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hyperplasia indicative of restenosis and other vascular diseases. Fragile-X related protein-1 (FXR1) is a
muscle-enhanced RNA binding protein whose expression is increased in injured arteries. Previous
studies suggest that FXR1 negatively regulates inflammation, but its causality in vascular disease is
unknown. In the current study, RNA-sequencing of FXR1-depleted VSMC identified many transcripts with
decreased abundance, most of which were associated with proliferation and cell division. mRNA
abundance and stability of a number of these transcripts were decreased in FXR1-depleted hVSMC, as
was proliferation (P < 0.05); however, increases in beta-galactosidase (P < 0.05) and yH2AX
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(FXRT*M/3MY) was developed for further analysis. In a carotid artery ligation model of intimal hyper-
plasia, FXR1*"SMC mice had significantly reduced neointima formation (P < 0.001) after ligation, as
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suggest that in addition to destabilization of inflammatory transcripts, FXR1 stabilized cell cycle
—related genes in VSMC, and absence of FXR1 led to induction of a senescent phenotype, supporting
the hypothesis that FXR1 may mediate vascular disease by requlating stability of proliferative mRNA in
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Vascular disease continues to account for over half of all
mortality in the United States, Europe, and the developing
world. It is a considerable medical and socioeconomic
problem contributing to mortality associated with many
conditions including myocardial infarction, stroke, renal
failure, and peripheral vascular disease. Vascular smooth
muscle cell (VSMC) activation plays a crucial role in the
development of multiple vascular diseases, including
atherosclerosis, restenosis, hypertension, and abdominal
aortic aneurysm.' ~ In response to proinflammatory and
immune modulators, VSMC migrate into the vessel intima,
synthesize cytokines and matrix proteins, and proliferate;
this often leads to loss of lumen and tissue ischemia.
Inflammation and proliferation are fundamental processes to

the alteration of a homeostatic state or stress in every cell
type involved in vascular disease. The inducible inflam-
matory response is complex and tightly regulated, requiring
the coordination of signal-specific programs to regulate
hundreds of genes. Complementary to transcription, post-
transcriptional mechanisms are critical in regulating the
balance of inflammation as the instability of inflammatory
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and cell cycle mediator mRNAs permits a fine-tuned
response to inflammatory and proliferative stimuli.*’
Regulation of mRNA stability allows the cell to rapidly
modify gene expression, as needed, during disruptions to
homeostasis.” Transcripts targeted for rapid degradation
encode key regulatory proteins involved in cell growth,
inflammation, and other responses to external stimuli.”*
RNA stability is regulated by a number of RNA-binding
proteins (RBPs), which recognize cis-acting adenine and
uridine-rich (AU-rich) elements (AREs) in the 3’ untrans-
lated regions (UTR) of most of these labile
mRNA transcripts.” RBPs can destabilize or stabilize
mRNA transcripts, allowing for decreased or increased
mRNA translation and protein synthesis, respectively.
Tightly coordinated gene expression and mRNA stability
are particularly relevant for the progression of many
vascular diseases, which are often inflammatory and pro-
liferative in nature. This mechanism is particularly appli-
cable to VSMC, which make up the vast majority of cells in
normal and inflamed arteries. In this regard, it is logical that
RBPs that respond to inflammatory stimuli in VSMC may
be key in the regulation of gene expression and, therefore,
the vascular response to injurious stimuli. Nevertheless, the
expression and participation of RBPs in vascular disease is
an understudied, yet key, mechanism in disease progression.

The fragile X family of proteins includes fragile-X
mental retardation protein (FMRP) as well as homologs
fragile-X related proteins 1 and 2 (FXR1-1 and -2). FMRP
is an RBP expressed primarily in neuronal tissues and is
the most studied family member, as fragile X syndrome is
caused by a transcriptional shutdown of this gene.'” One
FMRP family member, FXR1, is the only fragile X protein
family member whose expression is significantly expressed
in muscle cells, particularly heart, smooth, and skeletal
muscle."' ¥ Global knockout of FXR1 in a mouse is le-
thal, with a striated muscle phenotype, and FXR1 has been
described as the “muscle-homologue,” analogous to the
better-characterized FMR protein in neurons, suggesting a
specialized role for this family member in muscle cell
physiology.'” FXR1 expression is increased in VSMC in
atherosclerosis and restenosis, and in cultured primary
human VSMC (hVSMC) response to oxidized low-density
lipoprotein.'* FXRI1 is a putative mRNA destability pro-
tein, and plays a role in regulation of mRNA abundance in
VSMC by binding to inflammatory mRNA. FXR1 may
compete with mRNA stability protein HuR for occupancy
on the 3’'UTR of select transcripts, resulting in decreased
mRNA stability. FXR1 is basally expressed in healthy
arteries, but its expression is up-regulated in neointimal
VSMC in a murine model of vascular restenosis and plaque
VSMC in human atherosclerotic arteries.'* Despite this,
the causality of FXR1 expression in the vascular response
to injury in a relevant animal model of vascular disease has
not been reported.

In the current study, primary hVSMCs were used to
identify transcripts regulated by FXRI1 silencing by RNA

The American Journal of Pathology m ajp.amjpathol.org

sequencing. Depletion of FXR1 reduced the stability of a
number of cell division—related transcripts, indicating that
FXR1 stabilizes these transcripts. Proliferation and senes-
cence were also dysregulated in these cells, indicating that at
least in VSMC, FXR1 may act to stabilize as well as
destabilize select mRNA transcripts, resulting in an unan-
ticipated senescent phenotype.

In light of this finding, knockout mice with FXRI
conditionally deleted from smooth muscle cells (SMC) were
generated and subjected to carotid artery ligation, a
commonly used model of arterial injury. These mice were
protected from neointimal hyperplasia, likely due to the
decrease in proliferation and induction of senescence in
VSMC lacking the FXR1 gene.

Materials and Methods

Generation of FXRT*MYSMC Mice

FXR11¥°% mice on the C57BI/6 background were ob-
tained from the FMR research resource at Baylor University
and described in Mientjes et al.'” Total knockout of the gene
is lethal shortly after birth. Female FXR1%°* mice were
crossed with congenic male C57BL/6 Myhl1-CreERT2
mice as described in Wirth et al'” because the allele is
carried only on the Y chromosome, and appropriate
offspring were identified by PCR-based genotyping.
Because Myh11-CreERT2 resides on the Y chromosome,
only male mice were used for these studies. Cre-
Lox—mediated knockout of FXRI was induced in 6-
week—old male mice after intraperitoneal injection of 1
mg of tamoxifen (T-5648; Sigma-Aldrich, St. Louis, MO)
per mouse per day for 5 consecutive days. Tamoxifen-
mediated Cre recombinase expression is one of the most
widely used tools for gene modification.'® Briefly, the male
FXRISMME mice have loxP sites flanking the FXR1 gene
and carry a smooth muscle—specific Cre recombinase
coupled to a mutated estrogen receptor on the Y chromo-
some. Under physiological conditions, this mutated estrogen
receptor does not bind its ligand, but when the mouse is
injected intraperitoneally with tamoxifen (a synthetic hor-
mone), the receptor is activated, and cre translocates from
the nucleus to interact with the loxP sites and cleave out the
FXR1 gene in SMC.'” SMC-specific excision of FXR1 was
validated by Western blot and immunohistochemistry. No
gross differences between FXR1 knockout and wild-type
mice were observed in any offspring.

Carotid Artery Ligation

Age-matched male mice (ages 8 to 12 weeks) were used for
these studies. The ligation model of injury was performed as
described previously.'® Briefly, mice were anesthetized by
inhalation of isoflurane (induction 3% to 5%, maintenance
1% to 2%). The left common carotid artery was dissected
and ligated near the bifurcation. After 28 days, mice were
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euthanized, and tissue was prepared for immunohisto-
chemistry and morphological analysis. All animal proced-
ures followed Temple University Institutional Animal Care
and Use Committee—approved protocols.

VSMC Culture, Proliferation Assays

Primary human coronary artery VSMC were obtained as
cryopreserved secondary culture from LifeLine, Inc.
(Oceanside, CA), and maintained as previously
described.'"'”* VSMC were used from passages 2 to 4.
For mouse VSMC (mVSMC), abdominal aorta from con-
trol and FXRI5MMC mice were excised, endothelial layer
removed, and VSMC isolated as described.'®?! VSMC
were cultured in Dulbecco’s modified Eagle’s medium
supplemented with 20% fetal calf serum. Greater than 95%
of isolated cells were SMC actin positive from initial
passage. Two different proliferative assays were per-
formed. Proliferation was assayed by the BrdU (bromo-
deoxyuridine) kit from Cell Signaling Technology, Inc.
(Danvers, MA), according to the manufacturer’s in-
structions. Flow cytometry was performed as previously
described.”” Briefly, cells were transfected with FXR1
siRNA or a scrambled control and cultured for 3 days
before they were trypsinized, fixed in ice-cold 70%
ethanol, and stained with propidium iodide (PI) using the
FxCycle PI/RNase staining solution from Invitrogen
(Waltham, MA; cat#2110506) according to the manufac-
turer’s instructions. Samples were analyzed on a BD LSR
II flow cytometer (BD Biosciences, San Jose, CA).

B-gal and yH2AX Staining

hVSMC were transfected with FXR1 siRNA or a scrambled
control and seeded into chamber slides. Seventy-two hours
after transfection, cells were fixed and stained for common
senescence markers YH2AX (Novus, Littleton, CO; cat#
NB100-384) and B-galactosidase (B-gal) using a kit from Cell
Signaling Technology, Inc. (cat# 6813S) according to the
manufacturer’s instructions. VSMC were also isolated from
FXR]SMCSMC mice, seeded into chamber slides, transduced
with 100 multiplicity of infection of GFP or Cre adenovirus,
and stained for B-gal after 72 hours using the kit referenced
above.

Immunohistochemistry and Quantitative Morphology

Digitized images of hematoxylin and eosin—stained carotid
artery cross sections were measured and averaged from at least
three representative 5-pm—thick stained tissue sections at
least 75 to 100 pwm apart per carotid artery using Image-Pro
Plus software version 4.0 (Media Cybernetics, Rockville,
MD) as previously described.””*"** At least six mice per
group were used for morphology and immunohistochemistry.
The circumference of the lumen, the area encircled internal
elastic lamina, and the external elastic lamina were
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quantitated. The medial area was calculated by subtracting the
area defined by the internal elastic lamina from the area
defined by the external elastic lamina, and intimal area
calculated as the difference between the area inside the in-
ternal elastic lamina and the luminal area. Tissue fixation,
processing, and immunohistochemical staining was per-
formed as described.”' ">

Transfection, RNA Extraction, and Quantitative RT-PCR

FXR1 depletion in primary hVSMC was performed using
10 nmol/L ON-TARGET plus SMARTpool FXR1 siRNA
containing a mixture of four siRNAs that target human
FXR1, purchased from Dharmacon (Lafayette, CO). Cells
were transfected using an Amaxa Nucleofector 2b device
from Lonza (Walkersville, MD) as described previously.”
RNA from cultured VSMC was isolated and reverse tran-
scribed into cDNA, as previously described, and target
genes were amplified using an Applied Biosystems Ste-
pOnePlus Real-Time PCR System'’”'*° (Applied Bio-
systems, Waltham, MA) and described in detail in Table 1.
Multiple mRNAs (Ct values) were quantitated simulta-
neously by the PCR machine software. Primer pairs were
purchased from Integrated DNA Technologies (Coralville,
IA), and SYBR green was used for detection. For RNA
stability, cells were stimulated for 16 hours with tumor
necrosis factor oo (TNFo; 10 ng/nL) and then treated with
10 ng/mL actinomycin D as previously described,'**® and
RNA was extracted at various times after actinomycin D
addition (0, 2, 4 hours).

Adenoviral Knockout of FXR1

Primary abdominal aortic VSMC were isolated from
FXRISMSME mice as described previously'®'” and cultured
in Dulbecco’s modified Eagle’s medium supplemented with
20% fetal calf serum. Cells were transduced with 100 mul-
tiplicity of infection of a control GFP adenovirus or 100
multiplicity of infection of a Cre adenovirus to knock out
FXR1. Subsequent procedures were performed following 72
hours of transduction to ensure knockout of the gene.

RNA Sequencing

Library preparation and unbiased RNA sequencing was
performed by GENEWIZ (South Plainfield, NJ). Total RNA
was isolated from primary hVSMC transfected with FXR1
siRNA (5 nmol/L) or scrambled control, serum starved or
stimulated with 10 ng/mL TNFa for 6 hours; libraries were
sequenced using a 1x 100-bp single-end rapid run on the
HiSeq2500 platform, and a comparison of gene expression
using DESeq2. The Wald test was used to generate P values
and log2 fold changes. Genes with a P value <0.05 and
absolute log2 fold change >1 were called as differentially
expressed genes. Significantly differentially expressed
genes were clustered by their gene ontology, and the
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Table 1  Human and Mouse Primer Sets Used for Quantitative PCR Analysis

Gene Forward primer sequence Reverse primer sequence

Human
GAPDH 5'-CGAGAGTCAGCCGCATCTT-3’ 5'-CCCCATGGTGTCTGAGCG-3’
FXR1 5'-GAGTTACCGCCATTGAGCTAG-3’ 5'-ACTTTTCCAACGAGATTCCTAGG-3'
TNFA 5'-GGTCTACTTTGGGATCATTGC-3’ 5'-GAAGAGGTTGAGGGTGTCTG-3’
(DK1 5'-ACAAAGGAACAATTAAACTGGCTG-3’ 5'-CTGGAGTTGAGTAACGAGCTG-3’
LIN9 5'-GACTGAACAAGGACCTAAACAAAG-3’ 5'-CATGCCGAACAATTTCCTGTG-3’
BUB1 5'-CCGAGTCTCAGAAAATACCAGG-3’ 5'-AAATGGAGAAAGGTACACTGGG-3’
GJA5 5 -GTTTTGGCATCTGTTCCCTG-3’ 5'-CGGAATATGAAGAGGACAGTGAG-3’
D93 5'-CAGACAGTTACTCCTGGGTTC-3’ 5'-GTGGCTGGTGACTCTAGTG-3'
MK167 5'-GACCCAGCACTCCAAAGAAA-3’ 5'-TCTGCGCTCTACCTACTACAA-3'
CDKN3 5'-GCCAGCTGCTGTGAAATAATG-3’ 5'-GTAGGAGACAAGCAGCTACAAG-3’
HMGB1 5'-GAATCTCTATGTTGCCCAGGT T-3’ 5'-CAGTGGTGTGTCCCTGTAATC-3'
18 5'-CCAGGAAGAAACCACCGGA-3’ 5'-GAAATCAGGAAGGCTGCCAAG-3'
IL1A 5'-CTGAAGGAGATGCCTGAGATAC-3’ 5'-GATGGGCAACTGATGTGAAATAG-3'
Il6 5'-CCAGGAGAAGATTCCAAAGATGTA-3' 5'-CGTCGAGGATGTACCGAATTT-3'
IL1B 5'-TCCCCAGCCCTTTTGTTGA-3’ 5'-TTAGAACCAAATGTGGCCGTG-3'
MMP9 5'-GAACTTTGACAGCGACAAGAAG-3’ 5'-CGGCACTGAGGAATGATCTAA-3'
XCL11 5 -GTGTGAAGGGCATGGCTATAG-3’ 5'-CACTTTCACTGCTTTTACCCC-3'
HMGB2 5'-GAAGTGTTCGGAGAGATGGAAG-3' 5'-CACCTTTGGGAGGAACGTAAT-3’
MCP1 5'-AGCAGAAGTGGGTTCAGGATT-3’ 5/'-TGTGGAGTGAGTGTTCAAGTCT-3’

Mouse
Gapdh 5'-GGAGAAACCTGCCAAGTATGA-3’ 5'-TCCTCAGTGTAGCCCAAGA-3’
Fxr1 5'-GAACGCATGGCACTAACATAC-3’ 5'-CACAAATTCCAAGAAACCTCTAGC-3’
Cdk1 5'-TTGAAGAGGCAACCGAGTAAG-3’ 5'-GGCGTTAGGTCATCCATCAA-3’
Cdkn3 5'-GACTTGGAAGATCCTGTCTTGT-3’ 5'-GACATCTCGAAGGCTGTCTATG-3’
Bub1 5'-CCCTGGAGTAGGAAGCTAGT-3’ 5'-ATGGTGGTCTCACAACAAGAA-3'
Mki67 5'-GACCCAGCACTCCAAAGAAA-3’ 5'-TCTGCGCTCTACCTACTACAA-3'

Cdkn2a (p16)
Cdknla (p21)
Trp53 (p53)

Hmgb1

5'-GTGTGCATGACGTGCGGG-3’
5'-AACATCTCAGGGCCGAAA-3’
5'-GTATTTCACCCTCAAGATCC-3’
5'-CCCTACTAAAGAAGACCTGAGAATG-3'

5'-GCAGTTCGAATCTGCACCGTAG-3’
5/'-TGCGCTTGGAGTGATAGAAA-3’
5'-TGGGCATCCTTTAACTCTA-3’
5'-AGCCAGCGTTCTTGTGATAG-3’

enrichment of gene ontology terms was tested using the
Fisher exact test (GeneSCF v1.1-p2; https://github.com/
genescf). Log2(Group 2 mean normalized counts/Group 1
mean normalized counts) = log2FoldChange.

RNA Immunoprecipitation

For RNA immunoprecipitation (RIP), hVSMC were trans-
duced with AdenoFXRI1 prior to serum starvation for 48
hours. Cells were treated with TNFa for 24 hours and lysed
in IP buffer with RNase inhibitor. Samples were divided and
half were incubated with IgG control beads or Flag-
conjugated beads for 4 hours at 25°C. The beads were
then centrifuged and washed 5x in IP buffer. Trizol was
added to the pelleted beads, and RNA was extracted and
reverse transcribed to cDNA. Pellets were sent for unbiased
RNA sequencing as described above, or for quantitative RT-
PCR for the transcripts indicated.

Western Blotting and Protein Determination

hVSMC and mVSMC extracts were prepared as
described.””*'** Membranes were incubated with a 1:2000
to 9000 dilution of primary antibody, and a 1:2000 dilution
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of secondary antibody. Glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH) and FXR1 were from Cell Signaling
Technology (cat# 2118S and 22958, respectively), HSC70
and p53 from Santa Cruz Biotechnology (Dallas, TX; cat#
sc-7298 and sc-126), BUB1 and CDKN31 from Abcam,
Inc. (Cambridge, UK; cat# ab195268 and abl175393,
respectively), and CDK1 from Boster, Inc. (Pleasanton, CA;
cat# PB9533). Secondary antibodies were from Cell
Signaling Technology (anti-rabbit IgG cat#7074S, anti-
mouse IgG cat# 7076S). Reactive proteins were visualized
using enhanced chemiluminescence (Amersham, Piscat-
away, NJ) according to the manufacturer’s instructions.
Relative intensity of bands were normalized to GAPDH or
HSC70, and quantitated by scanning image analysis and the
ImageJ densitometry program software version 1.53a (NIH,
Bethesda, MD; https.://imagej.net/ij/index.html).

Statistics
Results are expressed as mean + SEM. Differences between
groups were evaluated with the use of analysis of variance

to evaluate differences between individual mean values or
by r-tests where appropriate.
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Results

Depletion of FXR1 Modifies Abundance of Proliferation-
Associated Transcripts

FXRI1 is an mRNA binding protein and presumed to be an
mRNA destability factor. Therefore, the initial goal of the
study was to identify inflammation-responsive genes whose
abundance might be modified by deletion of FXR1. First,
FXR1 expression in cultured primary hVSMC was shown to
be responsive to inflammatory stimuli. Figure 1, A—C,

A ;

shows that FXR1 mRNA and protein abundance in
VSMC are increased in response to TNFo stimulation.
Because TNFa is a potent proinflammatory cytokine and a
major driver of vascular inflammation, and TNFa induces
FXR1 mRNA and protein expression, the study aimed to
identify genes whose mRNA abundance would be altered
by FXR1 knockdown in primary hVSMC in the presence or
absence of TNFa. Figure 1D shows the effectiveness of
FXR1 siRNA transfection in knock down of the FXR1
protein. Figure 1, E and F, shows volcano plots of genes
whose expression was significantly altered (P < 0.05) by
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Expression and FXR1-dependent gene expression in stimulated human vascular smooth muscle cells (hVSMC). A: FXR1 mRNA expression is induced
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the loss of FXR1 in starved and TNFa-stimulated VSMC,
respectively. It is apparent from these plots that in both
serum-starved and TNFoa-stimulated VSMC, the loss of
FXR1 resulted in more transcripts with increased abundance
compared with those with reduced abundance, which is
consistent with an mRNA destability protein.

Figure 1, G and H, shows Gene Ontology profiles from
both unstimulated and TNFo-stimulated VSMC. Categories
were enriched for genes that participate in cell division,
mitosis, proliferation, and as expected, mRNA metabolism.
Considering that FXR1 is an mRNA binding protein and a
putative mRNA destability factor, it was surprising that
there were a number of genes whose abundance were
decreased by FXRI1 knockdown, suggesting that FXRI1
participated in stabilization of those transcripts. It was
particularly interesting that in FXR1-depleted VSMC, over
90% of these transcripts were associated with cell division
and proliferation (Table 2). This suggested a function for
FXR1 in regulation of VSMC proliferation, perhaps by
stabilization of transcripts important in cell division.

Expression of a number of these proliferation-associated
transcripts was validated by quantitative RT-PCR in
response to TNFa stimulation (Figure 2A). Because FXR1
is generally considered to be an RBP with effects on mRNA
stability, the mRNA stability of transcripts modified by
FXR1 abundance using the RNA polymerase inhibitor
actinomycin D was determined next. Figure 2B shows that
the mRNA stability of CDK1, BUB1, MKI67, and CDKN3,
all genes associated with cell division, is significantly
decreased with FXR1 knock down. The decrease in mRNA
abundance was reflected in reduced protein abundance by
Western blot. Figure 2C shows that the protein abundance
of these genes is significantly decreased in TNFo-stimulated
hVSMC when FXRI is knocked down.

FXR1 Interacts with Proliferation-Associated mRNA
Transcripts

Many labile mRNAs are regulated at the post-transcriptional
level by AU-rich elements (AREs) in the 3'UTR.”’*" The
ARE provides a binding site for trans-acting RBPs, and it has
been previously shown that FXR1 interacts with AREs."* One
commonality shared by BUB1, CDK1, CDKN3, and MKI67
is the presence of AREs in the 3'UTR or intronic regions of
their mRNA (Figure 3A), which may provide an explanation
as well as potential mechanism for FXR1 interaction with
these transcripts.””* With this in mind, RNA immunopre-
cipitation sequencing (RIPseq) was performed to identify
mRNAs that might specifically interact with FXR1. For these
experiments, FLAG-tagged FXR1 was transduced into
hVSMC that were serum starved, then stimulated with TNFo..
Gene Ontology analysis of transcripts that immunoprecipi-
tated with FXR1 after TNFo-stimulation, compared with
unstimulated VSMC, revealed an informative view of FXR1
mRNA transcript interactions in response to TNFa. Gene
Ontology analysis demonstrated enhancement of transcripts
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Table 2  Genes Reduced between the Maximal Amount and 1.75-
Fold Whose Abundance Were Decreased by FXR1 Knockdown
Gene ID Gene name log2FoldChange P value
ENSG00000169607 CKAP2L —1.81 0.18
ENSG00000274290 HIST1H2BE —1.83 0.01
ENSG00000024526 DEPDC1 —1.83 0.009
ENSG00000142945 KIF2C —1.85 0.011
ENSG00000072571 HMMR —1.87 0.01
ENSG00000123485 HJURP -1.9 0.02
ENSG00000100526 CDKN3 -1.91 0.04
ENSG00000164109 MAD2L1 —1.92 0.01
ENSG00000138160 KIF11 —1.93 0.01
ENSG00000129195 PIMREG —1.93 0.03
ENSG00000170312 (DK1 —1.94 0.01
ENSG00000137812 KNL1 —1.95 0.01
ENSG00000066279 ASPM —1.97 0.01
ENSG00000276903 HISTIH2AL —1.97 0.02
ENSG00000124575 HISTIH1D —2.02 0.01
ENSG00000274641 HIST1H2BO —2.03 0.01
ENSG00000278272 HISTIH3C —2.05 0.01
ENSG00000197153 HIST1IH3J —2.05 0.02
ENSG00000276410 HIST1H2BB —2.07 0.01
ENSG00000138778 CENPE —2.08 0.01
ENSG00000183598 HIST2H3D —2.1 0.01
ENSG00000080986 NDC80 —2.11 0.01
ENSG00000125810 (D93 —2.15 0.01
ENSG00000183814 LIN9 —2.18 0.04
ENSG00000073849 ST6GAL1 —2.19 0.01
ENSG00000117399 (bc20 —2.2 0.01
ENSG00000175063 UBE2C —2.22 0.02
ENSG00000169679 BUB1 —2.27 0.01
ENSG00000163535 5602 —2.28 0.01
ENSG00000112984 KIF20A —2.29 0
ENSG00000158402 bczs5c —2.32 0.04
ENSG00000148773 MKI67 —2.36 0.01
ENSG00000112742 TTK —2.47 0

Genes found on NCBI Gene database at https://www.ncbi.nlm.nih.gov/gene.

associated with regulation of cell proliferation, transcription
from RNA, and inflammatory responses (Figure 3B).
Importantly, mRNA for BUB1, CDK1, MIK67, and CDKN?3
all contain AREs in their 3’UTR and were all identified as
pulled down with FXR1. FXR1I’s interactions with these
mRNAs were validated by an independent standard RIP RT-
PCR (Figure 3C), indicating that FXR1 interacted with these
mRNA transcripts.

Depletion of FXR1 Induces Senescence and
Senescence-Associated Secretory Phenotype
Expression in VSMC

Because FXR1 expression modified the mRNA stability and
protein abundance of several critical cell cycle and
proliferation-associated proteins, experiments were per-
formed to test the hypothesis that FXR1 depletion would
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Figure 2

FXR1 deletion results in decreased cell cycle gene expression and mRNA stability. A: Quantitative RT-PCR of mRNA abundance of cell

division—associated genes in TNFo-stimulated human vascular smooth muscle cells (hVSMC) transfected with scrambled control or FXR1-specific siRNA. B:
Deletion of FXR1 decreases mRNA stability of cell division—associated genes. RNA was isolated from hVSMC stimulated with TNFe, then treated with acti-
nomycin D. RNA was quantitated at the indicated times after addition of actinomycin D. C: Representative Western blot of cell division—associated genes in
TNFo.-stimulated hVSMC. Protein was extracted at the indicated times after stimulation and immunoblotted with the indicated antibodies. n > 3 experiments

(A and B). *P < 0.05, **P < 0.01, and ***P < 0.001. Scram, scrambled.

negatively affect hVSMC cell cycle progression and pro-
liferation. First, BrdU incorporation determined that cell
proliferation of FXR1-depleted hVSMC was significantly
reduced compared with scrambled control cells (Figure 4A).
Next, hVSMC were subject to cell cycle analysis by PI
staining and flow cytometry. Figure 4B is a representative
experiment showing that in asynchronously growing
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hVSMC, a significantly greater number of FXR1-depleted
cells were in G1, and there were significantly fewer prolif-
erating cells (S and G2/M phase) in FXR1-depleted cells
compared with scrambled control cells. A compilation of
four asynchronous experiments and five experiments where
hVSMC were synchronized by fetal calf depletion are
depicted in Figure 4C, and together, demonstrate that
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hVSMC depleted of FXR1 are less proliferative compared
with control cells.

Several cellular and molecular approaches were used to
test the possibility that impairment of cell cycle progression
may predispose the cells to senescence. First, after trans-
fection with FXR1 siRNA or scrambled control, hVSMC
were seeded on chamber slides, and after 72 hours, stained for
beta-galactosidase activity, a common readout for cellular
senescence.”' Figure 5A shows that FXR1-depleted hVSMC
had significantly more beta-galactosidase—positive cells
compared with control cells (10.85 £ 1.42 versus 33.17 £
1.12 positive cells, P < 0.001 for scrambled control and
FXR1 siRNA, respectively). In a second experiment, FXR1-
depleted and control hVSMC were immunostained with
phospho-yH2AX, a marker of DNA damage associated with
senescence.”” Nuclear punctate staining was significantly
increased in FXR1 hVSMC compared with control cells
[12.82 £ 2.58 versus 33/70 £+ 6.05 cells/high power field
(HPF), P < 0.001, for scrambled versus FXR1 siRNA,
respectively] (Figure 5B). Expression of a number of
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Figure 3 RNA-immunoprecipitation (RIP)
sequencing. Human vascular smooth muscle cells
(hVSMC) were infected with FLAG-tagged FXR1
adenovirus, serum-starved and stimulated with TNFa
for 24 hours. A: Table showing number and location of
adenine and uridine-rich elements (ARE) in CDK1,
CDKN3, BUB1, and MKI67 mRNA. B: FXR1 RIPseq. Gene
Ontology of RIPseq comparing transcripts immuno-
precipitated in unstimulated with TNFe-stimulated
hVSMC. C: Cell division—associated transcripts detec-
ted by RNAseq independently validated by immuno-
precipitation with FLAG-tagged FXR1 in unstimulated
and stimulated hVSMC. Neg, negative; UTR, untrans-
lated regions.

35 40 45 50

cytokines and related genes of the senescence-associated
secretory phenotype (SASP) is indicative of senescent
cells.” hVSMC transfected with FXR1 siRNA or a scram-
bled control were tested for expression of genes considered to
be part of the SASP. Figure 5C indicates that numerous
recognized SASP markers, including HMGB1, HMBG2,
CXCL11, IL-1a, IL-6, and MCPI1, were all significantly
increased in FXRI1-depleted hVSMC. Increased p53
expression is an obligate event in senescence, and Figure 5D
demonstrates that p53 abundance is significantly increased in
FXR1-depleted hVSMC, indicative of senescence. Together,
these data strongly suggest that depletion of FXR1 results in
decreased hVSMC cell proliferation, which may induce a
senescent phenotype in these cells.

Genetic Deletion of FXR1 from VSMC Reduces
Neointima Formation

To test the hypothesis that FXR1 participates in the devel-
opment of vascular disease, SMC-specific FXR1 conditional
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knockout mice were generated. Figure 6A shows that
tamoxifen injection reduced FXR1 protein abundance in the
aorta, and Figure 6B is quantitative RT-PCR showing
tissue-specific and tamoxifen-inducible FXR1 deletion.
These mice were subject to carotid artery ligation to induce
neointimal hyperplasia, which is primarily a VSMC-driven
proliferative disease model.>* 3¢ Figure 6, C and D,
shows that tamoxifen-injected FXRISMME mice devel-
oped significantly less neointimal hyperplasia compared
with control mice. There was no significant difference in
intima/media ratios among the control groups. However,
FXRI®MSMC injected with tamoxifen demonstrated a
significantly lower intima/media ratio compared with oil-
injected and all other controls (0.93 £ 0.11 versus 0.45 £+
0.04, P < 0.001 for oil and tamoxifen injected, respec-
tively). Together, these data indicate that FXR1 participates
in development of vascular restenosis, as absence of FXR1
reduces ligation-induced neointimal hyperplasia.

It was important to provide mechanistic insight to support
the effects of FXR1 depletion on reduction of neointimal
hyperplasia. Initially, the study attempted to isolate and
culture VSMC from tamoxifen-injected FXRI5MMC mice,
normally a routine procedure, but the mVSMC could not be
passaged past their initial isolation to generate cell numbers
that were sufficient to perform appropriate subsequent
studies. Considering that senescence was induced in
hVSMC depleted of FXR1 by siRNA, together with the
inability to propagate aortic VSMC from tamoxifen-injected
FXRI®MSMC mice, experiments were performed to test the
possibility that VSMC isolated from these mice were se-
nescent. One experiment that required a very limited num-
ber of VSMC was to quantitate beta-galactosidase activity in
mVSMC isolated from FXRISM“SMC mice injected with
tamoxifen and oil-injected control mice. Figure 7A shows
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Figure 4  FXR1 knockdown reduces human vascular
. smooth muscle cells (hVSMC) proliferation. A: hVSMC
transfected with FXR1 siRNA incorporate significantly
less bromodeoxyuridine (BrdU) compared with control
siRNA. B: Representative cell cycle analysis of asyn-
chronously growing FXR1-depleted and scrambled
G2/M control hVSMC analyzed by propidium iodide staining
and flow cytometry. There are significantly more cells
in the G1 phase of the cell cycle and significantly
fewer cycling cells overall among cells treated with
FXR1 siRNA compared with controls. P = 0.067 for S
phase. C: Compilation of four asynchronously growing
and five synchronized FXR1-depleted and scrambled
control hVSMC analyzed by propidium iodide staining
and flow cytometry, all independent experiments.
*P < 0.05, **P < 0.01, and ***P < 0.001.

that VSMC isolated from tamoxifen-injected mice had
significantly more beta-galactosidase activity compared
with controls (1.94 4+ 1.23 cells/HPF versus 14.05 + 2.29
cells/HPF, P < 001 for FXRI™*  and
FXRISMEME 1 tamoxifen, respectively). In a second
approach to garner additional cells to test this hypothesis,
beta-galactosidase activity was compared in VSMC isolated
from FXRISMTSME mice transduced with AdCre, AdGFP,
or AdJFXR1 viruses. Figure 7B shows that AdCre was
effective at reducing FXR1 protein and mRNA expression.
Figure 7A also shows that FXRISMS™C ySMC transduced
with AdCre had significantly more beta-galactosidase ac-
tivity compared with AdGFP and AdFXRI control cells
(32.41 £ 4.25 cells/HPF versus 4.64 + 2.22 cells/HPF,
P < 0.001 for AdCre and AdGFP, respectively). AdCre-
transduced FXRISM“SMC VSMC were then used to deter-
mine whether decreased abundance of the cell division
genes identified in RNA-seq of hVSMC were also decreased
in AdCre-treated FXRI®M““M< mVSMC. Figure 7C shows
that expression of CDKI1, CDKN3, and MKI67 were
significantly decreased in these cells, which is what was
observed in hVSMC. It was next determined that expression
of senescence-associated genes pl6, p21, and p53 were
significantly increased in AdCre-transduced mVSMC
(Figure 7D), supporting the beta-galactosidase and YH2AX
results. Importantly, mRNA stability of these senescence-
associated transcripts was not increased with FXR1 dele-
tion, indicating that the increase in mRNA abundance was
due to increased senescence, not FXR1-mediated increase in
mRNA stability (Figure 7E). Together, the increase in
multiple readouts of senescence was consistent with what
was observed in hVSMC depleted of FXR1 by siRNA, and
when taken together indicates that VSMC depleted of FXR1
assume a senescent phenotype.
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FXR1 or control siRNA were seeded on glass chamber slides and stained for beta-galactosidase. Percent positive cells were quantitated by counting cells per
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Deletion of FXR1 Induces VSMC Senescence in Vivo in vitro, abundance of BUB1 and CDKI mRNA was

significantly reduced in ligated carotid arteries from
Experiments were then done to test the hypothesis that the tamoxifen-injected mice compared with control mice.
neointimal hyperplasia reduction observed in the ligated Expression of senescence-associated genes was also
carotid arteries would be due to induction of senescence. increased in these arteries. Figure 8B shows that p21, p53,
RNA was isolated from ligated and unligated carotid ar- and HMGB1 mRNA expression is significantly increased
teries from tamoxifen- and oil-injected FXRI*™“*™C mice in carotid arteries from tamoxifen-injected mice compared
and expression of cell division-related genes quantitated by with control mice. Importantly, p53 protein expression, an
quantitative RT-PCR. Figure 8A shows that similar to obligate event in p21 expression and cellular senescence, is
cultured human and murine VSMC depleted of FXRI significantly increased in FXRI-depleted carotid arteries
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Figure 7 Mouse vascular smooth muscle cells (mVSMC) depleted of FXR1 are senescent and have reduced expression of cell cycle—associated genes. A:
mVSMC isolated from oil- or tamoxifen-injected (tamox) FXRI*"SC mice, and mVSMC isolated from FXR1"" mice transduced with AdGFP or AdCre were seeded
on glass chamber slides, and stained for beta-galactosidase activity. B: Protein extracts from mVSMC isolated from FXR1°M“SMC mice transduced with AdGFP or
AdCre show reduction of FXR1 expression. C: Abundance of cell division—associated genes identified by RNAseq in FXR1 depleted hVSMC are also significantly
decreased in AdCre-transduced FXR1MYSMC mVSMC detected by quantitative RT-PCR. D: Abundance of senescence-associated genes are significantly increased
in AdCre-transduced FXRISMYSMC mVSMC detected by quantitative RT-PCR. E: senescence-associated genes do not have reduced mRNA stability in FXR1-
depleted mVSMC. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. moi, multiplicity of infection.

(Figure 8C), further validating a senescent state of aortic
VSMC. Together, this suggests that at least one mecha-
nism whereby FXRI*M“*MC mice have reduced neointimal
formation is due to reduced expression of cell cycle and
proliferative transcripts as well as increased senescence-
associated transcripts in arterial VSMC.
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Discussion

The present study tested the overarching hypothesis that
FXR1, a muscle-enhanced protein, participates in the
VSMC response to vascular injury. Initially, it was deter-
mined that FXR1 mRNA and protein abundance were
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Decreased cell division—associated and increased senescence gene expression in ligated carotid arteries from FXR1%M“SMC mice. A: Carotid ar-

teries from tamoxifen- and oil-injected mice were ligated as described in Figure 6. Twenty-eight days later, total RNA was extracted, and quantitative RT-PCR of
select cell division—associated genes identified by RNAseq in FXR1-depleted hVSMC were identified as significantly decreased. B: Abundance of senescence-
associated genes is significantly increased in tamoxifen-injected mice compared with oil-injected control mice detected by quantitative RT-PCR. C: p53 protein
is increased in carotid arteries in tamoxifen-injected mice detected by Western blot, indicating senescence. Western blot is shown, and densitometry is from
the Western blots. n = 3 pairs of mice (C).*P < 0.05, **P < 0.01, and ***P < 0.001.

increased in primary hVSMC challenged with TNFa,
suggesting that FXR1 might participate in regulation of
inflammation-responsive transcripts. RNA-sequencing in
hVSMC depleted of FXR1 indicated a particularly large
number of transcripts that were up-regulated, consistent
with our understanding of FXR1 as an mRNA destability
RBP. However, intriguingly, a smaller number of tran-
scripts appeared to be decreased in the absence of FXRI,
which was unexpected. Importantly, in TNFo-stimulated
VSMC, the overwhelming majority (29 of 32) of these
transcripts were associated with regulation of cell division,
including cell cycle progression, mitotic checkpoints, and
chromosome assembly during mitosis. BUB1 is a serine/
threonine protein kinase that phosphorylates mitotic
checkpoint complex proteins ensuring correct chromosome
alignment,”’ and it is required for ensuring proper
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chromosome segregation.”® CDK1 is a serine/threonine
protein kinase and a component of the M-phase promoting
complex, which is essential for G1/S and G2/M phase
transitions.””"" CDK1 also modulates association and
phosphorylation of multiple cyclins that regulate S-phase
and mitotic cyclins.”® CDKN3 is an inhibitor of cyclin-
dependent kinases and is overexpressed in many different
cancers.”'**> MKI67 is a marker for cellular proliferation
and is necessary component for cell division because it
associates with and is required to maintain mitotic chro-
mosome separation during cell division.””** Knockdown
of FXR1 in VSMC in the presence of the transcription
inhibitor actinomycin D resulted in significantly decreased
mRNA stability of many of these transcripts, which sug-
gested that their decreased mRNA abundance was likely
due to reduced mRNA stability, counter to current thinking
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that FXR1 is an mRNA destability factor. FXR1 is noted
for its ability to destabilize mRNA, most notably TNFa
mRNA,'>'** but there are few reports of FXR1 acting to
stabilize mRNA. One report in a prostate cancer cell line
suggests that FXR1 participated in, but was not solely re-
sponsibility for, stabilization of desmoplakin mRNA in a
prostate cancer cell line.”® Overexpression of FXRI in
neonatal rat myocytes increased Cx45 mRNA levels, but
neither mRNA stability nor effect of FXR1 knockdown on
Cx45 expression was examined."’

The decrease in cell division—associated proteins pro-
vided impetus to determine whether depletion of FXRI1
would decrease TNFa-driven cellular proliferation.
Knockdown of FXR1 in primary hVSMC led to decreased
proliferation of these cells. Reduction of FXR1 in other cell
systems has also been seen to influence cell proliferation. In
a recent study, knockdown of FXR1 reduced keloid-derived
proliferation, but we concluded this was due to induction of
apoptosis in these cells.”® Differences in apoptotic protein
mRNA in either the RNAseq or the RIPseq analysis were
not detected in the current study. Another study determined
that deletion of FXR1 in neural stem cells results in
decreased generation of new neurons, but the mechanisms
were not discussed."’

Cellular senescence is stable, irreversible cell cycle arrest
and is closely associated with a decrease in proliferation.'”
There are no reports in the literature associating FXR1
expression with senescence in primary cells. The present
study found that two indices of senescence, increased beta-
galactosidase staining and yYH2AX-positive nuclei were
increased in primary hVSMC depleted of FXR1. This is
consistent with one other report linking FXR1 with senes-
cence in a murine cancer cell line,”” and differs from that
work in that the current study utilized primary hVSMC.

Senescent cells exhibit phenotypic changes called the
SASP characteristic of a senescent cell, which includes
increased secretion of inflammatory cytokines, growth fac-
tors, and chemokines that all lead to increased inflammation
in the tissue microenvironment.'””" Many of these soluble
factors contribute to vascular occlusive diseases. With this
in mind, the study investigated the expression of transcripts
to be associated with the senescent phenotype.”” Six of nine
genes examined were significantly increased in siRNA-
treated hVSMC, indicating that depletion of FXR1 from
primary hVSMC initiates SASP expression. Although
SASP expression validates that hWVSMC depleted of FXR1
are senescent, it cannot determine whether these soluble
factors are contributing to VSMC senescence in vivo.

Proliferation of intimal VSMC is a major cellular event
in the development of vascular restenosis and atheroscle-
rosis.”>>* VSMC senescence and death are hallmarks of
advanced atherosclerotic lesions, and recent evidence
supports a direct causative role of SMC senescence in
atherosclerotic plaque progression to the rupture-prone
necrotic stage.”” FXR1 expression is increased in injured
arteries and acted as a destability factor for inflammatory
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mRNA, but direct causality for FXRI expression in
vascular disease needed to be established.'* Expression of
FXR1 is muscle-enhanced, and FXR1 has been referred to
as the muscle-specific FMR1 family member, suggesting a
specialized function in muscle tisrsue.lz’13 Total knockout
of FXR1 is postnatally lethal,” displaying a striated
muscle phenotype, providing rational for the generation of
SMC-specific conditional knockout mice. FXRJSM<SMC
mice subject to carotid artery ligation demonstrated
significantly reduced neointimal formation compared with
controls, suggesting a central role for this RBP in VSMC
pathophysiological processes.

To characterize the molecular mechanisms of reduced
neointimal formation observed in the FXRISMSMC mice,
aortic VSMC from FXR1 knockout mice were initially
explanted and cultured. However, although a routine pro-
cedure, culturing of these cells past the initial isolation
proved difficult, which prevented obtaining numbers suffi-
cient for characterizing and validating the senescence of the
primary hVSMC depleted of FXR1. Therefore, an alterna-
tive approach of transducing mVSMC cultured from
FXRISMSME mice with AdCre was used, which success-
fully knocked out FXRI1 expression. Interestingly, this
approach was utilized by other investigators who were un-
able to grow freshly isolated neural cells from FXRI1
knockout mice.”” Importantly, these mVSMC phenocopied
hVSMC depleted of FXR1 by siRNA and showed increased
indices of senescence, including f-gal staining and
increased expression of proteins associated with the senes-
cent phenotype. These mVSMC also showed decreased
expression of some of the same cell cycle—associated pro-
teins that were destabilized in hVSMC.

We hypothesized that genetic deletion of FXR1 from
VSMC results in significantly reduced neointima formation
by decreased abundance of cell cycle proteins and induction
of cellular senescence. Indeed, carotid arteries from
FXRISMME mice injected with tamoxifen demonstrated
significantly less expression of cell cycle—related genes
initially identified in RNAseq from hVSMC. Importantly,
expression of p21 and p53, recognized markers of senes-
cence, was significantly increased in FXRI®M< M arteries.
Their increased expression is likely because of the senescent
phenotype of the aortic VSMC, and not because FXRI1
modulates their mRNA stability. This strongly suggests that
one likely reason that deletion of FXR1 results in decreased
neointima formation is through induction of senescence in
medial VSMC in ligated carotid arteries. FXR1 has been
reported to regulate p21 mRNA stability, effecting cancer
cell line senescence.’® However, a decrease in p21 mRNA
stability was not observed in the current study, which may
reflect cell type—dependent differences or distinctions be-
tween primary cells and transformed cell lines.

There are limitations in this work that future studies could
address. The precise molecular mechanism(s) of how FXR1
regulates mRNA stability of cell division—related tran-
scripts needs to be elucidated. It would also be informative
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to determine the percent of senescent VSMC in FXRISM

SMC aorta, and the functionality of such aorta in which
FXR1 was depleted. Although it is likely that depletion of
FXR1 results in decreased abundance of cell division pro-
teins and decreased hVSMC cell proliferation resulting in a
senescent phenotype in these cells, we cannot determine a
direct effect of SASP factors in modulation and maintenance
of this senescent phenotype.

In summary, this work shows that FXRI1, a muscle-
enhanced RBP recognized as a destabilizing RBP, stabilizes
a select group of mRNA transcripts associated with cell
division. Depletion of FXR1 from VSMC reduces their
proliferation and induces senescence, which is likely a
mechanism for reduced neointimal formation observed in
ligated carotid arteries from FXRI™“MC mjce. These data
suggest that FXR1 expression and/or RNA binding activity
would make an attractive target for modalities to combat
vascular proliferative diseases.
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