. Note that because
of small sample sizes, normality and variance could not be tested to
determine whether the applied parametric tests were appropriate. Sta-
tistics and graphical data plots were generated using GraphPad Prism
(Version 8.0).
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