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Abstract

Background and aims—Vascular smooth muscle cells (VSMC) migrate and proliferate to form 

a stabilizing fibrous cap that encapsulates atherosclerotic plaques. CD98 is a transmembrane 

protein made of two subunits, CD98 heavy chain (CD98hc) and one of six light chains, and is 

known to be involved in cell proliferation and survival. Because the influence of CD98hc on 

atherosclerosis development is unknown, our aim was to determine if CD98hc expressed on 

VSMC plays a role in shaping the morphology of atherosclerotic plaques by regulating VSMC 

function.

Methods—In addition to determining the role of CD98hc in VSMC proliferation and apoptosis, 

we utilized mice with SMC-specific deletion of CD98hc (CD98hcfl/flSM22αCre+) to determine 

the effects of CD98hc deficiency on VSMC function in atherosclerotic plaque.

Results—After culturing for 5 days in vitro, CD98hc−/− VSMC displayed dramatically reduced 

cell counts, reduced proliferation, as well as reduced migration compared to control VSMC. 
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Analysis of aortic VSCM after 8 weeks of HFD showed a reduction in CD98hc−/− VSMC 

proliferation as well as increased apoptosis compared to controls. A long-term atherosclerosis 

study using SMC-CD98hc−/−/ldlr−/− mice was performed. Although total plaque area was 

unchanged, CD98hc−/− mice showed reduced presence of VSMC within the plaque (2.1±0.4% vs. 
4.3±0.4% SM22α-positive area per plaque area, p<0.05), decreased collagen content, as well as 

increased necrotic core area (25.8±1.9% vs. 10.9±1.6%, p<0.05) compared to control ldlr−/− mice.

Conclusions—We conclude that CD98hc is required for VSMC proliferation, and that its 

deficiency leads to significantly reduced presence of VSMC in the neointima. Thus, CD98hc 

expression in VSMC contributes to the formation of plaques that are morphologically more stable, 

and thereby protects against atherothrombosis.
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Introduction

During progression of atherosclerosis, transformation of vascular smooth muscle cells 

(VSMC) from the quiescent contractile phenotype towards the proliferative migratory 

phenotype into the plaque area to form a fibrous cap is believed to be an essential step in the 

formation of stable plaques1. The two major phenotypes of VSMC include fully 

differentiated, contractile cells responsible for vasodilation and vasoconstriction, and 

migratory, proliferative cells that are activated during growth or injury2. During 

atherosclerosis development, VSMC respond to mediators such as platelet derived growth 

factor (PDGF)-BB, endothelin-1, thrombin, IFN-γ and IL-1 secreted by endothelial cells3 

and leukocytes within the plaque4, 5, leading to migration from the vessel media to the 

intima where they secrete extracellular matrix components6. Advanced atherosclerotic 

plaques are characterized by the presence of fibrous cap, composed of VSMC and collagen, 

especially collagen type VIII3, that surrounds and stabilizes the center core of the plaque, 

reducing the risk of plaque rupture and its consequences1, 4, 7. On the other hand, VSMC 

apoptosis leads to drastic vessel remodeling, with increased inflammation and coagulation, 

and thinning of the fibrous cap, making the plaque more prone to rupture8, 9.

CD98 is a transmembrane protein made up of a heavy chain (CD98hc) and one of several 

light chains that is involved in biological events and diseases that require proliferative and 

migratory processes, including cancer10 and several autoimmune diseases11, 12. The protein 

has dual functions, including transporting large, neutral amino acids via its interaction with 

various light chains, and mediating integrin signaling via its cytoplasmic tail, specifically 

β1- or β3-integrins1314, 15. Together, these functions serve to regulate cell survival, 

proliferation, migration and even malignant transformation10, 16.

Our recent studies highlighting the importance of CD98 in VSMC survival during response 

to vascular injury17 led us to hypothesize that CD98hc in VSMC would affect 

atherosclerosis development and plaque remodeling. To study this, we generated CD98hc 

conditional knockout mice with Cre recombinase driven by the SM22α promoter (to ensure 

the selective knockout of CD98hc in VSMC) crossed with the atherosclerosis-prone ldlr−/− 
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mice, resulting in CD98hcfl/flSM22αCre+/ldlr−/− (CD98hc−/−) or CD98hcfl/flSM22αCre−/
ldlr−/−18 mice (Fig. 1E). These CD98hc−/− and control mice were used to determine the role 

of CD98hc in VSMC function in atherosclerosis.

Materials and methods

Animal model

CD98 heavy chain (CD98hc) protein is encoded by the SLC3A2 gene. Generation of 

vascular smooth muscle-specific deletion of CD98hc (on the C57BL/6 background) was 

previously published17. In brief, CD98hc was floxed with loxP sites and crossed with mice 

expressing Cre recombinase under the smooth muscle-specific SM22α promoter to obtain 

CD98hcfl/flSM22αCre+ knockout and CD98hcfl/fSM22αCre− control mice. For our studies, 

these mice were crossed with ldlr−/− mice to obtain CD98hc VSMC-specific knockout mice 

prone to atherosclerosis. Genotyping of CD98hcfl/flSM22αCre+/ldlr−/− (CD98hc−/−) or 

CD98hcfl/fSM22αCre/ldlr−/−18 genomic DNA confirmed the double or single knockout, 

respectively (Supplemental Fig. 1A).

Cell culture

Whole aortas of control or CD98hc−/− mice were digested using 1.5 Wünsch units of 

Liberase TM (Roche, USA) for 1 h at 37°C. The resulting cell suspension was strained 

through a 40 μm cell strainer, washed with PBS and plated in SMC medium (DMEM 

containing 20% FBS, 20 mM glutamine, 1% P/S, and NEAA) (all Gibco, USA). Cells were 

left unattended for 5 days at 5% CO2/37°C. After 5 days in culture, cells were detached 

using 0.25 Trypsin/EDTA (Gibco, USA), replated at a concentration of 5×105 cells/cm2 in 

SMC medium and used within 24 h for in vitro experiments.

In vitro proliferation

5×105 control or CD98hc−/− VSMC were treated over night with 10 μM EdU ± PDGF BB 

(Peprotech, USA). Afterwards, cells were fixed using 2% PFA in PBS for 10 min at RT, 

washed with 2% BSA in PBS, permeabilized using 0.1% Triton X-100 in PBS for 5 min at 

RT. EdU incorporation was detected using an Alexa Fluor 594-labeled azide according to 

manufacturer’s recommendation (Life Technologies, USA). SMC were subsequently stained 

using an FITC-labeled αSMA antibody (AbCam, USA). Nuclei were visualized using 

DAPI. Images were recorded using an Axiovert microscope (Zeiss, Germany).

SMC wounding assay using ECIS

An electric cell substrate impedance-sensing set-up (ECISZΘ, Applied BioPhysics Inc, 

USA) was used to detect impedance of proliferating SMC as well as their recovery potential 

after wounding. Electrode arrays were incubated with SMC medium to equilibrate for 1 h at 

37°C before 5×105 control or CD98hc−/− VSMC were inoculated per well with immediate 

measurement initiation. By measuring the impedance, cell adherence and proliferation 

across the electrode surface can be determined over time. After 24 h of proliferation with or 

without the addition of 20 ng/ml PDGF BB (Peprotech, USA), VSMC were wounded using 

the ECIS wounding module for 30 sec at a current of 30,000 Hz and impedance 

measurement continued. The data obtained were analyzed using ECIS software and Excel.
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Western Blot

VSMC were cultivated for 5 days after isolation from aortas. Cells were then kept in culture 

for an additional 24 h with or without the addition of 20 ng/ml PDGF BB (Peprotech, USA). 

VSMC lysates were obtained using RIPA buffer and 15 μg protein per sample examined by 

Western blot analysis for the presence of p38, p42, p44 and p46 (Phospho-MAPK Family 

Antibody Sampler Kit #9910, Cell Signalling). Western blots were analyzed using Licor’s 

ImageStudio software and Prism.

Atherosclerosis model and analysis

All animal protocols were approved by the University of Hawaii Institutional Animal Care 

and Use Committee. Male CD98hcfl/flSM22αCre+/ldlr−/− (CD98hc−/−) or 

CD98hcfl/fSM22αCre−/ldlr−/−1818 mice, 8–10 weeks of age were put on a high fat diet 

(HFD) containing 15.8% (wt/wt) fat and 1.25% cholesterol (94059; Harlan Teklad) for 16 

weeks. Upon sacrifice, the mouse hearts and aortas were collected and processed for further 

analysis. The aortic sinus was cut into 5 μm sections and analyzed using Oil Red-O staining 

and immunohistochemistry. The aorta as well as the aortic root sections were stained for 

esterified lipids using Oil Red-O as described previously19. The staining was quantified 

using ImageJ software to determine the extent of atherosclerosis. Collagen in aortic root 

sections was stained with picrosirius red and analyzed by ImageJ (NIH) as well as polarized 

light microscopy as described previously20. The presence and extent of macrophage as well 

as smooth muscle cell infiltration into plaque areas were determined by immunofluorescence 

with subsequent analysis using ImageJ. To visualize macrophages and smooth muscle cells, 

aortic root sections were stained with MOMA-2 and SM22α (both Abcam) antibodies, 

respectively. Serum cholesterol and triglyceride levels were detected in samples collected 

before HFD start and at harvest, subjected to colorimetric or fluorometric assays, 

respectively, according to the manufacturers recommendation (Cayman, USA). Circulating 

leukocyte populations were detected by flow cytometry using a panel of antibodies to detect 

relative populations of T cells, B cells, monocytes, and neutrophils between groups. Samples 

were run on a BD FacsAria (BD, USA).

Immunohistochemistry of aortic root sections

Aortic root sections of atherosclerosis study were co-stained for SM22α (Proteintech 

Group, USA, 10493-1-AP) and MOMA-2 (AbCam, USA, ab33451). For this, sections 

underwent trypsin antigen retrieval for 15 min at 37°C, blocking and over night primary 

antibody incubation at 4°C. At the next day, sections were incubated with cy2 and cy3 

labeled secondary antibodies (AbCam, USA) for 1 h at RT. Primary antibodies against Ki67 

(Abcam, 16667) or α-smooth muscle actin (Thermo Fisher, 17H19L35) were used to stain 

aortic root sections using donkey-anti-rabbit HRP conjugated secondary antibody and an 

AEC detection kit (both Thermo Fisher), according to manufacturer’s directions.

Timeline sections of male ldlr−/− mice after 0, 4, 8, 12 and 16 weeks of HFD were stained 

for CD98hc (eBiosciences, USA, clone RL388), SM22α and MOMA-2, as described above. 

Nuclei were visualized using DAPI. Images were recorded using an Axiovert microscope 

(Zeiss, Germany). One-way ANOVA (with Tukey’s post-hoc test) was performed for 
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comparison of SMC content and necrotic core area between groups from 0–16 weeks of 

HFD.

In vivo proliferation and apoptosis

All animal protocols were approved by the University of Hawaii Institutional Animal Care 

and Use Committee. 8–10 week-old male control or CD98hc−/− mice were put on a high fat 

diet (HFD) containing 15.8% (wt/wt) fat and 1.25% cholesterol (94059; Harlan Teklad) for 8 

weeks. 3 days before sacrifice, the mice were i.p. injected with 100 μg EdU per mouse. The 

mice were then were sacrificed using CO2, perfused with PBS, and the aortas were 

thoroughly cleaned, cut in 1 mm rings and digested with 1.5 Wünsch Units Liberase TM 

(Roche, USA) for 1 h at 37°C. The resulting cell suspension was divided in two parts. Both 

parts were stained for VSCM using αSMA-FITC antibody (AbCam, USA). Half of the cells 

were used to detect proliferation by staining for EdU using the Alexa Fluor 647 conjugated 

azide at 5 μM, according to manufacturer’s recommendation (Life Technologies, USA). The 

remaining cells were used to detect apoptosis using a flow cytometry cleaved Casp3-PE 

antibody (BD, USA) according to manufacturer’s recommendation. Proliferating as well as 

apoptotic stained cells were analyzed using a BD FACS Calibur flow cytometer. Data were 

analyzed by FlowJo, Microsoft Excel and Prism. Gating strategy is shown in Supplemental 

Fig. 2.

Transmission electron microscopy (TEM)

Specimens of ldlr−/− mouse aortas on HFD for 0, 4, 8 and 12 weeks were fixed with 4% 

glutaraldehyde and 0.1 M calcium chloride in 0.1 M sodium cacodylate buffer, pH 7.2 for 24 

h and washed in 0.1 M cacodylate for 3 × 10 min, followed by post-fixation with 1% OsO4 

in 0.1 M cacodylate buffer for 1 h. The tissue samples were dehydrated in a graded ethanol 

series (30%, 50%, 70%, 85%, 95%, 100%), substituted with propylene oxide, and embedded 

in LX112 epoxy resin. Ultrathin (60–80 nm) sections were obtained with a diamond knife on 

an RMC Powertome ultramicrotome, and double stained with uranyl acetate and lead citrate. 

Grids were viewed and photographed on a Hitachi HT7700 transmission electron 

microscope operating at 100 kV with an AMT XR41 4 megapixel camera (Advanced 

Microscopy Techniques, Corp.).

Statistical analysis

Comparison of means between groups was performed using PRISM software (GraphPad) 

with the Student’s t-test unless otherwise stated. Data are presented as mean ± the standard 

error of the mean. Statistical significance was accepted at the level of p < 0.05.

Results

Smooth muscle cell proliferation and CD98 expression in atherosclerotic plaque

Ultrastructural detail of plaque progression in the upper thoracic aorta is depicted in Fig. 1A. 

While the typical layers of medial vascular smooth muscle cells (mVSMC) and collagen (C), 

alternating with an elastin fibrous layer (E) are intact even at 4 weeks post-HFD, these 

structures are in disarray, with breaks in the elastin layer through which SMC can migrate 

into the plaque and the first intimal VSMC (iVSMC) visible at 8 weeks post-HFD. After 12 
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weeks of HFD, plaques become very complex, with a clearly visible necrotic core covered 

by a compact, thick layer of iVSMC, which stains positive for SM22α (Fig. 1B), a marker 

of quiescent VSMC that increases with time (Fig. 1C).

Aortic root sections of ldlr−/− mouse hearts stained for CD98 and SM22α show that the first 

substantial presence of VSMC within the plaque fibrous cap is seen after 8 weeks of HFD, 

which coincides with peak CD98 expression within the plaque (Fig. 1E). At 4 weeks HFD, 

very few VSMC can be detected within the plaque, however, macrophages in these early 

plaques are CD98-positive (Fig. 1E). After 12 or 16 weeks of HFD, a compact layer of 

CD98-negative VSMC can be detected covering the necrotic core (Fig. 1E), acting to 

stabilize the advanced atherosclerotic plaque. RNA from whole aortas of ldlr−/− mice fed a 

high fat diet for 0, 4, 8, 12, or 16 weeks analyzed by RT-qPCR showed that CD98 transcript 

levels increase significantly over time, peaking after 8 weeks, but still significantly 

upregulated after 12 weeks (Fig. 1D).

To study specifically the role of CD98hc in VSMC in the context of atherosclerosis, we 

crossed CD98hc conditional knockout mice with Cre recombinase driven by the SM22α 
promoter (to ensure the selective knockout of CD98hc in VSMC) with the atherosclerosis-

prone ldlr−/− mice, resulting in CD98hcfl/flSM22αCre+/ldlr−/− (CD98hc−/−) or 

CD98hcfl/flSM22αCre−/ldlr−/−18 mice (Supplemental Fig. 1). These CD98hc−/− and control 

mice were used to determine the role of CD98hc in VSMC function in atherosclerosis.

CD98hc regulates VSMC proliferation and migration

VSMC isolated from aortas of CD98hc−/− animals displayed approximately 60% reduced 

cell counts (41 ± 8.2% of control) after 5 days of culture (Fig. 2A). In vitro proliferation 

assay using EdU incorporation method combined with SM22α staining resulted in 11 

± 1.7% and 19 ± 1.2% EdU-positive proliferating cells for CD98hc−/− and control VSMC, 

respectively (Fig. 2B). When PDGF-BB was used to activate VSMC isolated from CD98−/− 

or control mouse aortas, the difference in proliferative capacity was even more stark, with 

CD98hc−/− VSMC displaying approximately 70% less proliferating cells compared to 

controls (13 ± 2.3% CD98hc−/− vs. 46 ± 3.5% control). These data strongly indicate that 

CD98hc is essential for VSMC proliferation, especially under stimulatory conditions.

To verify the VSMC proliferation data, we utilized electric cell-substrate impedance sensing 

(ECIS) which can accurately measure cell confluence and proliferation over time. Control 

VSMC isolated from CD98hc−/− mice displayed about 40% lower impedance 24 h after 

plating (Figures 2C and D). After electrically wounding the cells, the control cells 

immediately started to proliferate and re-populate the electrodes surface, which was even 

more pronounced after PDGF-BB treatment (Fig. 2E). In contrast, CD98hc−/− VSMC 

showed impaired regeneration potential with or without PDGF-BB treatment, clearly 

demonstrating the importance of CD98hc for proliferation and migration, important 

processes relevant to atherosclerosis and wound healing.

To confirm our in vitro data, we conducted an in vivo experiment in which male CD98hc−/− 

or control mice were put on HFD for 8 weeks (the time point at which we previously 

observed peak CD98 expression in SM22α-positive plaque VSMC) and 3 days prior to 
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sacrifice were injected with EdU to label proliferating cells. Using flow cytometry, cells 

from whole aorta were first gated for SMC population, and then analyzed for the presence of 

EdU or cleaved-Casp3 to identify proliferating and apoptotic populations, respectively. 

There was a 25% reduction in proliferating VSMC from CD98hc−/− animals (2.3 ± 0.2% vs. 
3.0 ± 0.2%), and a 41% increase in apoptosis in CD98hc−/− VSMC compared to controls 

(7.9 ± 0.6% vs. 5.6 ± 0.5%) (Fig. 2F and G). These in vivo data show that under 

atherosclerotic conditions, CD98hc is required for effective proliferation as well as survival 

of VSMC, suggesting an important role in atherosclerosis plaque development and 

progression.

CD98hc loss alters atherosclerotic plaque morphology towards an unstable plaque type

To investigate whether CD98 in VSMC affects atherosclerosis development, an 

atherosclerosis study was performed using CD98hcfl/flSM22αCre+ mice crossed with 

atherosclerosis-prone ldlr−/− mice to obtain either CD98hc−/− (CD98hcfl/flSM22αCre+/
ldlr−/−) or control (CD98hcfl/flSM22αCre−/ldlr−/−) mice. Male mice of each genotype, 8–10 

weeks old, were put on HFD for 16 weeks to allow the establishment of VSMC-rich 

atherosclerotic plaque.

Analysis of atherosclerotic plaque area in aortas and aortic root sections revealed no 

significant differences (Fig. 3A and B). However, Oil Red-O and H&E staining of the aortic 

root areas from CD98hc−/− mouse hearts displayed a more diffuse plaque morphology 

compared to the more compact, organized plaques of control mice. Further analysis of the 

plaque revealed a 2.5-fold increase in necrotic core area within CD98hc−/− plaques (25.8 

± 1.9% vs. 10.9 ± 1.6% necrotic core area per plaque area) (Fig. 3C). VSMC content was 

significantly reduced within the plaque area of CD98hc−/− mice (2.1 ± 0.4% vs. 4.3 ± 0.4% 

SM22α+ area per plaque area), as shown by red fluorescence in Fig. 3D (quantified in Fig. 

3E). The reduced VSMC plaque content observed in CD98hc−/− is supported by the in vitro 
findings of both reduced proliferation as well as increased apoptosis compared to control 

VSMC. Macrophage content in the aortic sinus lesion areas was similar between the 

CD98hc−/− and control mice (Fig. 3D and F). There were no differences in weight, 

cholesterol and triglyceride levels, or blood cell composition between the two groups before 

and after HFD (Supplemental Fig. 3).

The increase in necrotic core in CD98hc−/− mice indicates a switch from a compact, stable 

plaque to a diffuse and vulnerable plaque as a result of the loss of CD98hc in VSMC. To 

further characterize the plaque composition, aortic root sections from CD98hc−/− and control 

mice were stained with Sirius red (Fig. 4A and B) and Masson Trichrome (Fig. 4C). Sirius 

red-positive plaque area was used to quantify collagen content, and these sections were also 

analyzed by circular polarized light to detect collagen fibers of varying size. Thick fibers are 

shown in red and orange, while thinner fibers are shown in yellow and green (Fig. 4B). 

Masson Trichrome staining also shows differences in collagen content (blue) between 

CD98hc−/− and control mice, with less intense blue staining visible in CD98−/− plaque (Fig. 

4C). Aortic root serial sections were stained with αSMA to detect smooth muscle cells, and 

Ki67 to detect proliferating cells (Fig. 4D). Ki67+ iVSMC were quantified for control and 

CD98hc−/− mice, revealing a significant decrease in proliferating VSMC in CD98hc−/− mice 
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compared to controls (Fig. 4E). αSMA+ area was also quantified and is expressed as a 

percentage of total plaque area (Fig. 4F), confirming our earlier finding of reduced iVSMC 

content of CD98hc−/− using the marker SM22α to detect VSMC (Fig. 3E).

Ultrastructural details of the plaque were analyzed via TEM in the aortic sinus sections of 

both WT and CD98hc−/− fed the HFD for 8 or 16 weeks (Fig. 5). The overview sections 

were stained with Richardson stain which clearly shows the integrity of the elastin layers 

with inter-dispersed SMC layers adjacent to the neointima. The 8-week elastin-SMC area 

shows an interrupted elastin layer and the first signs of SMC migration in the control section 

(Fig. 5A), whereas the CD98hc−/− section shows no signs of elastin interruption or SMC 

migration. The 16-week sections show a similar trend but more robust migration of SMC in 

the control section (Fig. 5B). Quantification of elastin breaks was performed by counting the 

number of breaks (Fig. 5C, yellow arrowheads) in aorta sections from control and 

CD98hc−/− mice. CD98hc−/− mice show significantly less breaks in the elastin layers of the 

aorta compared to controls (Fig. 5D), which agrees with our findings of reduced iVSMC 

content of CD98hc−/− atherosclerotic plaque (Fig. 3E and 4F).

Discussion

The importance of VSMC in the stability of plaque is illustrated by the prevailing paradigm 

that formation of fibrous cap by proliferating and migrating VSMC lessens the risk of plaque 

rupture and the subsequent acute events such as myocardial infarction or stroke. At the stage 

of plaque development, when VSMC proliferate and migrate into the plaque (beginning after 

about 8 weeks of HFD in our ldlr−/− mice), we observe that VSMC are also expressing high 

levels of CD98 (Fig. 1C and D). Furthermore, CD98hc deficiency in VSMC limits their 

capacity to proliferate under steady state and stimulatory conditions in vitro (Fig. 2A and B). 

Rapid proliferation of other cell types such as T cells21 and B cells12 is dependent on 

CD98hc. We show in vivo that after 8 weeks of HFD, CD98hc−/− VSMC display 

significantly reduced proliferation and increased apoptosis (Fig. 2F and G), supporting our 

in vitro data. We are the first to investigate the dependence of VSMC proliferation/migration 

on CD98hc in the context of atherosclerosis, using a complex mouse model of the disease.

After performing a full 16-week atherosclerosis study, we observed no significant difference 

in total plaque area. However, CD98hc deficiency led to altered plaque morphology, with 

reduced VSMC presence, decreased collagen content, and increased necrotic core formation. 

In general, we observed a more diffuse, less compact plaque morphology in CD98hc−/− mice 

compared to controls, which is most likely due to the reduced presence of VSMC and lack 

of adequate matrix deposition, leaving the plaques less organized and more vulnerable. 

These findings are important since about 75% of coronary thrombosis events are caused by 

rupture of weakened atherosclerotic plaques22. VSMC apoptosis is linked to weakening of 

the plaque22, leading to plaque rupture and thrombus formation. Thus, our observation that 

CD98hc deficiency in VSMC results in reduced plaque stability is supported by the finding 

that a decrease in proliferating VSMC as well as an increase in necrotic core area was 

detected in plaques of CD98hc−/− compared to control mice. Furthermore, CD98hc is 

reported to exhibit its survival-promoting functions via its integrin-binding domain17, and 

deletion of CD98hc in embryonic stem cells has been shown to impair integrin-dependent 
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signaling such as FAK, Rac or Akt and lead to increased anchorage-independent 

apoptosis23. These potential mechanisms may explain how CD98 functions within VSMC to 

prevent apoptosis and to promote proliferation and migration, but requires further 

investigation. Nonetheless, our study provides solid evidence that CD98 is an important part 

of overall atherosclerosis development through its effects on VSMC function.

It is commonly believed that necrotic core in the atherosclerotic plaque is formed when 

lipid-laden macrophages die either through apoptosis or necrosis and deposit cellular debris 

as well as lipid material in the core of the plaque24. In our study, we observed a significantly 

larger necrotic core in the aortic sinus sections of CD98hc−/− mice compared to controls, 

despite macrophage numbers being similar between the two groups of mice. VSMC 

apoptosis is known to enhance necrotic core formation25, therefore, it is likely that the 

increase in apoptosis that we observed in CD98hc−/− aortic VSMC contributed to the growth 

of the necrotic core. It is also possible that there may have been an increase in macrophage 

infiltration into the plaques of CD98hc−/− mice perhaps in lieu of a reduced VSMC number, 

which resulted in increased apoptosis of macrophages that ultimately caused the necrotic 

core to be more prominent. However, further studies will be needed to determine exactly 

what contributed to the growth of the necrotic core in our CD98hc−/− mouse plaque.

Our observation of reduced elastin breaks in CD98hc−/− aortas indicates that there is 

impaired degradation of the matrix proteins, notably elastin, needed for typical migration of 

VSMC into the developing plaque. It has been shown that matrix-remodeling enzymes are 

expressed preferentially in the synthetic phenotype, with very little expression in contractile 

VSMC26. Because CD98hc deficiency in VSCM inhibits proliferation and survival, their 

phenotype more closely resembles that of quiescent, contractile cells rather than synthetic, 

proliferative cells. Although this hypothesis would be in agreement with our findings, further 

studies examining the expression of matrix remodeling genes and proteins in control vs. 
CD98hc−/− VSMC need to be performed to elucidate the specific mechanisms involved.

In conclusion, our findings indicate that CD98hc is required for VSMC proliferation since 

its deficiency leads to significantly reduced presence of VSMC and increased areas of 

necrotic core in the neointima. Thus, CD98hc is an important component of plaque stability 

that confers resistance to atherothrombotic events.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

We thank M. Montgomery and W. Regan for excellent technical support. Part of the work presented herein is 
supported by the Russian Government Program for competitive growth of Kazan Federal University, Kazan, Russia.

Financial support

This project was supported by by NIH grants R01HL075677 and R01HL081863 to WAB and by Chung-Ang 
University Research Scholarship Grants in 2015. Core facilities were supported by NIH grants P30GM103341, 
P20GM103516, P20RR016453, G12RR003061, and G12MD007601. The Hitachi HT7700 TEM was acquired with 
NSF grant DBI-1040548.

Baumer et al. Page 9

Atherosclerosis. Author manuscript; available in PMC 2018 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



References

1. Kolodgie FD, Burke AP, Farb A, Gold HK, Yuan J, Narula J, Finn AV, Virmani R. The thin-cap 
fibroatheroma: a type of vulnerable plaque: the major precursor lesion to acute coronary syndromes. 
Curr Opin Cardiol. 2001; 16:285–92. [PubMed: 11584167] 

2. Rzucidlo EM, Martin KA, Powell RJ. Regulation of vascular smooth muscle cell differentiation. J 
Vasc Surg. 2007; 45(Suppl A):A25–32. [PubMed: 17544021] 

3. Lopes J, Adiguzel E, Gu S, Liu SL, Hou G, Heximer S, Assoian RK, Bendeck MP. Type VIII 
collagen mediates vessel wall remodeling after arterial injury and fibrous cap formation in 
atherosclerosis. Am J Pathol. 2013; 182:2241–53. [PubMed: 23567639] 

4. Rudijanto A. The role of vascular smooth muscle cells on the pathogenesis of atherosclerosis. Acta 
Med Indones. 2007; 39:86–93. [PubMed: 17933075] 

5. Liu R, Leslie KL, Martin KA. Epigenetic regulation of smooth muscle cell plasticity. Biochim 
Biophys Acta. 2014

6. Newby AC, Zaltsman AB. Fibrous cap formation or destruction–the critical importance of vascular 
smooth muscle cell proliferation, migration and matrix formation. Cardiovasc Res. 1999; 41:345–
60. [PubMed: 10341834] 

7. Falk E, Shah PK, Fuster V. Coronary plaque disruption. Circulation. 1995; 92:657–71. [PubMed: 
7634481] 

8. Badimon L, Vilahur G. Thrombosis formation on atherosclerotic lesions and plaque rupture. J Intern 
Med. 2014; 276:618–32. [PubMed: 25156650] 

9. Clarke MC, Figg N, Maguire JJ, Davenport AP, Goddard M, Littlewood TD, Bennett MR. 
Apoptosis of vascular smooth muscle cells induces features of plaque vulnerability in 
atherosclerosis. Nat Med. 2006; 12:1075–80. [PubMed: 16892061] 

10. Poettler M, Unseld M, Braemswig K, Haitel A, Zielinski CC, Prager GW. CD98hc (SLC3A2) 
drives integrin-dependent renal cancer cell behavior. Mol Cancer. 2013; 12:169. [PubMed: 
24359579] 

11. Cantisani C, Paolino G, Cantoresi F, Faina V, Richetta AG, Calvieri S. Superficial basal cell 
carcinoma successfully treated with ingenol mebutate gel 0.05%. Dermatol Ther. 2014; 27:352–4. 
[PubMed: 25052730] 

12. Cantor JM. CD98 is a potential target for ablating B cell clonal expansion and autoantibody in 
multiple sclerosis. J Neuroimmunol. 2014; 274:230–3. [PubMed: 25002078] 

13. Prager GW, Feral CC, Kim C, Han J, Ginsberg MH. CD98hc (SLC3A2) interaction with the 
integrin beta subunit cytoplasmic domain mediates adhesive signaling. J Biol Chem. 2007; 
282:24477–84. [PubMed: 17597067] 

14. Boulter E, Estrach S, Errante A, Pons C, Cailleteau L, Tissot F, Meneguzzi G, Feral CC. CD98hc 
(SLC3A2) regulation of skin homeostasis wanes with age. J Exp Med. 2013; 210:173–90. 
[PubMed: 23296466] 

15. Lemaitre G, Stella A, Feteira J, Baldeschi C, Vaigot P, Martin MT, Monsarrat B, Waksman G. 
CD98hc (SLC3A2) is a key regulator of keratinocyte adhesion. J Dermatol Sci. 2011; 61:169–79. 
[PubMed: 21282044] 

16. Poncet N, Mitchell FE, Ibrahim AF, McGuire VA, English G, Arthur JS, Shi YB, Taylor PM. The 
catalytic subunit of the system L1 amino acid transporter (slc7a5) facilitates nutrient signalling in 
mouse skeletal muscle. PLoS One. 2014; 9:e89547. [PubMed: 24586861] 

17. Fogelstrand P, Feral CC, Zargham R, Ginsberg MH. Dependence of proliferative vascular smooth 
muscle cells on CD98hc (4F2hc, SLC3A2). J Exp Med. 2009; 206:2397–406. [PubMed: 
19841087] 

18. Centers for Disease Control and Prevention NCfHS. Underlying Cuase of Death 1999–2013 on 
CDC WONDER Online Database, released 2014. Data are from Multiple Cause of Death Files, 
1999–2013, as compiled from data provided byt hte 5 vital statistics jurisdictions through the Vital 
Statistics Cooperative Program. Accessed Feb. 2015. 

19. Meiler S, Baumer Y, Huang Z, Hoffmann FW, Fredericks GJ, Rose AH, Norton RL, Hoffmann PR, 
Boisvert WA. Selenoprotein K is required for palmitoylation of CD36 in macrophages: 

Baumer et al. Page 10

Atherosclerosis. Author manuscript; available in PMC 2018 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



implications in foam cell formation and atherogenesis. J Leukoc Biol. 2013; 93:771–80. [PubMed: 
23444136] 

20. Rich LaW P. Collagen and Picrosirius Red Staining: A Polarized Light Assessment of Fibrillar Hue 
and Spatial Distribution. Braz J morphol Sci. 2005; 22:97–104.

21. Cantor J, Slepak M, Ege N, Chang JT, Ginsberg MH. Loss of T cell CD98 H chain specifically 
ablates T cell clonal expansion and protects from autoimmunity. J Immunol. 2011; 187:851–60. 
[PubMed: 21670318] 

22. Yla-Herttuala S, Bentzon JF, Daemen M, Falk E, Garcia-Garcia HM, Herrmann J, Hoefer I, 
Jauhiainen S, Jukema JW, Krams R, Kwak BR, Marx N, Naruszewicz M, Newby A, Pasterkamp 
G, Serruys PW, Waltenberger J, Weber C, Tokgozoglu L. Stabilization of atherosclerotic plaques: 
an update. Eur Heart J. 2013; 34:3251–8. [PubMed: 23966311] 

23. Allahverdian S, Chehroudi AC, McManus BM, Abraham T, Francis GA. Contribution of intimal 
smooth muscle cells to cholesterol accumulation and macrophage-like cells in human 
atherosclerosis. Circulation. 2014; 129:1551–9. [PubMed: 24481950] 

24. Han S, Liang CP, DeVries-Seimon T, Ranalletta M, Welch CL, Collins-Fletcher K, Accili D, Tabas 
I, Tall AR. Macrophage insulin receptor deficiency increases ER stress-induced apoptosis and 
necrotic core formation in advanced atherosclerotic lesions. Cell Metab. 2006; 3:257–66. 
[PubMed: 16581003] 

25. Clarke MC, Figg N, Maguire JJ, Davenport AP, Goddard M, Littlewood TD, Bennett MR. 
Apoptosis of vascular smooth muscle cells induces features of plaque vulnerability in 
atherosclerosis. Nat Med. 2006; 12:1075–80. [PubMed: 16892061] 

26. Louis SF, Zahradka P. Vascular smooth muscle cell motility: From migration to invasion. Exp Clin 
Cardiol. 2010; 15:e75–85. [PubMed: 21264073] 

Baumer et al. Page 11

Atherosclerosis. Author manuscript; available in PMC 2018 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Highlights

• CD98 deficiency severely limits vascular smooth muscle cell proliferation

• Atherosclerotic mice lacking CD98 in their smooth muscle cells have reduced 

vascular smooth muscle cells in their plaque

• Plaques from CD98-deficient mice have significantly larger necrotic core

• Breaks in elastin layer of atherosclerotic plaques are reduced in CD98 

deficiency

• CD98 may play an important role in plaque stability
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Fig. 1. VSMC and CD98 expression in various stages of atherosclerotic plaque
(A) TEM analysis of ldlr−/− mouse aorta sections showing elastin layers (E), medial VSMC 

(mVSMC) and intimal VSMC (iVSMC) at areas of breaks (*) in the elastin. (B) 

Immunofluorescence staining for SM22α in aortic root sections showing the distribution of 

mVSMC and iVSMC covering the necrotic core (NC) and their quantification in plaque over 

time. (C) Quantification of SM22α staining in aortic root sections (shown in E, n=4/time 

point). (D) RT-qPCR data showing expression pattern of CD98 in aortas of ldlr−/− mice on 

HFD from 0–16 weeks (n=4/time point). (E) Aortic root sections showing expression of 
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CD98 (red), SM22α (red, SMC), and MOMA-2 (green, macrophages) at different stages of 

atherosclerosis. CD98 is expressed robustly in macrophages (*) after 4 weeks and in VSMC 

after 8 weeks of HFD. iVSMC and mVSMC are shown by white arrows and arrow heads 

respectively.
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Fig. 2. CD98hc controls VSMC proliferation and migration
(A) After 5 days of culture, the number of proliferating cells is significantly reduced in 

CD98hc−/− VSMC. (B) Proliferation of VSMC (SMA positive), measured ± PDGF-BB 

using EdU assay, shows significantly impaired proliferation of CD98hc−/− VSMC compared 

to control cells, especially with added PDGF-BB. (red=EdU, blue=DAPI). (C) Defective 

proliferation of CD98hc−/− VSMC is shown by ECIS measurement of impedance across an 

electrode as cells adhere and proliferate (D) and after wounding and subsequent recovery 

(E). (F and G) CD98hc−/− and control mice were put on HFD for 8 weeks and injected with 
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EdU (100 μg/mouse) 3 days before sacrifice. The aorta of each mouse was digested analyzed 

for EdU+ (proliferating) (F) and cleaved-Casp3+ (apoptotic). (G) VSMC using flow 

cytometry. *p<0.05.
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Fig. 3. VSMC-CD98hc deficiency alters atherosclerotic plaque morphology
After 16 weeks of HFD measurement of atherosclerosis in whole aorta (A) and aortic root 

sections (B), using Oil Red-O staining revealed no significant differences in plaque content 

between CD98hc−/− and control mice. Quantification of necrotic core area (C) revealed 

significantly increased necrotic core in CD98hc−/− animals compared to controls. (D) 

Immunofluorescence staining for SM22α (red) to visualize VSMC and MOMA-2 (green) to 

visualize macrophages in aortic root sections. Nuclei are stained with DAPI and shown in 
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blue. SM22α and MOMA-2 positive areas were analyzed with ImageJ as a percent of total 

plaque area and are quantified in E and F respectively. *p<0.05, n=15.
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Fig. 4. Characterization of plaque composition and VSMC proliferation
(A) Aortic root sections from CD98hc−/− and control mice were stained with Sirius red for 

quantification of collagen content. (B) Sirius red was also analyzed by circular polarized 

light to detect collagen fibers of varying size with thick fibers shown in red and orange, 

while thinner fibers are shown in yellow and green. (C) Masson Trichrome staining reveals 

keratin and muscle in red, collagen in blue, cytoplasm in pink, and black nuclei. (D) Aortic 

root serial sections were stained with αSMA to detect smooth muscle cells, and Ki67 to 

detect proliferating cells. Ki67+ proliferating VSMC were quantified for CD98hc−/− and 
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control mice (E). αSMA+ area was also quantified and is expressed as a percentage of total 

plaque area (F). *p<0.05, ***p<0.001, n=8.
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Fig. 5. VSMC content and ultrastructural details of atherosclerotic plaque from control and 
CD98hc−/− mice
TEM images display thoracic aorta sections stained with Richardson stain showing the 

neointima and elastin layers interspersed within VSMC layers (top row) after 8 weeks (A) or 

16 weeks (B) of HFD in control or CD98hc−/− mouse aortas. The bottom row for both time 

points and genotypes depicts TEM photos of junctions between the last elastin layer and 

neointima. (C and D) TEM analysis of breaks in the elastin layers of the thoracic aorta 

(yellow arrowheads) was performed by counting the number of breaks in at least 3 images 

taken for each mouse aorta. *p<0.05, n=3.
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