Modeling and Rescue of the Vascular Phenotype of Williams-Beuren Syndrome in Patient Induced Pluripotent Stem Cells
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Abstract

Elastin haploinsufficiency in Williams-Beuren syndrome (WBS) leads to increased vascular smooth muscle cell (SMC) proliferation and stenoses. Our objective was to generate a human induced pluripotent stem (hiPS) cell model for in vitro assessment of the WBS phenotype and to test the ability of candidate agents to rescue the phenotype. hiPS cells were reprogrammed from skin fibroblasts of a WBS patient with aortic and pulmonary stenosis and healthy control BJ fibroblasts using four-factor retrovirus reprogramming and were differentiated into SMCs. Differentiated SMCs were treated with synthetic elastin-binding protein ligand 2 (EBPL2) (20 μg/ml) or the antiproliferative drug rapamycin (100 nM) for 5 days. We generated four WBS induced pluripotent stem (iPS) cell lines that expressed pluripotency genes and differentiated into all three germ layers. Directed differentiation of BJ iPS cells yielded an 85%–92% pure SMC population that expressed differentiated SMC markers, were functionally contractile, and formed tube-like structures on three-dimensional gel assay. Unlike BJ iPS cells, WBS iPS cells generated immature SMCs that were highly proliferative, showed lower expression of differentiated SMC markers, reduced response to the vasoactive agonists, carbachol and endothelin-1, impaired vascular tube formation, and reduced calcium flux. EBPL2 partially rescued and rapamycin fully rescued the abnormal SMC phenotype by decreasing the smooth muscle proliferation rate and enhancing differentiation and tube formation. WBS iPS cell-derived SMCs demonstrate an immature proliferative phenotype with reduced functional and contractile properties, thereby recapitulating the human disease phenotype. The ability of rapamycin to rescue the phenotype provides an attractive therapeutic candidate for patients with WBS and vascular stenoses. 

Introduction
Williams-Beuren syndrome (WBS), a microdeletion syndrome involving the elastin (ELN) gene, is associated with arterial stenoses that are usually progressive and recurrent despite surgical correction. WBS is caused by a hemizygous microdeletion of a 1.5–1.8 Mb region on 7q11.23 involving 26–28 genes, including ELN. Although a rare disorder affecting 1:10,000 individuals, it remains one of the primary genetic vascular disorders. WBS stenotic lesions range from multiple discrete stenoses to diffuse hypoplasia of one or more large arteries. The most common lesion is supravalvar aortic stenosis, seen in 70% of patients, followed by involvement of the descending aorta, pulmonary, coronary, renal, mesenteric, and intracranial arteries. Together, the phenotype is suggestive of a generalized arteriopathy [1]. Cardiovascular complications are the major cause of death, with a 25–100-fold higher cardiovascular mortality relative to controls and only 46% event-free survival at 20 years [2, 3]. Major morbidities include progressive and recurrent stenoses requiring repeated surgeries, and systemic hypertension affecting approximately 50% of WBS patients. Although neurodevelopmental, cranio-facial, endocrine, and other abnormalities are common and are related to the deletion of other genes within the region, ELN remains the primary gene responsible for the cardiovascular phenotype. Evidence to support this comes from the association of translocations, deletions, and point mutations of the ELN gene with familial supravalvar aortic stenosis and from gene targeted ELN−/− mice that develop severe aortic obstruction [4–6]. Therefore, WBS provides a useful model to study the effects of elastin insufficiency on vascular phenotype. 

The mechanism of vascular stenoses associated with elastin insufficiency is primarily due to vascular smooth muscle overgrowth in the vessel wall. Smooth muscle cells (SMCs) are the major cell type producing elastin [7]. Deficiency of elastin is associated with disorganized elastic fiber deposition and local accumulation of nonassembled tropoelastin and small elastin degradation products that trigger the dedifferentiation of SMCs through receptor-coupled pathways and excessive proliferation of SMCs that migrate from the media into the subendothelial space, where they lay down extracellular matrix elements causing arterial stiffening and stenoses [8–13]. Unfortunately, several proposed therapies to enhance elastogenesis in human disease are still in preclinical stages. 

Efforts to identify effective therapies are hampered by the lack of suitable disease models. Current mouse models of WBS have improved our understanding of elastin signaling but have limitations since heterozygous mice, although viable, do not exhibit supravalvar aortic stenosis, the classic phenotype in WBS [6, 14]. Furthermore, ELN−/− mice die shortly after birth because of severe aortic obstruction and are therefore not useful to study disease pathogenesis or for drug screening [5]. Interestingly, a transgenic mouse carrying the human version of ELN on a bacterial artificial chromosome rescues postnatal lethality and recapitulates aortic thickening, suggesting potentially fundamental differences in the function of the mouse and human gene in the developing aorta and highlighting the need for human models [15–17]. Using patient-derived induced pluripotent stem (iPS) cells eliminates species differences while retaining the genetic background of the patient, thereby providing a human model for cell biology and systems genetics studies [18]. iPS cells are increasingly being used to examine disease phenotypes and also to test drugs that rescue the phenotype as reported with several early onset neurological [19–27] and cardiovascular diseases [19–21]. Relevant to our study, the in vitro studies in Hutchinson-Gilford progeria syndrome reproduced a senescent phenotype in differentiated SMCs highlighting the exciting potential of SMCs derived from patient iPS cells to recapitulate human disease [22, 23]. More importantly, the use of iPS cells for drug testing embodies the promising potential for the use of patient-specific drug responses to guide therapeutic choices through a personalized medicine approach. 

We applied this paradigm to study WBS phenotype by generating iPS cells from a patient with a hemizygous ELN deletion and a severe WBS phenotype. The presence of one functioning copy of ELN in these cells provides a unique opportunity for screening drugs that promote phenotypic rescue through modulation of elastin signaling pathways. To achieve this goal, we performed directed differentiation of patient iPS cells into SMCs of mesodermal origin for functional and molecular characterization. We used these SMCs to assess the effect of two compounds: (a) elastin-binding protein ligand 2 (EBPL2), a synthetic peptide homologous to the human elastin domain that induces elastin receptor complex-dependent signaling [10, 28]; and (b) rapamycin, a drug that induces cell cycle arrest and inhibits SMC proliferation via mammalian target of rapamycin (mTOR) inhibition [29–31]. Our findings demonstrate the ability of these drugs to rescue the SMC proliferative phenotype in vitro and, in particular, suggest a role for rapamycin, which is approved for cardiovascular conditions, in the treatment of patients with WBS. 

Materials and Methods
Cell Source

The WBS patient sample (ID: WBS00001) was obtained through the SickKids Heart Centre Biobank Registry (http://www.heartcentrebiobank.ca). The biorepository has more than 250 patient skin fibroblast cell lines, with all patients consented for reprogramming. The collection is unique compared with commercial biorepositories since samples in our biorepository are deidentified rather than anonymized, have detailed clinical annotation, and permit patient recontact to share research findings and for future studies, including trials of new therapies. Human aortic vascular smooth muscle cells were obtained as a positive control (Cell Applications, San Diego, CA, http://www.cellapplications.com) and human umbilical vein endothelial cells (HUVECs) as a negative control (Millipore, Billerica, MA, http://www.millipore.com). We obtained HES2 and H9 human embryonic stem (hES) cells from the National Stem Cell Bank (WiCell Research Institute, Madison, WI, http://www.wicell.org). BJ fibroblasts were obtained from American Type Culture Collection (Manassas, VA, http://www.atcc.org). All investigations were conducted according to the Declaration of Helsinki principles, studies were approved by the Hospital for Sick Children institutional review board, and written informed consent was obtained from the parent/legal guardian. Human ES and iPS cell studies were approved by the Canadian Institute for Health Research (CIHR) Stem Cell Oversight Committee of Canada. Animal studies were approved by the SickKids Animal Care Committee under the auspices of the Canadian Council on Animal Care and were conducted with the approval of the CIHR Stem Cell Oversight Committee. 

Generation of iPS Cell Lines

The WBS patient fibroblasts were reprogrammed with the OCT4, SOX2, KLF4, and C-MYC Yamanaka human factor retrovirus vectors using the EOS lentivirus protocol to enrich for iPS cell isolation as previously published [32–34]. After four-factor retroviral transduction, WBS and BJ fibroblasts were maintained in Dulbecco's modified Eagle's medium (DMEM) for 7–10 days (supplemented with 10% fetal bovine serum [FBS], l-glutamine, nonessential amino acids, penicillin/streptomycin) and then trypsinized and replated onto mouse embryonic fibroblasts (MEFs). Approximately 20 days later, iPS cell colonies were mechanically picked and replated onto MEFs. These iPS cells were mechanically dissociated for a few passages and then adapted to collagenase IV passaging as described [32, 35]. 

Pluripotency Assays

In vitro differentiation into embryoid bodies and in vivo differentiation into teratomas were performed and analyzed as described [33]. For teratomas, one 10-cm dish of iPS cells was suspended in Matrigel (BD Biosciences, Franklin Lakes, NJ, http://www.bdbiosciences.com) and injected intramuscularly into NOD/SCID mice, and tumors were harvested after 9–12 weeks. 

Mutation Confirmation Using Multiplex Ligation Probe Amplification and DNA Fluorescence In Situ Hybridization

We used the SALSA multiplex ligation probe amplification (MLPA) kit P029-A1, which contains 32 MLPA probes for eight genes located in the WBS critical region (MRC Holland, Amsterdam, The Netherlands, http://www.mlpa.com), including the ELN gene, to confirm ELN deletion in the patient skin cells. We used karyotyping by G banding chromosome analysis with a 400–500 band resolution (The Centre for Applied Genomics, SickKids Hospital, Toronto, ON, Canada), and fluorescence in situ hybridization (FISH) with a locus-specific probe including ELN to verify deletion of chromosome region 7q11.23 in the iPS cells (Molecular Cytogenetics Laboratory, SickKids Hospital). 

Bisulfite Sequencing of Nanog and Rex1 Promoters 

Nanog and Rex1 CpG island methylation profiles were determined by sequencing analysis of bisulfite converted DNA. Bisulfite treatment of genomic DNA was performed using the EZ-dDNA Methylation Kit (Zymo Research, Orange, CA, http://www.zymoresearch.com) according to the manufacturer's instructions. Polymerase chain reaction (PCR) amplifications were performed using primers listed in supplemental online Table 1, and amplified products were cloned into pCR2.1-TOPO (Invitrogen). Ten randomly selected clones for Nanog and 9 for Rex1 were automatically sequenced to determine the degree of CpG methylation. 

DNA Fingerprinting

To verify that iPS cells originated from patient fibroblasts, genotyping was performed on genomic DNA from the WBS patient fibroblasts and the iPS cells using the AmpFlSTR Identifier PCR Amplification Kit (Life Technologies, Carlsbad, CA, http//www.lifetechnologies.com). Briefly, the kit uses a short tandem repeat (STR) multiplex assay that amplifies 15 tetranucleotide repeat loci and the Amelogenin gender determining marker in a single PCR amplification. For each reaction, 10 ng of genomic DNA (in 1 μl) was added to 6 μl of AmpFlSTR PCR Mix, 0.2 μl of AmpliTaq Gold DNA Polymerase, and 3 μl of the AmpFlSTR Identifiler Primer Set (Life Technologies). Samples were run on an AB 3100 Genetic Analyzer using POP4, dye set G5, and analyzed in GeneMapper v3.7 (Life Technologies). 

Differentiation of iPS Cells Into SMCs

The hES, BJ, and WBS iPS cells were differentiated into SMCs using previously published protocols [36]. ES or iPS cell colonies were digested using 1 mg/ml collagenase type IV and transferred to an ultra-low-attachment six-well plate (Corning Enterprises, Corning, NY, http://www.corning.com) to generate embryoid bodies (EBs). Knockout DMEM was used for 2 days and replaced by DMEM/F12 supplemented with 10% FBS and 1% GlutaMAX (Life Technologies). Six-day old EBs were transferred to six-well plates coated with 0.1% gelatin for an additional 6 days in DMEM + 10% FBS. The EBs were dissociated with 0.05% trypsin and cultured on Matrigel-coated six-well plates in smooth muscle growth (SMG) medium (Medium 231 + SMG supplement) (Life Technologies). Cells were passaged when they reached 80%–90% confluence. To induce differentiation to SMCs, cells were replated in smooth muscle differentiation (SMD) medium (Medium 231 + SMD supplement) (Life Technologies) on gelatin-coated plates for 5 days with or without EBPL2 (provided by Dr. Aleksander Hinek, Hospital for Sick Children, Toronto, ON, Canada) or rapamycin (LC Laboratories, Woburn, MA, http://www.lclabs.com). 

Contractility Assay

After 5 days of differentiation, cells were washed with phosphate-buffered saline (PBS), stimulated with 1 mM carbachol in SMD medium and monitored for 30 minutes as described [36]. The cells remained at 37°C, 5% CO2 in a Cellomics ArrayScan VTI HCS Reader (Thermo Scientific, Waltham, MA, http://www.thermoscientific.com) equipped with a microscope. Images of the same field were collected every 10 seconds for 30 minutes and compiled into movies using the vHCS View software (Thermo Scientific) to analyze change in cell surface area from 0–30 minutes using GSA software (GSA, Rostock, Germany, http://image.analyser.gsa-online.de). 

Calcium Measurement

Differentiated cells were loaded with 2 μM fura-2 AM (Life Technologies) at 37°C for 40 minutes and then washed with HEPES buffered physiological salt solution (10 mM HEPES, 1.25 mM NaH2PO4, 146 mM NaCl, 3 mM KCl, 2 mM MgCl2:6H2O, 10 mM glucose, 2 mM CaCl2, 1 mM sodium pyruvate, pH 7.4) as previously described [37]. Cells were incubated with fresh HEPES solution for another 30 minutes to allow for de-esterification of the dye in the cytosol. Fura-2 was excited alternately at 340 and 380 nm using an epifluorescence microscope (Carl Zeiss, Toronto, ON, Canada, http://www.zeiss.com) equipped with a computer-controlled filter wheel and shutter. Images were collected and analyzed using Volocity image acquisition and analysis software (PerkinElmer Life and Analytical Sciences, Waltham, MA, http://www.perkinelmer.com). The fluorescence intensity ratio (F340 nm/F380 nm) in individual cells was measured and plotted against time using graphing software (Excel; Microsoft, Redmond, WA, http://www.microsoft.com). After a 1–2-minute baseline, cells were exposed to a 100 nM concentration of the calcium agonist endothelin-1 (Sigma-Aldrich, St. Louis, MO, http://www.sigmaaldrich.com) to stimulate calcium flux, [Ca2+]i. The fluorescence intensity ratio (F340 nm/F380 nm) was used to estimate transient rise in calcium flux in response to endothelin. 

Matrigel Tube Formation Assay

Two hundred microliters of undiluted Matrigel was placed on 24-well plates and incubated at 37°C for 1 hour. Five × 104 cells were reconstituted in culture medium, plated on the Matrigel layer, and incubated at 37°C for 24 hours [38, 39]. Vascular tube formation was examined by phase-contrast microscopy (Nikon, Tokyo, Japan, http://www.nikon.com) and evaluated by scoring. Scores were as follows: 0, individual cells, well separated; 1, cells begin to migrate and align themselves; 2, capillary tubes visible; 3, sprouting of new capillary tubes visible; 4, closed polygons begin to form; 5, complex mesh-like structures develop [40]. Confocal images were also collected using a Quorum spinning disk confocal microscope (Olympus, Center Valley, PA, http://www.olympusamerica.com) to characterize the three-dimensional (3D) morphology of the structures. Cells were tagged with a fluorescent marker for smooth muscle-α-actin (SMA) or calponin. A series of 30 optical serial sections every 1 μm was obtained. The Volocity program was used to deconvolve the image stacks and generate the movie sequences. 

Immunocytochemistry and High-Content Imaging Assays

Five × 104 cells were plated in multiwell plates (24 wells) that allow for phenotyping using high content cell imaging on Cellomics. Cells in each well were either analyzed by imaging directly on the plate or harvested for additional quantitative reverse transcription-PCR (qRT-PCR) or flow cytometry assays. Differentiated cells were fixed for 40 minutes in 2% paraformaldehyde, permeabilized using 0.1% Triton X-100 in PBS/0.1% bovine serum albumin, blocked with 5% Blotto (Santa Cruz Biotechnology, Santa Cruz, CA, http://www.scbt.com), and incubated overnight with the following primary antibodies: mouse anti-SMA (Abcam, Cambridge, MA, http://www.abcam.com), mouse anti-calponin (Abcam), rabbit anti-elastin (Elastin Products Company, Owensville, MO, http://www.elastin.com), rabbit anti-smooth muscle 22α (SM22α) (Abcam), rabbit anti-fibroblast activation protein α (FAPα) (Abcam), and rabbit anti-Ki67 (Millipore). Secondary goat-anti-mouse and anti-rabbit IgG antibodies conjugated with tetramethylrhodamine-5- (and 6)-isothiocyanate and fluorescein isothiocyanate (Sigma-Aldrich) were added to the samples and incubated for 1 hour. The cell nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI) (Life Technologies). Cells were rinsed, and fluorescence was analyzed using an epifluorescence microscope or a Cellomics ArrayScan VTI HCS Reader. Images were captured using the Volocity or the vHCS View software. 

Quantitative Reverse Transcription-PCR

Total RNA was extracted using the RNeasy Mini kit (Qiagen, Toronto, ON, Canada, http://www.qiagen.com). cDNA was synthesized from 1 μg of RNA with Superscript III first strand synthesis (Life Technologies) in a 20-μl reaction volume. Primer sequences are shown in supplemental online Table 1. Real-time PCR was performed on a StepOnePlus Real-Time System (Life Technologies) using SYBR GreenER qPCR SuperMix (Life Technologies). Quantification of gene expression was assessed with the comparative cycle threshold (Ct) method. The relative amounts of mRNA for the different genes were determined by subtracting the Ct values for these genes from the Ct value for the housekeeping gene GAPDH (ΔCt). qRT-PCR for pluripotency genes and reprogramming transgenes was performed as described [33]. 

Flow Cytometry

Differentiated cells were fixed for 20 minutes with 4% paraformaldehyde and treated with mouse anti-α-SMA phycoerythrin (PE)-conjugated antibody for 40 minutes at 4°C (R&D Systems Inc., Minneapolis, MN, http://www.rndsystems.com). Cells were also stained with PE-labeled immunoglobulins only as negative controls. The cells were analyzed with a BD LSR II flow cytometer system (BD Biosciences). 

Results
Reprogramming WBS Patient-Derived Fibroblasts to iPS Cell Lines

From 20 de-identified pediatric patients with WBS enrolled in the SickKids Heart Centre Biobank Registry, we selected a male with a de novo 7q11.23 hemizygous deletion with a severe phenotype (i.e., aortic hypoplasia, hypoplasia of the main pulmonary artery, and severe narrowing of the distal branch pulmonary arteries). Informed consent was obtained, and skin fibroblasts were harvested for reprogramming from the incision site at the time of cardiac surgery performed at age 11 months to relieve vascular obstruction. MLPA was performed to confirm heterozygous deletion of the FKBP6–CYLN2 interval that results in deletion of the ELN gene (data not shown). 

We used four-factor retrovirus delivery for reprogramming WBS patient skin fibroblasts and BJ fibroblasts to isolate iPS cell lines [35]. Representative data are shown from the WBS-B iPS cell line, with results from the WBS-A, WBS-C, and WBS-I lines shown in the supplemental online figures. All four iPS cell lines were positive for human pluripotency markers NANOG, OCT4, and SSEA-4 by immunofluorescence and flow cytometry (Fig. 1A, 1B; supplemental online Fig. 1a, 1b). The lines gave rise to cells from all three germ layers upon in vitro differentiation into EBs (Fig. 1C; supplemental online Fig. 1c) and demonstrated in vivo teratoma formation (Fig. 1D; supplemental online Fig. 1d). Bisulfite sequencing analysis showed low methylation of the NANOG and REX1 promoters in WBS iPS cells and hES cells compared with fibroblasts (Fig. 1E; supplemental online Fig. 1e). Our criteria for successful generation of fully reprogrammed iPS cells are that they silence the exogenous viral reprogramming transgenes and upregulate the endogenous pluripotency genes, including type III markers (Fig. 2A–2C; supplemental online Fig. 2a–2c) [41]. We confirmed a normal karyotype in all four lines (Fig. 2D; supplemental online Fig. 2d) and the presence of the hemizygous 7q11.23 microdeletion in the WBS iPS cells using DNA FISH (Fig. 2E). STR analysis confirmed that all WBS iPS cell lines were derived from the same WBS fibroblasts (supplemental online Fig. 3). Pluripotency of the BJC and BJD iPS cell lines isolated as healthy controls were similarly confirmed (supplemental online Fig. 4a–4c). We conclude that all four WBS iPS cell lines and the BJ iPS cell lines were pluripotent. 





Figure 1. 

Pluripotency characterization of WBS iPS cells (line B). (A): iPS cells stained positive for pluripotency markers NANOG, OCT4, and SSEA4. (B): Flow cytometry analysis of SSEA4. (C): WBS-iPS differentiated in vitro into all three germ layers. Images (red fluorescence) show β3 tubulin and Nestin expression as examples of neuronal ectoderm, SMA and Myosin expression as mesoderm, and AFP and Sox17 expression as endoderm. Nuclei were stained with DAPI (blue). (D): WBS iPS cells were injected into NOD/SCID mice, resulting in generation of teratomas showing all three germ layers (hematoxylin and eosin staining). (E): Bisulfite sequencing analysis of CpG islands of NANOG and REX1 promoters in WBS-B, the human embryonic stem cell line HES, and fibroblasts. Each row represents the sequencing of individual clones. Black circles represent methylated CpG dinucleotides. The numbers indicate the total percentage of methylated CpG in all clones sequenced. Abbreviations: AFP, α-fetoprotein; Dapi, 4′,6-diamidino-2-phenylindole; iPS, induced pluripotent stem; SMA, smooth muscle actin; WBS, Williams-Beuren syndrome. 




Figure 2. 

Viral transgene and endogenous pluripotency gene expression. (A): Viral transgene expression was negative in human ES cells (H9) and in patient skin fibroblasts and was silenced in WBS induced pluripotent stem (iPS) cells (line B) following successful reprogramming. Human diploid fibroblast strain IMR-90 infected with the same retroviruses (KLF4, C-MYC, SOX2, OCT4) was used as positive control for the exogenous reprogramming factors. (B): Endogenous pluripotency genes were expressed in H9 and upregulated following successful reprogramming of WBS iPS cells (line B shown). (C): Type III pluripotency markers were upregulated in H9 and WBS iPS cells (line B shown) but not in patient fibroblasts. (D): Normal G banding karyotype of the WBS iPS cell line B. (E): Confirmation of WBS microdeletion on chromosome 7q11 by fluorescence in situ hybridization using BAC CTB-51J22 (Spectrum Orange) as a test probe and the RP11–157M10 (Spectrum Green) control probe hybridized to 7q22 (right panel). Abbreviation: WBS, Williams-Beuren syndrome. 

WBS iPS-Derived SMCs Have an Immature Phenotype

We performed directed differentiation of hES cells and iPS cells into SMCs using established protocols [36, 42]. In brief, outgrowths of day 12 EBs were plated in smooth muscle growth medium on Matrigel-coated plates. After passaging, differentiation was induced by replating the cells on a gelatin-coated surface for 5 days in smooth muscle differentiation medium, resulting in phenotypic transformation into elongated, spindle-shaped differentiated SMCs. This protocol efficiently produced SMA+ and calponin+ SMCs with yields of 85%–92% from BJ iPS cells (Fig. 3A) and 71% from HES2 hES cells (data not shown). SMC differentiation of BJ iPS cells was confirmed by loss of the pluripotency markers REX1, DNMT3b, OCT4, and NANOG (Fig. 3B) and mesodermal progenitor markers CD34, FLK1, and TIE2 as differentiation proceeded through the progenitor growth and SMC differentiation phases (Fig. 3C). SMC markers appeared most highly in the final differentiation stage as assessed by qRT-PCR for SMA, calponin, SM22α, smoothelin, myocardin, and telokin (Fig. 3C). Compared with human aortic SMCs, BJ-derived SMCs had higher expression of calponin and SM22α, which are earlier or intermediate stage SMC differentiation markers, but lower expression of smoothelin B isoform, which is a late marker of mature vascular SMCs (Fig. 3D) [43]. HUVECs did not express SMC markers as expected. BJ SMCs expressed elastin, another marker of mature SMCs. Elastin mRNA expression was, however, expectedly lower in WBS SMCs compared with BJ SMCs (Fig. 3E). Cell-specific intensity of elastin expression measured by immunofluorescence was also lower in WBS SMCs compared with BJ SMCs (Fig. 3F, 3G). We conclude that SMCs are efficiently produced using directed differentiation and that the WBS iPS cell-derived SMCs express reduced levels of elastin and differentiated SMC markers. Since BJ SMCs and hES cell-derived SMCs showed similar characteristics, we subsequently studied BJ SMCs as controls for WBS iPS cell experiments. 




Figure 3. 

Characterization of smooth muscle cells (SMCs) derived from human BJ and WBS induced pluripotent stem (iPS) cells. (A): Differentiation of iPS cells into the smooth muscle lineage was confirmed by expression of SMA (red) and calponin (green) measured using immunofluorescence with high-content imaging (Cellomics). (B): Loss of pluripotency markers (REX1, DNMT3b, OCT4, and NANOG). (C): Downregulation of progenitor markers (CD34, Flk1, Tie2) and upregulation of smooth muscle differentiation markers by quantitative reverse transcription-polymerase chain reaction (qRT-PCR) (SMA, calponin, SM22α, smoothelin, myocardin, telokin). (D): Compared with human aortic SMCs, expression of calponin and SM22α was higher and smoothelin B expression by qRT-PCR was lower in BJ-SMCs. Expression of smooth muscle markers was negative in human umbilical vein endothelial cells. (E): Elastin mRNA expression by qRT-PCR was ∼50% lower in WBS-SMCs compared with BJ-SMCs. (F): Immunofluorescence showed lower elastin expression (green) in WBS-SMCs compared with BJ-SMCs and expression increased with EBPL2 treatment. Cell nuclei were visualized with 4′,6-diamidino-2-phenylindole staining (blue) (representative images shown). (G): Quantification by high content imaging revealed 34% lower elastin expression in WBS-SMCs compared with BJ-SMCs. EBPL2 treatment increased elastin expression in WBS-SMCs. *, p < .01, WBS versus BJ. Abbreviations: EBPL2, elastin-binding protein ligand 2; SM22α, smooth muscle 22α; SMA, smooth muscle actin; WBS, Williams-Beuren syndrome. 

Demonstration of Functional SMCs

To test the functional properties of in vitro-derived SMCs, cells were treated with carbachol, a muscarinic agonist that induces contractions that can be captured by video microscopy. Contractions were calculated as the difference in cell area between time 0 and 30 minutes. BJ iPS cell-derived SMCs showed a greater decrease in cell area compared with WBS iPS cell-derived SMCs (25% vs. 14%, respectively; *, p < .05 BJ vs. WBS) (Fig. 4A, 4B) indicating a contractile defect in WBS cells that are deficient in elastin [36]. A second functional test used treatment with endothelin-1 to induce transient calcium fluxes. The cells were loaded with FURA-2, a Ca2+-sensitive dye, and calcium transients were measured by the intensity of fluorescence at two different wavelengths before and after treatment with endothelin-1. The fluorescence intensity ratio (F340 nm/F380 nm) showed a transient rise in [Ca2+]i after activation by endothelin-1 in BJ-SMCs but not in WBS-SMCs (Fig. 4C, 4D). Overall, these experiments demonstrate that compared with the BJ iPS cells, the WBS-iPS cell-derived SMCs were phenotypically and functionally immature. 




Figure 4. 

Functional characterization of BJ-smooth muscle cells (SMCs) and WBS-SMCs. (A): BJ and WBS-SMCs (line B shown) were treated with 10 mM carbachol, a muscarinic agonist, and phase-contrast live-cell imaging was done every 30 seconds. Change in cell surface area (white arrows) was calculated from 0 minutes (top panel) to 30 minutes (bottom panel). (B): BJ-SMCs showed a 25% reduction in cell surface area compared with 14% reduction in WBS-SMCs (average of all four lines). *, p < .05 BJ versus WBS. (C): Calcium flux [Ca2+]i was measured in response to endothelin-1 treatment (arrow) in BJ and WBS-SMCs (five cells each). The fluorescence intensity ratio (F340 nm/F380 nm) showed a transient rise in [Ca2+]i after activation by endothelin-1 in BJ-SMCs but not in WBS-B SMCs. (D): Graph showing the changes in [Ca2+]i following endothelin-1 treatment in BJ and all the WBS lines. Changes of [Ca2+]i = peak[Ca2+]i − resting[Ca2+]i. *, p < .01 BJ versus WBS. Abbreviation: WBS, Williams-Beuren syndrome. 

EBPL2 Treatment Partially Rescues the Immature WBS SMC Phenotype

Patient iPS cells have the potential for personalized drug testing. To test candidate drugs for their efficacy in rescuing the phenotype in the WBS patient SMCs, we first tested the effect of elastin-binding protein ligand, EBPL2. EBPL2 is a synthetic IGVAPG peptide that contains a sequence found in rice bran, which is homologous to the human elastin domain. EBPL2 binds to elastin-binding protein (EBP) to stimulate Neu-1 sialidase activity and induces elastin receptor complex-dependent signaling with higher affinity than the original VGVAPG sequence present in human elastin [44]. Our studies in HES2-derived SMCs showed that treatment for 5 days with EBPL2 at 20 μg/ml increased mRNA expression of elastin, SMA, and factors that promote SMC differentiation (i.e., collagen IV [45], serum response factor [46], and miR145 [46, 47]) as assessed by qRT-PCR (supplemental online Fig. 5a, 5b). In addition, in contrast to the previously described proliferative effect of VGVAPG peptide [13], treatment with EBPL2 reduced SMC proliferation as shown by a reduction in Ki67+ SMCs (supplemental online Fig. 5c, 5d). On the basis of the response in hES cells, we then used the same EBPL2 dose for further assays in BJ and WBS SMCs. 

To assess the effect of EBPL2 on SMC differentiation from WBS iPS cells, we quantified the proportion of cells expressing smooth muscle markers (SMA and calponin) using high content imaging, as well as more precise quantification using flow cytometry. WBS iPS cells generated, on an average, 50% fewer SMA+ cells based on analysis across all four WBS lines (analyzed by flow cytometry) (supplemental online Fig. 6a–6c), as well as 50% fewer calponin+ cells (analyzed by high content imaging) compared with BJ iPS cells. EBPL2 treatment increased the SMA+ cells from 69% to 76% in the WBS-B line compared with 90% in the BJ iPS line (supplemental online Fig. 6b). However, this effect was not significant when analyzed across all four WBS iPS cell lines (supplemental online Fig. 6c). Similarly, EBPL2 treatment confirmed increased calponin+ cells by high-content imaging across all four WBS lines (supplemental online Fig. 6d), but the percentage of mature SMCs remained lower than SMCs derived from BJ iPS cells. Overall, EBPL2 treatment enhanced smooth muscle differentiation in WBS iPS cells but did not restore it to levels seen in controls. 

To assess the effect of EBPL2 on SMC proliferation, we measured the SMC proliferation index by coimmunostaining for SMA+ and Ki67+ cells, a nuclear proliferation marker. All four WBS cell line-derived SMCs had a twofold higher proliferation index compared with BJ iPS cells (25% Ki67+ SMCs in WBS vs. 12% in BJ; Fig. 5A, 5B). EBPL2 treatment reduced the proliferation index in WBS SMCs by 30%, although it still remained higher than that seen in untreated BJ SMCs. An in vitro three-dimensional Matrigel assay of tube formation was performed to evaluate the potential for vascular network generation. Tube formation was scored using phase-contrast microscopy and given scores (details in Materials and Methods) from 0 (for well-separated individual cells) to 5 (for development of complex mesh-like structures). Confocal images were also collected to characterize the 3D morphology of the structures that showed that the 3D tube-like structures derived from BJ cells stained positive for SMA (data not shown). BJ SMCs effectively formed tubular structures in vitro, with an average score of 4–5. In contrast, WBS-B and the other three WBS lines were significantly defective in tube formation, with an average score of only 1 (Fig. 5C, 5D). EBPL2 treatment enhanced tube formation from WBS SMCs, although the scores remained 50% lower than tube formation by BJ SMCs. There was no significant effect of EBPL2 on tube formation from BJ SMCs. Overall, these data support the ability of EBPL2 to partially rescue the immature proliferative SMC phenotype in WBS. 




Figure 5. 

EBPL2 reduced smooth muscle cell (SMC) proliferation and increased vascular tube formation in WBS-SMCs. (A): WBS-SMCs showed higher nuclear Ki67 expression (green nuclei) compared with BJ SMCs on immunofluorescence, indicating increased proliferation rate (representative image shown). Treatment with EBPL2 reduced Ki67+ cells in WBS SMCs (line B shown). (B): Quantification by high content imaging revealed a higher percentage of Ki67+ WBS-SMCs (all four lines) compared with BJ-SMCs. †, p < .05, untreated versus EBPL2. (C): Phase-contrast images on Matrigel assays demonstrated fewer tube-like structures formation from WBS-SMCs (line B shown) compared with BJ-SMCs. Treatment with EBPL2 enhanced vascular sprouting in WBS cells. (D): Vascular sprouting was scored from 0, where cells are well-separated, to 5, where cells form complex mesh-like structures, which confirmed lower scores for WBS SMCs compared with BJ SMCs. Data are shown as average for all four WBS lines. **, p < .01, BJ versus WBS; ††, p < .01, untreated versus EBPL2. Abbreviations: EBPL2, elastin-binding protein ligand 2; WBS, Williams-Beuren syndrome. 

Phenotypic Rescue by Rapamycin

We evaluated the effect of rapamycin, an mTOR inhibitor that suppresses vascular SMC proliferation and is commonly used in drug-eluting stents to prevent coronary restenosis [29–31]. Overall, we found that 100 nM rapamycin treatment for 5 days inhibited WBS SMC proliferation and promoted SMC differentiation more effectively than EBPL2. Rapamycin increased elastin expression quantified by high content imaging in the WBS-B and the other three WBS lines (Fig. 6A, 6B) but not elastin mRNA levels (Fig. 6C). Rapamycin increased the yield of SMA+ cells (representative image with immunofluorescence shown in Fig. 6D) in WBS-B as well as across the other three WBS lines, resulting in levels similar to that seen with BJ cells (evaluated by flow cytometry) (Fig. 6E, 6F). The SMA+ cells coexpressed another smooth muscle marker, SM22α, but not FAPα, confirming that the SMA-positive cells were SMCs and not myofibroblasts (Fig. 6G, 6H). Rapamycin also increased the yield of calponin+ cells from WBS-B and the other three WBS lines to levels observed in BJ SMCs (Fig. 6I) but not calponin mRNA expression (Fig. 6J). Rapamycin treatment reduced the proliferation index (measured by percentage of Ki67+/SMA+ cells) in WBS-B SMCs and the other three WBS lines by 80% to the level of control BJ SMCs (compared with a 30% decrease with EBPL2) (Fig. 7A, 7B). Rapamycin enhanced 3D vascular tube formation by all four WBS lines (Fig. 7C, 7D) to attain scores seen by BJ-SMCs. Rapamycin, however, did not enhance endothelin-induced calcium flux in either the BJ or the WBS SMCs. Instead, rapamycin reduced calcium flux in BJ SMCs (Fig. 7E, 7F). Overall, these data demonstrate the ability of rapamycin to reduce SMC proliferation and to enhance SMC differentiation into functioning cells that express elastin and mature SMC markers and that form vascular tubes. 




Figure 6. 

Rapamycin increased elastin expression and smooth muscle differentiation of WBS induced pluripotent stem (iPS) cells. (A): Immunofluorescence images showed increase in elastin staining (green) in WBS-smooth muscle cells (SMCs) (line B shown) treated with rapamycin. (B): This was confirmed with high content image-based quantification in all WBS lines. **, p < .01, BJ versus WBS; †† p < .01, untreated versus rapamycin. (C): Elastin mRNA was not changed after rapamycin treatment. (D): SMA (red) expression by immunofluorescence was lower in WBS-SMCs (line B shown) versus BJ-SMCs (representative images shown). (E, F): Flow cytometry revealed 85% and 92% SMA+ cells in BJ iPS cells compared with 59% SMA+ cells in WBS iPS cells (average of all four lines). The proportion of SMA+ cells increased to 76% with rapamycin treatment. Flow cytometry plots are shown for each WBS SMC line, and averages are shown in the graph. **, p < .01, BJ versus WBS; †, p < .05, untreated versus rapamycin. (G): Double immunostaining revealed coexpression of SMA with SM22α, another smooth muscle marker. (H): There was no detectable staining with FAPα. (I): Calponin expression quantification by high content imaging showed fewer calponin+ cells from WBS iPS cells, which increased after treatment with rapamycin in each line. *, p < .05, BJ versus WBS; †, p < .05, untreated versus rapamycin. (J): Calponin mRNA expression was not modified by rapamycin. *, p < .05, BJ versus WBS; **, p < .01, BJ versus WBS. Abbreviations: FAPα, fibroblast activated protein α; SM22α, smooth muscle 22α; SMA, smooth muscle actin; WBS, Williams-Beuren syndrome. 




Figure 7. 

Rapamycin reduced the smooth muscle cell (SMC) proliferation rate and increased vascular sprouting in WBS-SMCs. (A): Immunofluorescence images show a decrease in Ki67+ (green nuclear staining) following treatment of WBS-SMCs with rapamycin. Cell nuclei were visualized with 4′,6-diamidino-2-phenylindole staining (blue) (WBS line B shown). (B): Quantification by high content imaging confirmed higher proliferation index in WBS-SMCs compared with BJ-SMCs with an approximately threefold decrease in proliferating WBS-SMCs with rapamycin treatment. *, p < .05, BJ versus WBS; †† p < .01, untreated versus elastin-binding protein ligand 2. (C): Phase-contrast images on Matrigel assays revealed an increase in vascular tube formation in WBS-SMCs treated with rapamycin (WBS line B shown). (D): Scoring grades confirmed a twofold increase in vascular sprouting in WBS-SMCs treated with rapamycin (data from all lines shown). **, p < .01, BJ versus WBS; ††, p < .01, untreated versus rapamycin. (E): Representative graphs show changes in [Ca2+]i in response to endothelin-1 after rapamycin treatment. (F): Rapamycin did not alter endothelin-induced calcium flux in WBS-SMCs but reduced calcium flux in BJ-SMCs. **, p < .01 BJ versus WBS; †, p < .05, untreated versus rapamycin. Abbreviation: WBS, Williams-Beuren syndrome. 

Discussion
Our study shows that the abnormal smooth muscle phenotype associated with WBS can be reproduced in vitro in SMCs derived from reprogrammed skin fibroblasts from a WBS patient. The affected WBS SMCs derived from iPS cells recapitulated this immature, undifferentiated proliferative phenotype in our study in a way comparable to that seen in the vasculature of WBS patients [9–13]. The abnormal phenotype in vitro was rescued by treatment with a EBPL2 peptide, and more effectively with rapamycin, an anti-SMC proliferative agent. Thus, our study provides a valuable in vitro platform to model a genetic disorder associated with smooth muscle proliferation and vascular abnormalities and to test the in vitro efficacy of drugs that act downstream of the defective gene. 

We used retrovirally reprogrammed patient iPS cells for smooth muscle differentiation since these can reproducibly model cardiovascular and neurologic human diseases, as previously reported [26, 33, 48]. Although alternative methods have been recently reported that use a chemically derived protocol to differentiate human induced pluripotent stem (hiPS) cells into neuroectoderm, lateral plate mesoderm, and paraxial mesoderm prior to differentiation into functional SMCs [43, 49], we chose a protocol that primarily generates SMCs of mesodermal origin [36]. Unlike other genetic disorders involving SMCs of neuroectodermal origin like 22q11 deletion syndrome, vascular lesions in WBS primarily involve arteries that typically arise from the preaxial or lateral plate mesoderm. The differentiation protocol we used yielded a relatively pure population of SMCs (85%–92%). Not unexpectedly, they showed more robust expression of earlier stage SMC differentiation markers, such as SM22α and calponin, compared with smoothelin B, which is a late stage SMC differentiation marker. This is true of most pluripotent stem cell cardiovascular differentiation protocols that yield relatively immature cardiac lineages, including that reported in a recent paper, which used iPS cells from two patients with supravalvar aortic stenosis due to elastin deficiency [50]. Our iPS cell-derived SMCs nonetheless showed all the characteristics of differentiated SMCs, including expression of SMC markers, expression of elastin, functional reactivity to vasoactive agents, and vascular tube formation. 

An important finding was an impaired ability of WBS iPS cells to differentiate into mature SMCs. The hallmark of immature or dedifferentiated SMCs is an increase in proliferation rate along with a loss of SMC markers [51, 52]. We found that the SMCs derived from WBS iPS cells showed higher proliferation but lower expression of mature SMC markers (particularly proteins involved in SMC contraction, including α-SMA, calponin, and SM22α), lower elastin expression, and reduced or no response to vasoactive agonists such as carbachol and endothelin-1. This recapitulates the in vivo phenotype of patients with WBS—specifically, vascular SMC proliferation causing medial thickening and arterial stenoses [9], and reduced vasoreactivity causing increased arterial stiffness [53]. The poor ability of WBS SMCs to form tubes or networks in vitro reinforced the relative immaturity of the SMC phenotype. 

The second important finding was the observation that EPBL2, a synthetic peptide (IGVAPG), highly homologous to the original (VGVAPG) ligand of elastin receptor, partly alleviated the abnormal WBS phenotype by reducing SMC proliferation and enhancing tube formation in the 3D Matrigel assay. We speculate that partial rescue by the EBPL2 peptide may indicate inadequate translocation of the fully assembled elastin receptors to the cell surface. Such a cell surface deficiency of EBP has been previously observed in poorly differentiated leukemia L-60 cells. Further maturation of the SMCs may therefore elicit a more robust response to EBPL2. However, the increased elastin may also exert receptor-independent effects by sequestering proliferative factors such as platelet-derived growth factor, thereby inhibiting SMC proliferation [54]. The response to EBPL2 may also be influenced by the timing of the administration. Elastogenesis occurs predominantly during late fetal life and peaks in the early postnatal period, with very little elastin turnover in adult life [7]. Therefore, proelastogenic compounds may be limited in their ability to rescue the pathologic phenotype if administered beyond the fetal or early neonatal stages. 

In contrast, we observed that rapamycin acted as a very efficient antiproliferative agent in WBS iPS cell-derived SMCs and caused a dramatic reversal of the WBS phenotype in vitro. Rapamycin, an elastin receptor-independent mTOR inhibitor, induces cell cycle arrest and inhibits SMC proliferation. This property of rapamycin has led to widespread use of rapamycin-eluting stents to prevent coronary restenosis after angioplasty [29–31]. A similar potent inhibition of rapidly proliferating immature SMCs and an increase in elastin expression were seen with rapamycin-eluting stents in the ductus arteriosus in a porcine model [55]. Our study showed a similar beneficial effect of rapamycin in reducing SMC proliferation and enhancing SMC differentiation, elastin expression, and tube forming capacity in hiPS cell-derived SMCs. In addition, rapamycin treatment reduced endothelin-induced calcium flux in BJ-SMCs although had no effect on WBS-SMCs. Since mTOR facilitates inositol 1,4,5-trisphosphate receptor-mediated calcium release in some cell types, the reduced calcium flux is consistent with mTOR inhibition by rapamycin [56]. This has also been reported with other rapamycin analogs [57]. Although rapamycin did not rescue the endothelin response, it showed almost complete rescue of the proliferative and dedifferentiated phenotype in WBS-SMCs. Since mTOR signaling is activated downstream of elastin-coupled pathways, it may explain why an elastin-independent drug like rapamycin demonstrated better rescue of the WBS phenotype than EBPL2, which is elastin-dependent [58]. Rapamycin and its analogs therefore present an attractive target to pursue in WBS and potentially in other vascular disorders caused by SMC proliferation. Further studies are needed to determine whether rapamycin-induced SMC differentiation in WBS generates SMCs that are more stable and resistant to dedifferentiation, in which case, short-term administration of rapamycin or rapamycin analogs after surgical relief of obstruction may be adequate to prevent restenosis. Alternatively, rapamycin-eluting stents, which have been successfully used to prevent restenosis in adults with coronary artery disease, may offer another mode for drug delivery to prevent discrete vascular restenoses in WBS patients [31, 55, 59, 60]. 

Conclusion
In conclusion, we have developed a renewable resource of genetically characterized human SMCs with elastin insufficiency by generating iPS cells from a WBS patient. These cells recapitulate the disease phenotype in vitro and are rescued by upregulating ELN signaling or by using rapamycin, which directly inhibits SMC proliferation. As a drug with a known safety profile approved for use in children and adults, rapamycin and its analogs should be considered as potential therapy in WBS patients with progressive or recurrent vascular stenoses. Testing the effectiveness of rapamycin in longer lasting cultures of iPS cells from additional WBS patients will determine whether the drugs are broadly effective or will have limited, more personalized suitability for a subset of patients with the disease, and it will guide future drug repurposing. Overall, our study shows how drug testing in iPS cells from an individual patient can identify a potentially efficacious drug for use in that patient and highlights the promising potential of human iPS cells for discovering new drugs, repurposing existing drugs, and using a personalized medicine approach to drug therapy, particularly for rare disorders such as WBS. 

