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Abstract

Receptor activator of NF-xB ligand (RANKL) is a TNFa-like cytokine which mediates diverse
physiological functions including bone remodeling and immune regulation. RANKL has been
identified in atherosclerotic lesions; however, its role in atherosclerotic plaque development
remains elusive. An enhancer located 75kb upstream of the murine RANKL gene’s transcription
start site designated D5 is important for its calciotropic hormone- and cytokine-mediated
expression. Here, we determined the impact of RANKL levels in atherosclerotic plaque
development in the D5 enhancer-null (D5~~) mice in an atherogenic Apoe™~ background fed a
high-fat diet (HFD). RANKL mRNA transcripts were increased in aortic arches and thoracic
aortae of Apoe™~ mice; however, this increase was blunted in Apoe™~;D57~ mice. Similarly,
higher RANKL transcripts were identified in splenic T lymphocytes in Apoe™~ mice, and their
levels were reduced in Apoe™~;D57~ mice. When analyzed by micro-computed tomography
(LCT), atherosclerotic plaque calcification was identified in 6 out of 8 Apoe™~ mice, whereas only
1 out of 8 Apoe™~ D5~ mice developed plaque calcification after 12 weeks of HFD. However,
following 18 weeks of HFD challenge, all of Apoe™~ and Apoe™~; D57~ animals developed
atherosclerotic plaque calcification. Likewise, atherosclerotic lesion sizes were site-specifically
reduced in the aortic arch of Apoe™~;D57~ mice at initial stage of atherosclerosis and this effect
was diminished as atherosclerosis proceeded to a more advanced stage. Our data suggest that
deletion of the RANKL D5 enhancer delays the progression of atherosclerotic plaque development
and plaque calcification in hypercholesterolemic mice. This work provides important insight into
RANKUL’s regulatory role in atherosclerosis.
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INTRODUCTION

Atherosclerosis is the leading cause of death due to cardiovascular complications in the
Western nations [Collaborators, 2015; Glass and Witztum, 2001; Roth et al., 2015]. A
hallmark of atherosclerosis is calcification within the plaques that arise in the blood vessel
walls [Doherty et al., 2003; Thompson and Towler, 2012]. Calcified plagues have been
documented in both humans and experimental models of atherosclerosis [Dhore et al., 2001;
Schoppet et al., 2004], and the calcification process in the vessels has been suggested to be
similar to that of endochondral bone formation [Doherty et al., 2003; Hunt et al., 2002;
Mohler, 2000]. Atherosclerosis manifests a chronic inflammatory disease process [Glass and
Witztum, 2001; Hansson, 2005; Libby, 2002; Libby, 2013; Ross, 1999]. Its prevalence has
frequently been observed in inflammatory diseases, such as aging [London, 2011a],
osteoporosis [Glass and Witztum, 2001; Hofbauer and Schoppet, 2001; Khosla, 2011; Kiel
et al., 2001], hyperlipidemia [Sage et al., 2010] and end-stage renal disease [Giachelli, 2004;
Giachelli, 2009; Towler, 2004]. Multiple factors including pro-inflammatory cytokines,
hyperlipidemia, hyperphosphatemia and hypercalcemia trigger an osteochondrogenic
response in vascular smooth muscle cells (VSMCs), enriched in the tunica media of the
vessel walls [Giachelli, 2004; Giachelli, 2009; Hsu et al., 2008; Sage et al., 2010; Shanahan
et al., 2011; Shroff and Shanahan, 2007; Thompson and Towler, 2012]. The phenotypically
altered VSMCs deposit extracellular matrix in atherosclerotic plaques that eventually calcify
[Alexander and Owens, 2012; Giachelli, 2004; Shanahan et al., 2011]. Pro-inflammatory
cytokines activate catalytic proteins, mostly matrix metalloproteinases (MMPS) in
macrophages that degrade extracellular matrix proteins such as collagen and also inhibit
interstitial collagen synthesis in VSMCs [Hansson, 2005; Libby, 2013]. These changes
ultimately cause thinning of the collagen-rich fibrous cap that covers the necrotic core of
atherosclerotic plaques, and thereby rendering them prone to rupture causing thrombosis
[Hansson, 2005; Libby, 2002; Libby, 2013; Libby et al., 2011; Ross, 1999].

Receptor activator of NF-xB ligand (RANKL) (encoded by 7nfsf11gene) is a TNFa-like
cytokine that mediates diverse biological functions, primarily bone remodeling [Kong et al.,
1999a; Lacey et al., 1998]; however, it is also important for other physiological processes
such as lymphogenesis [Hess et al., 2012; Kong et al., 1999b], mammary gland development
[Fata et al., 2000], T and B lymphopoiesis [Anderson et al., 1997; Kong et al., 1999b],
dendritic cell function [Anderson et al., 1997; Loser et al., 2006] and thermoregulation
[Hanada et al., 2009]. In the late 1990’s, the important discovery was made that RANKL is
necessary for osteoclastogenesis, and that its soluble decoy receptor, osteoprotegerin (OPG)
is essential for regulating the availability of RANKL [Kong et al., 1999a; Kong et al., 1999b;
Lacey et al., 1998; Simonet et al., 1997; Suda et al., 1992; Teitelobaum, 2000]. RANKL
exerts its actions via binding to its cognate receptor, RANK [Anderson et al., 1997; Dougall
et al., 1999] which is highly expressed in hematopoietic precursors of the monocyte/
macrophage-lineage cells that ultimately become bone-resorbing osteoclasts [Boyle et al.,
2003; Lacey et al., 1998; Teitelbaum, 2000]. In many physiological conditions that demand
release of calcium from the skeletal stores, such as lactation, modulation of RANKL and
OPG levels is one of the main mechanisms that is utilized to increase bone resorption
[Ardeshirpour et al., 2010; Ardeshirpour et al., 2015]. However, many pathological
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conditions, such as secondary hyperparathyroidism, lead to an imbalance in RANKL and
OPG levels leading to either osteoporosis or osteopetrosis, underscoring the importance of
exquisite fine tuning of RANKL and OPG’s levels [Bucay et al., 1998; Hofbauer and
Schoppet, 2001; Hofbauer and Schoppet, 2004; Sobacchi et al., 2007]. The
RANK:RANKL:OPG triad, critical for bone remodeling is also evident in the vascular
system [Collin-Osdoby, 2004; Dhore et al., 2001; Papadopouli et al., 2008; Quercioli et al.,
2010; Sandberg et al., 2006; Schoppet et al., 2004; Tintut and Demer, 2006]. Bone
remodeling components are documented in both human and experimental cases of vascular
calcification [Choi et al., 2008; Dhore et al., 2001; Hunt et al., 2002; Kaden et al., 2004; Min
et al., 2000; Mohler, 2000; Ndip et al., 2011; Osako et al., 2010]. Studies over the past
decade have established that ectopic calcification in the vasculature follows a process similar
to endochondral ossification and have suggested an involvement of the
RANK:RANKL:OPG triad in atherosclerosis [Bennett et al., 2006; Dhore et al., 2001; Helas
et al., 2009; Kiechl et al., 2007; Panizo et al., 2009; Sandberg et al., 2006; Schoppet et al.,
2004].

Bone regulating factors such as parathyroid hormone (PTH), 1,25-dihydroxyvitamin D3
(1,25(0H),D3) and interleukin (IL)-6 type cytokines modulate RANKL expression
[O’Brien, 2010]. Given the diverse source of RANKL in stromal cells/osteoblasts [Yasuda et
al., 1998], T and B lymphocytes [Anderson et al., 1997; Kanematsu et al., 2000; Wong et al.,
1997], osteocytes [Xiong et al., 2011], keratinocytes [Loser et al., 2006], synovial fibroblasts
[Danks et al., 2015], vascular endothelial cells [Collin-Osdoby et al., 2001], vascular smooth
muscle cells (VSMCs) [Byon et al., 2011; Di Bartolo et al., 2013; Sun et al., 2012; Tseng et
al., 2010], and its regulation by various factors, RANKL is poised to be a critical molecule at
the interface of the bone-vascular axis. Since RANKL has emerged as an important
regulatory factor not only for bone remodeling, but also is associated with multiple
pathologic states [Guerrini and Takayanagi, 2014; Hofbauer and Schoppet, 2001], intense
efforts over the past several years have been made to elucidate RANKL’s regulatory
landscape at the genomic level [Bishop et al., 2011; Bishop et al., 2009; Bishop et al., 2015;
Fu et al., 2006; Galli et al., 2008; Kim et al., 2006; Nerenz et al., 2008]. Via genome-wide
ChlIP-sequencing approaches, we have discovered ten RANKL distal enhancers, spanning
over 200 kb upstream of both murine and human RANKL gene’s transcription start site
(TSS) [Bishop et al., 2011; Bishop et al., 2009; Bishop et al., 2015; Galli et al., 2008; Kim et
al., 2006; Nerenz et al., 2008]. Subsequently, we have conducted comprehensive in vivo
analyses of some of the RANKL distal enhancers in murine model [Galli et al., 2008; Onal
et al., 2014b; Onal et al., 2015]. Of particular interest, deletion of the multi-lineage
multifunctional D5 enhancer of RANKL, located 75 upstream of RANKL gene’s TSS, leads
to reduced basal RANKL levels in bones and lymphoid tissues [Galli et al., 2008].
Accordingly, D5 enhancer-null (D57") mice display increased bone mass due to reduced
rate of bone remodeling [Galli et al., 2008]. As previously mentioned, RANKL has been
identified in atherosclerotic plagues in both humans and animal models [Byon et al., 2011;
Dhore et al., 2001; Osako et al., 2010; Schoppet et al., 2004; Sun et al., 2012]. Although,
some studies have shown that exogenous RANKL could enhance calcification in vascular
smooth muscle cells [Osako et al., 2010; Panizo et al., 2009], others have not [Byon et al.,
2011; Morony et al., 2012; Olesen et al., 2012; Tseng et al., 2010], and direct /n vivo
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evidence of RANKL's role in atherosclerotic plaque development remains lacking. In our
present study, we explored the impact of reduced basal RANKL levels in atherosclerotic
plague formation in the D5 enhancer-null (D57~) mouse model in an atherogenic Apoe™~
background. Here, we show that deletion of the RANKL D5 enhancer delays the progression
of atherosclerotic plaque development and plaque calcification in hypercholesterolemic
Apoe-null mice.

MATERIALS AND METHODS

Animal Studies

The Apoe-null (Apoe™") mice in the C57BL/6 background were purchased from the
Jackson Laboratory (Bar Harbor, ME; Cat. No. 002052). The D57~ mice has been
extensively studies and kindly provided by O’Brien et a/[Galli et al., 2008; Onal et al.,
2012; Onal et al., 2016b]. The Rank/~~ [Kim et al., 2000] and Rank/~~79 transgenic mice
[Onal et al., 2014a] in the C57BL/6 background have been described previously. The
Apoe™~ mice were crossed with the D57~ mice to generate the Apoe™~; D57~ mice. Only
female mice were used for this study. Upon weaning mice were placed on a low fat control
diet (Harlan Teklad, Madison, WI; TD.08485) up to start of the study. In the beginning of
the study, all mice at 7 weeks of age were placed on a high-fat diet (HFD) (Harlan Teklad,
Madison, WI; TD.88137) for a further 12 or 18 weeks to promote atherosclerosis. All animal
studies were reviewed and approved by the University of Wisconsin-Madison Animal Care
and Use Committee.

Serum and Plasma Analysis

Blood was collected at the time of sacrifice by cardiac puncture, following 4 hours (h) of
fasting. Serum calcium (BioAssay Systems; Cat. No. DICA-500) and phosphate (BioAssay
Systems; Cat. No. DIP1-500), and plasma parathyroid hormone (PTH) (Immutopics; Cat.
No. 60-2305) levels were determined as described previously [Lee et al., 2014;
Shamsuzzaman et al., 2016]. The serum total cholesterol, LDL-cholesterol and HDL-
cholesterol were measured using Cholesterol E (Cat. No. 439-17501), L-type LDL-C (Cat.
No. 993-00404 and 999-00504) and HDL-Cholesterol (Cat. No. 431-52501) Kits,
respectively (Wako Chemicals USA, Richmond, VA). The serum triglyceride (TG)
concentration was measured as previously described using the Infinity™ Triglycerides (Cat.
No. TR22421,Thermo Scientific, Middletown, VA) [Shamsuzzaman et al., 2016].

Bone Mineral Density (BMD) Measurements

BMD was measured and analyzed by dual-energy X-ray absorptiometry (DEXA) scans
using a PIXImus densitometer (GE-Lunar, Madison, WI) as described previously [Onal et
al., 2014a; Onal et al., 2016b]. BMD was performed following either 12 or 18 weeks of
high-fat diet (HFD) feeding.

Micro-computed Tomography (UCT) Analysis

Animals were euthanized by using CO, asphyxiation. Immediately after euthanasia, mice
were perfused with cold sterile PBS followed by 4% paraformaldehyde solution. Excised
heart and aorta specimens were fixed in 10% Millonig’s Modified Buffered Formalin (Leica
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Biosystems, Richmond, IL) for 72 h at 4°C. Following fixation, specimens were washed in
PBS with 0.02% sodium azide for 24 h. uCT analysis of the aortas were done as previously
described [Shamsuzzaman et al., 2016]. Briefly, immediately prior to pCT scanning, aortae
were perfused with corn oil via injection and immersed in corn oil during the scan. All
samples were scanned with a Siemens microCATII scanner (Siemens Medical Solutions
USA, Inc., Knoxville, TN) with the following parameters: 5 second exposure time, binning
factor 1, 55 kVp, 50 YA, 220 rotation steps and 440 projections. The final reconstructed
isotropic voxels were 34 um. Inveon Research Workplace 3D Visualization analysis software
(Siemens Medical Solutions USA, Inc., Knoxville, TN) was used to provide qualitative
graphics and to measure calcified plaque volume, surface area, and density. Segmentation of
calcified plaque was defined by voxels with an HU value greater than 325 (previously
determined threshold to exclude cartilaginous or fibrous tissue and include all calcified
plaque) [Shamsuzzaman et al., 2016].

Atherosclerotic Lesion Analysis

For histological analysis, sections (10-um thick) were prepared from the aortic root, aortic
arch, innominate artery and thoracic aorta. Atherosclerotic lesions in aortic roots were
analyzed by oil red O staining throughout 300 um of aortic sinus region starting at the aortic
valve leaflets. Mean lesion area was quantified from digitally captured 5 sections separated
by 60 pm using ImageJ software (NIH, Bethesda, MD). For measurement of atherosclerotic
lesions in aortic arch, innominate artery and thoracic aorta, tissues were sectioned
longitudinally and mean lesion area was quantified from 5 sections over a 100 um region.
The calcium deposition in the atherosclerotic lesions was identified by von Kossa staining
using kit according to manufacturer’s instructions (American Mastertech Scientific, Inc.
Lodi, CA; Cat. No. KTVKO).

Gene Expression Analysis

Upon isolation from the mouse the aortas were placed in and cleaned in RNA /ater RNA
Stabilization Reagent (Qiagen Inc., Valencia, CA; Cat. No. 76104), total RNA was prepared
from the aortic arch and the thoracic aorta using RNeasy Fibrous Tissue Mini Kit (Qiagen
Inc., Valencia, CA; Cat. No. 74704) according to manufacturer’s protocol. Other tissues
were homogenized in Trizol Reagent (Life Technologies, Grand Island, NY; Cat. No.
15596018) and RNA was isolated according to manufacturer’s protocols. One microgram of
total RNA was used to prepare cDNA using High Capacity cDNA Reverse Transcription kit
(Applied Biosystems, Foster City, CA; Cat. No. 4368813). Relative mRNA levels were
measured by TagMan gRT-PCR as described previously [Onal et al., 2014a]. The following
TagMan gene expression probes (Applied Biosystems, Foster City, CA) were used for gRT-
PCR: Rankl (Tnfsfl11, Mm00441906_m1), Opg ( Tnfrsfl1b, Mm01205928 m1l), Rank
(Tnfrsflla, Mm00437135_m1), Runx2 (Mm00501584_m1), Alp/ (MmO00475834_m1), Opn
(Spp1, MmMO00436767_m1), Sp7(Mm04209856_m1), Enppl (Mm00501097_m1), Enpp3
(MmO01193731_m1), Mmp13 (Mm00439491_m1), //-6 (Mm00446190_m1), 7nf-a
(Mm00443258_m1), Lgr4 (Mm00554385_m1), and B-actin (Actb, 4352341E).
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In vivo Isolation of T and B Lymphocytes

Total T and B lymphocytes were isolated from the spleens and bone marrow (BM) using
mouse Dynabeads Mouse Pan T (Thy1.2 Cat. No. 11443D) and Dynabeads Mouse pan B
(B220; Cat. No. 11441D) kits according to manufacturer’s instructions (Life Technologies,
Grand Island, NY). The RNA from isolated T and B lymphocytes was prepared using Trizol
Reagent (Life Technologies, Grand Island, NY). One g of the isolated RNA was DNase
treated and reverse transcribed for RT-PCR as explained in the previous section.

Isolation and Culture of Murine Aortic Smooth Muscle Cells

The murine aortic smooth muscle cells (MAoSMCs) were isolated from thoracic aortae of
WT, D57~, Rankl~~and Rankl™~"9 mice by enzymatic digestion with collagenase type I
(255 U/mL; Worthington Biochemical Corp., Lakewood, NJ), elastase type Il (15 U/mL;
Sigma-Aldrich, St. Louis, MO), soybean trypsin inhibitor (375 pg/mL; Gibco) and bovine
serum albumin (2 mg/mL; Jackson ImmunoResearch Laboratories Inc., West Grove, PA) as
described previously [Clowes et al., 1994; Shamsuzzaman et al., 2016]. mAoSMCs were
cultured in DMEM modified to contain 1 g/L. D-glucose, GlutaMAX, 110 mg/L sodium
pyruvate supplemented with 10% fetal bovine serum (Hyclone, Logan, UT) and 1%
penicillin/streptomycin (Hyclone, Logan, UT). Cells between three and seven passages were
grown to confluency in standard media (SM) as mentioned above and then switched to
osteogenic medium (OM, SM supplemented with 10 mM B-glycerophosphate, 50 pg/mL
ascorbic acid and 100 nM dexamethasone) for additional 21 days. Alizarin red S staining
was performed as described previously [Meyer et al., 2014]. Von Kossa staining was
performed by using kit according to manufacturer’s instructions (American Mastertech
Scientific, Inc. Lodi, CA; Cat. No. KTVKO). For calcium assay, cells were decalcified with
0.6 N HCI at 4°C for 24 h. Calcium content was measured by using O-cresolphthalein
complexone method (Sigma-Aldrich, St. Louis, MO; Cat. No. MAK022-1KT) and
normalized to total protein content of decalcified cells.

Statistical Analysis

All data were analyzed using GraphPad Prism 4 software (GraphPad Software, Inc., La
Jolla, CA). Data are presented as mean + standard error of the mean (s.e.m). Statistical
significance was determined by one-way analysis of variance (ANOVA) with Tukey’s test
for multiple groups or by nonparametric Student’s #test for two groups. £ < 0.05 was
considered to be statistically significant.

RESULTS

Deletion of the RANKL D5 enhancer reduces matrix calcification in murine aortic smooth
muscle cells

To evaluate potential transdifferentiation and calcium deposition abilities 7n vitro, we
isolated primary murine aortic smooth muscle cells mAoSMCs from wild-type (WT),
Ranki-null (Rankl™"), Rankltransgenic rescue (Rank/~79) and D5 enhancer-null (D577)
mice. We cultured mAoSMCs in the presence of a high-phosphate osteogenic medium (OM)
for 21 days to differentiate them into osteoblast-like cells. As can be seen in Fig. 1a, WT
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mAO0SMCs developed substantial matrix calcification as evident by both alizarin red S and
von Kossa staining. On the contrary, the Rank/”~ mAoSMCs produced less matrix
calcification compared to WT mAoSMCs. However, when RANKL was expressed
exogenously by a transgene in Rank/”~ background, the Rank/”~79 mAoSMCs recovered
their matrix forming and calcification potentials (Fig. 1a). Interestingly, the mAoSMCs that
lack RANKL’s D5 enhancer (D57") displayed significantly less matrix calcification
compared to WTs as well (Fig. 1a). Quantification of calcium content after decalcifying the
cells confirmed the observations made in alizarin red and von Kossa staining (Fig. 1b).
These results suggest that endogenous expression of RANKL, specifically its D5 mediated-
expression, plays a role in calcium deposition of mMAoSMCs differentiated into osteogenic
cells.

Deletion of the RANKL D5 enhancer does not alter serum lipid and mineral homeostasis in
hypercholesterolemic Apoe™~ background

Apoe™~ mice develop severe hypercholesterolemia when fed a high-fat diet (HFD) [Plump
et al., 1992]. To assess the impact of lack of the RANKL D5 enhancer in mice in an Apoe '~
background, we analyzed their serum lipid profiles after feeding the HFD for either 12 or 18
weeks. WTand D57~ mice maintained normal serum lipid levels after HFD feeding
(Supplementary Fig. 1a-h). Apoe™~ mice developed marked hypercholesterolemia as seen
by their high serum triglyceride (TG), total cholesterol and LDL-cholesterol (LDL-C) levels,
however, low HDL-cholesterol (HDL-C) level (Supplementary Fig. 1la—h). Likewise,
Apoe™~;D57~ mice also displayed marked hypercholesterolemia, and all the lipid
parameters were comparable with Apoe™~ mice. In addition, both Apoe™~ mice also
developed hypercalcemia and hyperphosphatemia when fed the HFD (Supplementary Fig.
1i-l). Therefore, lack of RANKL D5 does not alter serum lipid and mineral homeostasis in
mice in an Apoe-null background.

Deletion of the RANKL D5 enhancer leads to increased bone mass in the Apoe™~
background

Lack of the RANKL D5 enhancer leads to bone mass accrual in mice due to reduced rate of
bone remodeling [Galli et al., 2008]. We therefore first determined whether the lack of the
D5 enhancer altered bone mass in our mouse model of atherosclerosis in an Apoe™~
background. D5~ mice exhibited higher bone mineral density (BMD) globally as well as in
the spine and the femur compared to W7 control littermates, which confirms previous
observations made by Galli and colleagues [Galli et al., 2008] (Fig. 2a—f). Consistent with
the role of D5-mediated regulation of RANKL expression in bone, the absence of the D5
enhancer lead to elevated vertebral and whole body BMD of Apoe™~, D57~ mice after
feeding the HFD either for 12 or 18 weeks (Fig. 2a—f). Surprisingly, Apoe™ mice
maintained comparable or higher BMD than WT littermate controls after feeding the HFD
(Fig. 2a—f). Accordingly, the Rank/ mRNA transcripts were lower in the tibiae and lymphoid
tissues of both D57~ and Apo™~; D57~ mice (Fig. 2g—i). Interestingly, compared to W7 and
D5~ mice, mice in the Apoe-null background had lower Opg mRNA levels in tibia, but not
lymphoid tissues (Fig. 2j—I). These results demonstrate that a decrease in RANKL levels due
to the lack of RANKL D5 enhancer caused a high bone mass phenotype and this effect was
not altered in mice in an atherogenic Apoe-null background.
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Deletion of the D5 enhancer decreases RANKL expression in atherosclerotic lesions

To determine RANKL levels and its regulation by the D5 enhancer in atherosclerotic lesions,
we isolated RNA from the aortic arches and the thoracic aortae of mice fed the HFD for 18
weeks (Fig. 3a) and then examined the expression of Rank/ mRNA transcripts. Rank/
transcripts were greater in the aortic arches and the thoracic aortae of both Apoe™~ and
Apoe™~;D57~ mice fed the HFD for 18 weeks compared to W7 or D57~ littermate controls
(Fig. 3b). Importantly, RANKL mRNA levels were significantly lower in Apoe™ D57~
mice compared to Apoe™ mice, suggesting that D5 mediates the increase in RANKL
expression in atheroscleratic lesions (Fig. 3b). Opg mRNA transcripts were equally elevated
in aortae of both Apoe™~ and Apoe™~; D57~ mice (Fig. 3c). Lgr4, a recently identified
novel receptor for RANKL [Luo et al., 2016], was significantly decreased in both aortic arch
and the thoracic aorta of Apoe™~;D57~ mice as compared to Apoe™~ mice as well as WT
and D57~ controls (Fig. 3d). The expression of the classic RANKL receptor, Rank was
decreased in aortic arches of both Apoe™~ and Apoe™~; D57~ mice as compared to WT
littermate controls (Fig. 3e). These results demonstrate that RANKL expression is induced
in a D5-dependent manner in atherosclerotic lesions of hypercholesterolemic Apoe-null
mice.

Inflammatory and osteogenic responses are modified in hypercholesterolemic mice

Next, we examined whether the expression of key inflammatory and osteogenic markers was
affected by lower RANKL levels in the aortae of Apoe™~; D57~ mice after feeding the HFD
for 18 weeks. mRNA transcripts of pro-inflammatory genes, interleukin-6 (//-6) and tumor
necrosis factor-a. ( 777f-a) were elevated similarly in both Apoe™~and Apoe™~; D57~ aortae
as compared to littermate controls (Fig. 4a,b). In addition, osteogenic markers representing
the degree of osteogenic potential and bone formation, Runx2, Sp7, Opnand Alp/ were
induced similarly in aortae isolated from the Apoe™~and Apoe™~ D57~ mice compared to
controls (Fig. 4c—f). These results demonstrate that expression of the key inflammatory and
osteogenic regulators are locally modulated in atherosclerotic lesions of both Apoe™~ and
Apoe™~;D57~ mice, and are not affected by the blunting of the increase in atherosclerotic
plague RANKL in Apoe™ ;D57 mice.

Lack of D5 blunts the atherosclerosis-induced increase in T cell RANKL

Lymphocytes are an important source of RANKL [Anderson et al., 1997; Kanematsu et al.,
2000; Wong et al., 1997]. We sought to determine the relative contributions of T and B
lymphocytes to RANKL levels in our mouse model of atherosclerosis. We isolated total
CD3* T and B220* B lymphocytes from the spleens of W7, D57~, Apoe™~ and

Apoe™~ D57~ mice fed the HFD, and assessed /ank/ mRNA transcripts in these cells.
Consistent with our previous studies [Onal et al., 2016a], lack of D5 led to lower Rank/
mRNA levels in T lymphocytes isolated from the D57~ and Apoe™ ;D5 mice as
compared to WT littermate controls after 12 weeks of HFD feeding (Fig. 5a). Interestingly,
after 18 weeks of HFD feeding Rank/ mRNA transcripts were elevated in splenic T
lymphocytes of Apoe™~ mice as compared to W7 controls and this increase was prevented
by the lack of D5 regulation of RANKL in Apoe™~;D57~ mice (Fig. 5a). Basal levels of
Rankl/ mRNA transcripts were also lower in B lymphocytes (Fig. 5a). Rank/transcripts in B
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lymphocytes were similarly reduced in both D57~ and Apoe™~;D57~ mice after initial 12
weeks of HFD feeding, however, we were unable to detect this small difference after 18
weeks of HFD challenge (Fig. 5a). The splenic weights were similarly increased in both
Apoe™~ and Apoe™~;D57~ mice fed the HFD for 18 weeks, suggesting an elevated
inflammation in mice in the Apoe-null background (Fig. 5b). Next, we examined the
expression of key inflammatory genes in the splenic T lymphocytes of mice after feeding the
HFD for either 12 or 18 weeks. Pro-inflammatory cytokine 77f-a mRNA was elevated in T
lymphocytes of Apoe™~, but not Apoe™~:D5~~, mice after initial 12 weeks of HFD feeding
(Fig. 5c), however this effect was blunted after 18 weeks of HFD feeding. Similarly,
monocyte chemoattractant peptide-1 (Mcp-I) mRNA, elevated in T lymphocytes of Apoe™~
mice, was unaffected in Apoe™~ D57~ mice after 12 weeks of HFD; again there was no
difference between the two genotypes after 18 weeks of HFD (Fig. 5d). mRNA levels for
Interferon y (/fn-y), a signature T helper type 1 (Ty1) cytokine, were equally elevated in T
lymphocytes of Apoe™~ and Apoe™~; D57~ mice after 18 weeks of HFD feeding only (Fig.
5e). These results suggest that T cell RANKL is elevated via D5 mediated regulation in
atherosclerotic mice and that lower RANKL levels in Apoe™ D57~ mice lead to lower pro-
inflammatory responses at an early stage of atherosclerosis.

Deletion of the RANKL D5 enhancer in the Apoe™~ background delays progression of
atherosclerotic plaque calcification

Atherosclerotic plaques become calcified as the disease advances progressively [Dhore et
al., 2001; Doherty et al., 2003; Schoppet et al., 2004; Thompson and Towler, 2012]. To
determine if the blunted-increase in atherosclerotic plaque RANKL in Apoe™~;D57~ mice
affects the calcification of atherosclerotic plagues, we employed micro-computed
tomography (UCT) to assess the total calcified plaque burdens in the aortae after feeding
mice the HFD for either 12 or 18 weeks. No atherosclerotic lesions or plaque calcification
were observed in W7 or D57~ mice after either 12 or 18 weeks of HFD feeding (Fig. 6a—f
and Table). When analyzed by pCT, 6 out of 8 Apoe™~ mice (75%) developed
atherosclerotic plaque calcification after 12 weeks of HFD feeding, whereas, only 1 out of 8
Apoe™~ D57~ mice developed plaque calcification (Fig. 6a—d and Table) after initial 12
weeks of HFD. Surprisingly, after 18 weeks of HDF challenge, 100% of both the Apoe™~
and Apoe™~; D57~ mice developed atherosclerotic plaque calcification (Fig 6a—d and Table).
Likewise, atherosclerotic lesion size was reduced by 34.7% in the aortic arch (AA) in
Apoe™~;D57~ as compared to Apoe™~ after 12 weeks of HFD feeding, although lesion
sizes remained unchanged in other atherosclerosis-prone sites e.g., aortic root (AR),
innominate artery (1A) and thoracic aorta (TA) in either genotype (Fig. 6e). Interestingly,
after 18 weeks of HFD feeding the atherosclerotic lesion sizes were indistinguishable at all
sites between Apoe™~ D57~ and Apoe™~ mice (Fig. 6f). As can be seen in Fig. 6 c—d, the
calcified plaque surface area and plaque volume were increased gradually over time in
Apoe™~ as well as in Apoe™~; D57~ mice. Taken together, our data show that deletion of the
RANKL D5 enhancer delays the progression of the atherosclerotic plaque formation and
plaque calcification in hypercholesterolemic Apoe-null background.
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DISCUSSION

RANKL mediates inflammatory responses primarily via nuclear factor kB (NF-xB)
signaling. Although initially discovered as the key osteoclastogenic factor [Kim et al., 2000;
Kong et al., 1999b; Lacey et al., 1998], studies over the past decade have unraveled a wide
range of biological functions of RANKL [Anderson et al., 1997; Fata et al., 2000; Hanada et
al., 2009; Hess et al., 2012; Kong et al., 1999a; Loser et al., 2006], and its diverse cellular
sources [Anderson et al., 1997; Byon et al., 2011; Danks et al., 2015; Di Bartolo et al., 2013;
Kanematsu et al., 2000; Sun et al., 2012; Tseng et al., 2010; Wong et al., 1997; Xiong et al.,
2011; Yasuda et al., 1998]. RANKL binds to RANK [Anderson et al., 1997; Dougall et al.,
1999] on target cells; however, a novel receptor of RANKL, designated LGR4 has recently
been reported [Luo et al., 2016]. RANKL is not only critical for bone-remodeling [Kim et
al., 2000; Kong et al., 1999b] but also important for immune regulation [Anderson et al.,
1997; Hess et al., 2012; Kong et al., 1999a; Loser et al., 2006], among other functions [Fata
et al., 2000; Hanada et al., 2009]. Subsequently, linkage has been discovered with a wide
variety of skeletal, inflammatory and non-inflammatory diseases such as osteoporosis,
aging, autoimmunity, cancer and diabetes [Collin-Osdoby, 2004; Hofbauer and Schoppet,
2001; Hofbauer and Schoppet, 2004; Khosla, 2011; Kiechl et al., 2013]. Therefore, it is not
surprising that RANKL is an important pharmacologic target for multiple diseases
[Cummings et al., 2009; Helas et al., 2009; Hofbauer and Schoppet, 2004; Smith et al.,
2009].

RANKL has also been implicated in vascular calcification [Dhore et al., 2001; Helas et al.,
2009; Kaden et al., 2004; Kiechl et al., 2007; Ndip et al., 2011]. Recent /n vitro studies have
shown that RANKL may be playing a role in vascular calcification [Deuell et al., 2012;
Kaden et al., 2004; Morony et al., 2012; Osako et al., 2010; Panizo et al., 2009], however, its
role in atherosclerotic plaque development and plaque calcification /7 vivois not well
understood. In our current study, we determined the impact of reduced basal RANKL levels
due to ablation of the RANKL D5 distal enhancer on atherosclerotic plaque development
and plaque calcification by utilizing D5 enhancer-null (D577 mice in an Apoe™~
background. We showed that in addition to reducing RANKL expression in skeletal sites,
lack of RANKL D5 enhancer blunted the disease-induced increase in RANKL expression in
atherosclerotic plaques and T cells in the Apoe null background. Consistent with our in vitro
observation that RANKL plays role in calcification abilities of differentiated mAoSMCs, the
decrease in RANKL levels lead to delayed atherosclerotic plaque calcification and a
decrease in atherosclerotic lesion area in aortic arches. Thus, we establish a novel role for
RANKL in atherosclerotic plaque progression /n vivo.

Vascular smooth muscle cells (VSMCs) modify their phenotype towards osteoblast-like cells
in atherosclerotic plaques in response to inflammation, hyperlipidemia, oxidative stress and
others [Alexander and Owens, 2012; Giachelli, 2004; Giachelli, 2009; Naik et al., 2012;
Sage et al., 2010; Shao et al., 2010; Speer et al., 2009; Steitz et al., 2001; Thompson and
Towler, 2012]. It has been shown that murine aortic cells overexpressing RANKL display
enhanced mineralization potential [Morony et al., 2012]. Interestingly, we show herein that
the D57~ and Rankl”~ mAoSMCs displays reduced matrix calcification in response to high-
phosphate osteogenic medium, supporting the idea that endogenous RANKL can mediate
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calcification in vascular smooth muscle cells /in vitro [Osako et al., 2010; Panizo et al.,
2009]. To determine if RANKL levels are modulated /n7 vivo and to establish the
pathophysiological role of this regulation in atherosclerosis, we created an appropriate /7
vivo atherosclerosis model in which the RANKL D5 enhancer was deleted in the context of
the Apoe™~ mouse. The novel finding is that the observed site-specific elevation of the
atherosclerotic plaque RANKL in Apoe™~ mice were significantly reduced when the
RANKL D5 enhancer was ablated in Apoe™~; D57~ mice. We also observed increases in
mRNA transcripts of the key pro-inflammatory cytokines, /L-6and 7nf-a, as well as
increases in osteogenic regulators, Runx2, osterix (Sp7), osteopontin (Spp) and alkaline
phosphatase (A/p/) in both Apoe™~;D5** and Apoe™ ;D57 aortae, suggesting that both
the increase in local inflammation and/or increase in the osteogenic cell population could
also be the cause of the increased plaque RANKL. Further studies utilizing additional
enhancers of RANKL such as D6 or D2, which regulate inflammatory and mesenchymal
lineage-specific expression of RANKL, respectively, will be of great value in dissecting the
mechanisms through which RANKL is increased in atherosclerotic plagues themselves.
Regardless of the stimulant, consistent with our in vitro observations, the blunting of the
RANKL-induction resulted in delayed calcification of the atherosclerotic plaques in
Apoe™ ;D57 mice.

Atherosclerosis is a chronic inflammatory disease [Libby, 2002; Ross, 1999]. It is well-
known that a T helper type 1 (Ty1) pro-inflammatory immune response is manifested in
atherosclerosis [Hansson, 2005; Libby, 2002; Ross, 1999]. Accordingly, we isolated T and B
lymphocytes from spleens of mice fed the HFD for either 12 or 18 weeks to assess the
inflammatory status in our mouse models. The Rank/mRNA transcripts were reduced in
splenic T and B lymphocytes in both D57~ and Apoe™~:D57~ mice after 12 weeks of HFD
feeding. As atherosclerotic disease advanced, after 18 weeks of HFD feeding, the T
lymphocytic Rankitranscripts were significantly elevated in Apoe™~ mice, likely due to
increased inflammation in advanced atherosclerotic state. However, lack of D5 regulation of
RANKL in T cells of Apoe™~;D57~ mice prevented this increase. Recently, it has been
shown that T cell RANKL is required for T cell trafficking in experimental autoimmune
encephalomyelitis (EAE) [Guerrini et al., 2015]. Thus, prevention of the induction of T cell
RANKL might have contributed to the T lymphocyte infiltration into the atherosclerotic
plaques of Apoe™~; D57~ mice in our study. Further investigation of T cell RANKL and its
role in this disease will also be of great importance.

In addition to RANKL, Apoe™~ T cells exhibited an increase in expression of the major pro-
inflammatory cytokine, 7nf-a and chemokine, Mcp-1 after initial 12 weeks of HFD feeding,
although this effect was not observed at the later time point of HFD feeding. These increases
were not observed in Apoe™~; D57~ mice, however, suggesting a stage-specific reduction of
inflammation in these animals. Both TNF-a and MCP-1 have been shown to promote
osteogenic responses in VSMCs [Al-Aly et al., 2007; Sun et al., 2012] and are associated
with clinical cases of atherosclerosis in humans [Khosla, 2011; Libby, 2002; Libby et al.,
2011; London, 2011b; Sandberg et al., 2006]. RANKL enhances MCP-1 release in
mononuclear phagocytes [Sandberg et al., 2006], and Mcp-I-null mice on an Lalr”~
background that results in decreased macrophage infiltration into the aortic walls as well as
reduced lipid accumulation in atherosclerotic lesions [Gu et al., 1998]. Therefore, the
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decreased 7nf-a and Mcp-1 mRNA levels in T lymphocytes at the early stage of
atherosclerosis in our Apoe™~;D57~ mouse model may be due to a reduction of RANKL
activity in splenic tissues and perhaps in the atherosclerotic plaques as well.

Coronary artery calcium (CAC) score is routinely used to predict future cardiovascular
disease risks [McClelland et al., 2006]. Here, we assessed the impact of D5 enhancer
deletion on atherosclerotic plaque calcification in mice. We utilized a uCT-based approach to
quantify overall plaque-burdens in aorta, spanning the aortic root to the thoracic aorta after
feeding mice the HFD. When analyzed by uCT, we discovered that while 75% of Apoe™~
mice developed atherosclerotic plaque calcification, only 1 out of 8 Apoe™~; D57~ mice
displayed plaque calcification after initial 12 weeks of HFD feeding; However, 100% of
both Apoe™~and Apoe™~ D57~ mice developed atherosclerotic plague calcification at the
later stage. Therefore, RANKL D5 enhancer deletion delays the progression of
atherosclerotic plague calcification in Apoe™~; D57~ mice as compared to Apoe™~ mice.
Likewise, deletion of the D5 enhancer in Apoe™~; D57~ mice reduced atherosclerotic lesion
size in the aortic arch, but not other sites at an early stage of atherosclerotic plaque
development, after 12 weeks of HFD feeding. However, this effect was blunted at an
advanced stage of atherosclerosis following 18 weeks of HFD feeding. Accordingly, this
site-specific reduction in atherosclerotic lesion size and calcification in the aortas of the
Apoe™~;D57~ mice could be due to direct effects of lower RANKL levels such as reduced
mA0SMCs matrix formation, decreased Lrg4 signaling, T cell trafficking or secondary
effects of lower RANKL levels such as reductions in pro-inflammatory T cell responses, or
decreased levels of receptors for RANKL.

As can be deducted from above, there are multiple factors with the potential to mediate
increased RANKL expression in the multiple cell types present in atherosclerotic plaques.
The complexity of this disease and the multitude of RANKL expressing candidate cell types,
makes it suboptimal to apply the classic approach to identifying RANKL’s
pathophysiological role in this disease by deleting the gene from the plaques in a cell-type
specific manner. Moreover, while cell type specific deletion provides insight into
requirement of RANKL, upregulation of the gene product cannot be tested in that setting.
Thus, to determine the pathological role of the RANKL regulation in atherosclerotic
plaques, we utilized ablation of a multifunctional multi-lineage enhancer in an attempt to
blunt the increase in plaque RANKL expression regardless of the cell type or inducer. This
approach has provided us with a novel insight into the role of RANKL in atherosclerosis.
With this /n vivo evidence, we can now determine the cell types involved in the
pathophysiological processes that lead to this induction. To this end, animal models that lack
cell-type or factor-specific enhancers such as D2 [Onal et al., 2015], D6 or T1 [Onal et al.,
2016a] will be highly useful.
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Figure 1. Deletion of the RANKL D5 enhancer reduces matrix calcification in murine aortic
smooth muscle cells

(a) Murine aortic smooth muscle cells (mA0oSMCs) isolated from wild-type (WT), Rank/-
null (Rank™"), Rankltransgenic (Rank/™~79) and D5 enhancer-null (D57") mice were
differentiated in either standard medium (SM) or osteogenic medium (OM) for 21 days.
Alizarin red S and von Kossa staining were carried out to identify deposited calcium in cell
layers following differentiation. (b) Calcium content was quantified by decalcifying the cells
with 0.6N HCI. *P< 0.05 versus SM; Student’s ttest. UD, Undetected.
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Figure 2. Deletion of the RANKL D5 enhancer leadsto increased bone massin
hyper cholesterolemic Apoe-null mice

(a—f), Total body (a and d), lumber spinal (b and e) and femoral (c and f) bone mineral
density (BMD) of W7, D57~, Apoe™~ and Apoe™~; D57~ mice (n = 7 — 10 per group) fed a
high-fat diet (HFD) for either 12 or 18 weeks. (g — I), Expression of mMRNA transcripts of
Rankl (g-i) and Opg (j-1) in tibiae, spleen and thymus of W7, D57~ Apoe™~ and

Apoe™~ D57~ mice (n = 7 — 10 per group) fed the HFD for 18 weeks, assessed by qRT-PCR
and normalized to B-actin. Values represent mean + s.e.m. “P < 0.05 versus WT, #P< 0.05
versus Apoe™", calculated by one-way ANOVA.
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Figure 3. Deletion of the RANKL D5 enhancer reduces RANKL expression in atherosclerotic
lesions

(a) Figure shows a representative picture of an aorta along with the heart that was cleaned
off the extra fat and tissues. The aorta was collected after 18 weeks of a high-fat diet (HFD)
feeding. The picture shows the aortic arch (circled in yellow) and thoracic aorta. As can be
seen, the aortic arch has extensive plaques appears in white fatty streaks whereas few or no
fatty streaks are present in the thoracic aorta region. The aortic arches and thoracic aortas
were dissected and the RNA was isolated for gene expression analysis. (b — ) Expressions
of mRNA transcripts of Rankl (b), Opg (c), Lgr4 (d) and Rank (e) in the aortic arch and the
thoracic aorta of W7, D57~, Apoe™~ and Apoe™~; D57 mice (n = 7 — 10 per group) fed the
HFD for 18 weeks, assessed by RT-gPCR normalized to B-actin. Values represent mean +
s.e.m. “P<0.05 versus W7, #P< 0.05 versus Apoe™", calculated by one-way ANOVA.
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Figure 4. Inflammatory and osteogenic responses are modified in hypercholesterolemic mice

(a —f) Expression of mMRNA transcripts of //-6 (a), Thf-a (b), Runx2(c), Sp7(d), Opn ()
and Al/p/ (f) in the aortic arch and the thoracic aorta of W7, D57, Apoe™~and
Apoe™~;D57~ mice (n = 7 — 10 per group) fed a high-fat diet (HFD) for 18 weeks, assessed
by RT-qPCR normalized to B-actin. Values represent mean + s.e.m. “P< 0.05 versus W7, 7P
< 0.05 versus Apoe™~, calculated by one-way ANOVA.
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Figure5. T lymphocyte RANKL increasesin atherosclerosisvia D5
(a) Expression of Rank/ mRNA transcripts in splenic pan T and B lymphocytes isolated

from WT, D57~, Apoe™~ and Apoe™~; D57~ mice (n = 7 — 10 per group) fed a high-fat diet
(HFD) for either 12 or 18 weeks, assessed by RT-gPCR normalized to B-actin. (b) Splenic
weight normalized to total body weight of W7, D57~, Apoe™~ and Apoe™~ ;D57 mice (n =
7 — 10 per group) fed the HFD for 18 weeks. (¢ — e) Expression of mMRNA transcripts of 7nf-
a (c), Mcp-1 (d) and /f7-y (e) in splenic pan T lymphocytes isolated from W7, D57,
Apoe™~and Apoe™~ D57~ mice (n = 7 — 10 per group) fed the HFD for either 12 or 18
weeks, assessed by RT-qPCR normalized to B-actin. Values represent mean + s.e.m. “P<
0.05 versus W7, #P< 0.05 versus Apoe™~, calculated by one-way ANOVA.
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Figure 6. Deletion of the RANKL D5 enhancer delaysthe progression of atherosclerotic plaque
formation and plaque calcification in hypercholesterolemic Apoe-null mice

(a) Representative uCT images of W7, D57, Apoe™~and Apoe™~ ;D57 mice (n=7 - 10
per group) fed a high-fat diet (HFD) for either 12 or 18 weeks. (b) Representative
photographs of aortae showing fatty streaks within aortic root (AR), aortic arch (AA),
innominate artery (IA) and thoracic aorta (TA) of W7, D57~, Apoe™~ and Apoe™~;D57~
mice after 12 weeks of HFD feeding. Oil red O and von Kossa staining confirmed the
presence of atherosclerotic lesions and plaque calcification, respectively in the aortic arch of
WT, D57~, Apoe™~and Apoe™~;D57~ mice after 18 weeks of HFD feeding. Scale bar, 50
um. (B). (c, d), Total calcified plaque surface area (c) and total calcified plaque volume (d)
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quantified by uCT analysis in aortae of W7, D57~, Apoe™~ and Apoe™ ;D57 mice (n =5
— 8 per group) fed the HFD for either 12 or 18 weeks. (g, f), Mean atherosclerotic lesion
areas in AR, AA, IA and TA of W7, D57~, Apoe™~ and Apoe™ ;D57 mice (n =5 — 8 per
group) fed the HFD for either 12 or 18 weeks. On scatter plot each point indicates a single
mouse. Values represent mean + s.e.m. “P< 0.05 versus W7, #P< 0.05 versus Apoe™",
calculated by one-way ANOVA.

J Cell Biochem. Author manuscript; available in PMC 2018 December 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Shamsuzzaman et al.

Frequency of Calcification and Presence of Atherosclerotic Lesions in Aortae.

HFD Feeding 12 Weeks

18 Weeks

Frequency of calcification *

wr 0% (0/10) 0% (0/10)
D57~ 0% (0/8) 0% (0/7)
Apoe™~ 75% (6/8)  100% (8/8)
Apoe™~;D57~ 12.5% (1/8)  100% (8/8)
Presence of atherosclerotic lesions”
wr 0% (0/10) 0% (0/10)
D57~ 0% (0/8) 0% (0/7)
Apoe™~ 100% (8/8)  100% (8/8)
Apoe™~; D57~ 100% (8/8)  100% (8/8)
*Identified by pCT.

fldentified by oil red O staining.

Numbers in parenthesis indicate number of mice with calcification or atherosclerotic lesions in each group.
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