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Abstract 12 

 13 

 The basal lamina is a specialized sheet of dense extracellular matrix (ECM), 14 

linked to the plasma membrane of specific cell types in their tissue context, that serves 15 

as a structural scaffold for organ genesis and maintenance. Disruption of the basal 16 

lamina and its functions is central to many disease processes, including cancer 17 

metastasis, kidney disease, eye disease, muscular dystrophies, and specific types of 18 

brain malformation. The latter three pathologies occur in the dystroglycanopathies, 19 

which are caused by dysfunction of the ECM receptor dystroglycan. However, 20 

opportunities to study the basal lamina in various human disease tissues are restricted 21 

due to its limited accessibility. Here, we report the generation of embryoid bodies from 22 

human induced pluripotent stem cells to model basal lamina formation. Embryoid bodies 23 

cultured via this protocol mimic pre-gastrulation embryonic development, consisting of 24 

an epithelial core surrounded by a basal lamina and a peripheral layer of ECM-secreting 25 

endoderm. In dystroglycanopathy patient embryoid bodies, electron and fluorescence 26 

microscopy revealed ultrastructural basal lamina defects and reduced ECM assembly. 27 

By starting from patient-derived cells, these results establish a method for the in vitro 28 

synthesis of patient-specific basal lamina and recapitulate disease-relevant ECM 29 

defects seen in muscular dystrophies. Finally, we applied this system to evaluate an 30 

experimental ribitol supplement therapy on genetically diverse dystroglycanopathy 31 

patient samples.  32 
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Introduction 33 

 34 

Metazoan life relies on tissue compartmentalization to form ordered, discrete 35 

organs. This is partly accomplished by an extracellular matrix (ECM) barrier called the 36 

basal lamina, which ensheaths epithelial, endothelial, adipose, muscle, and nervous 37 

tissue [36]. The main components comprising the basal lamina are laminin isoforms, 38 

perlecan, nidogen, and collagen type IV, forming a complex lattice anchored to cell 39 

surface receptors [51]. This cell-ensheathing basal lamina is generally inter-connected, 40 

on its acellular matrix side, to a “lamina reticularis” composed of fibrillar collagens, 41 

microfibrils, and proteoglycans. Together, they form a multilayered basement 42 

membrane with tissue-specific mechanical properties [41, 51]. The terms “basal lamina” 43 

and “basement membrane” are sometimes used interchangeably. However, here they 44 

will refer to distinct structures, with the basal lamina being the dense, cell-attached 45 

component of the basement membrane. 46 

The basal lamina is an essential structural component for organ genesis and 47 

maintenance. Its perturbation is linked to many human clinical conditions including 48 

metastatic cancer, nephropathy, lissencephaly, and muscular dystrophy. One 49 

mechanistic group of basal lamina-related diseases pertains to the dysfunction of the 50 

cell membrane ECM receptors integrin and dystroglycan [15, 47]. These receptors 51 

mediate cell attachment to the basal lamina, and in turn they influence the arrangement 52 

of the basal lamina itself [20, 30, 31, 35]. 53 

There is an expanding literature on the spectrum of disorders caused by 54 

dystroglycan receptor dysfunction, collectively termed the dystroglycanopathies, which 55 
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are estimated to constitute roughly a third of all congenital muscular dystrophies [17]. A 56 

hallmark of severe dystroglycanopathies is rupture or detachment of the basal lamina 57 

that encases the brain and muscle fibers during development and structural 58 

maintenance [10, 25]. This specific combination of basal lamina abnormalities is 59 

associated with a range of developmental nervous system malformations and 60 

progressive skeletal muscle degeneration that may ultimately be fatal [38]. 61 

The biochemical basis of the dystroglycanopathies is a reduction in a highly 62 

specific form of O-linked glycosylation on dystroglycan’s α-subunit (αDG). This leads to 63 

a “hypoglycosylation” of the final αDG glycoepitope, which is referred to as the 64 

matriglycan [49]. Matriglycans on αDG confer binding activity to the ECM molecules 65 

laminin, perlecan, and nidogen [4]. Hypoglycosylated matriglycans have limited ECM 66 

binding capacity, which is thought to destabilize the basal lamina in muscle and brain 67 

tissue as a common disease pathway in the dystroglycanopathies [34, 35]. The 17 68 

genes that are known to be mutated in the dystroglycanopathies all affect the formation 69 

of matriglycans and include various specific glycosyltransferases as well as enzymes 70 

preparing specific sugars to be incorporated, while only very few cases involve the gene 71 

encoding dystroglycan itself. Based on this knowledge, a large proportion of the 72 

dystroglycanopathy cases can now be clarified genetically [8, 17]. 73 

Understanding the mechanisms of pathogenesis and developing rational 74 

therapies for the dystroglycanopathies remains a challenge, in part due to its phenotypic 75 

and genetic heterogeneity. A large collection of dystroglycanopathy animal models 76 

recapitulates many aspects of the clinical spectrum [38]. However, such approaches fall 77 
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short of modeling the genetic diversity of human patients for assessing disease 78 

phenotypes and drug responses. 79 

To study patient-specific basal lamina in a model system, we developed a 80 

protocol to generate ECM-containing spheroids from human induced pluripotent stem 81 

cells (hiPSCs), which we refer to as embryoid bodies. hiPSC-derived embryoid bodies 82 

produce their own basal lamina and represent a simplified 3D system to investigate 83 

human ECM and its receptors in diverse genetic contexts. As a proof of concept, we 84 

applied this method to produce embryoid bodies from a variety of dystroglycanopathy 85 

patients. We observed subtle basal lamina defects that correlated with disease severity 86 

and corroborate findings in mouse models. Lastly, we evaluated patient hiPSCs and 87 

embryoid bodies treated with the sugar alcohol ribitol, a recently proposed therapeutic 88 

for the dystroglycanopathies. By correlating patient genotype and drug response, this 89 

approach allows for pre-clinical prediction of therapeutic efficacy in specific individuals. 90 
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Materials and methods 91 

 92 

Generation of hiPSC Lines 93 

Written informed consent for patient participation was obtained by a qualified 94 

investigator (protocol 12-N-0095 approved by the National Institute of Neurological 95 

Disorders and Stroke, National Institutes of Health). Dystroglycanopathy patient hiPSCs 96 

were reprogrammed from dermal fibroblasts using an hOKSML mRNA reprogramming 97 

kit (Stemgent, 00-0067). Control-1 hiPSCs were reprogrammed in the same manner 98 

from BJ foreskin fibroblasts (ATCC, CRL-2522). Immunocytochemical validation of germ 99 

layer differentiation was performed off-site (Stemgent). Control-2 hiPSCs were 100 

reprogrammed from control foreskin fibroblasts (ATCC, CRL-2097) using the CytoTune-101 

iPS 2.0 Sendai reprogramming kit (Thermo Fisher, A16517). Control-3 hiPSCs (NC15) 102 

were previously generated by lentiviral reprogramming of adult dermal fibroblasts [18]. 103 

Karyotype analysis was performed after at least 10 passages (WiCell), and all cell lines 104 

were routinely tested for mycoplasma contamination (LT07-118, Lonza). 105 

 106 

hiPSC Culture 107 

Human hiPSCs were maintained with daily changes of E8 medium (Thermo Fisher, 108 

A1517001) on tissue culture-treated polystyrene plates coated with Matrigel (Corning, 109 

354277) and passaged every 4 – 6 days using ReLeSR (STEMCELL Technologies, 110 

05872). 111 

 112 

Embryoid Body Differentiation 113 
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Differentiation of human hiPSC-derived embryoid bodies was performed essentially as 114 

described previously for human embryonic stem cells [45]. At least one passage before 115 

differentiation, hiPSCs were transitioned to MEF co-culture. The MEFs (Millipore, 116 

PMEF-CF) were seeded at 30,000 cells/cm2 on plates coated with gelatin (STEMCELL 117 

Technologies, 07903) and maintained in serum-containing medium consisting of KO-118 

DMEM (10829-018), 20% FBS (26140-079), 100 µM non-essential amino acids (11140-119 

050), 2 mM GlutaMAX (35050-061), and 55 µM β-mercaptoethanol (21985-023) (all 120 

from Invitrogen). 121 

hiPSCs were dissociated with ReLeSR and plated on MEFs in knockout serum 122 

replacement medium consisting of KO-DMEM, 20% KSR (Invitrogen, 10828-028), 100 123 

µM non-essential amino acids, 2 mM GlutaMAX, 55 µM β-mercaptoethanol, 10 ng/mL 124 

bFGF (Thermo Fisher, 233-FB-025), and 10 µM Y-27632 (Tocris, 1254). The medium 125 

was changed daily (without Y-27632) until hiPSCs reached roughly 60% confluency. 126 

For embryoid body formation, hiPSCs were dissociated by Collagenase Type IV 127 

(Invitrogen 17104-019) and manual scraping followed by gravity sedimentation to 128 

remove as many MEFs as possible. The cells were then individualized with Accutase 129 

(Invitrogen, A1110501), and 2.4 x 106 cells were seeded per well of an AggreWell 400 130 

(STEMCELL Technologies, 34411) following manufacturer’s instructions by 131 

centrifugation in X-VIVO 10 medium (Lonza, 04-380Q) with 10 µM Y-27632. The 132 

following day, spheroids were extracted from the AggreWell 400 according to 133 

manufacturer’s instructions and cultured in ultra-low attachment dishes (Corning, 3262) 134 

with serum-containing medium for up to four days with a medium change every other 135 

day. 136 
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 137 

Endoderm-Free Embryoid Body Culture 138 

Before endoderm-free embryoid body experiments, feeder-free hiPSCs were 139 

maintained on Matrigel in E8 medium. hiPSCs were dissociated with Accutase, and 1.2 140 

x 106 cells were seeded per well of an AggreWell 400 by centrifugation in E8 with 10 µM 141 

Y-27632. The next day, spheroids were transferred to ultra-low attachment 6-well plates 142 

(Corning, 3471) in E8 supplemented with laminin (Invitrogen, 23017015) for 48 hours. 143 

140µg/mL laminin was used except where otherwise stated in the main text. 144 

 145 

Western Blotting 146 

hiPSCs in 100 mm dishes were lysed by 200 µL RIPA buffer with protease and 147 

phosphatase inhibitors. 1 mg soluble protein was incubated overnight at 4 °C in 500 µL 148 

RIPA with 50 µL agarose-bound wheat germ agglutinin (Vector Labs, AL-1023) to enrich 149 

the glycoprotein fraction. The agarose was washed three times with RIPA, and the 150 

glycoproteins were eluted by 5-minute incubation at 95 °C in SDS-PAGE loading buffer. 151 

Glycoproteins were ran on 4 – 12% Bis-Tris gels and transferred to PVDF membranes. 152 

All blocking steps and antibody incubations were performed in TBST with 5% 153 

milk (glyco-αDG and βDG) or 5% donkey serum (core-αDG). The membranes were 154 

probed with antibodies against glyco-αDG, core-αDG, or βDG overnight at 4 °C. 155 

Labeling was visualized by chemiluminescence with appropriate secondary HRP-156 

conjugated antibodies on a ChemiDoc XRS+ (Bio-Rad). See Table 2 for a list of 157 

antibodies used in this study. 158 

 159 
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Laminin Overlay Assay 160 

PVDF membranes were first blocked with 5% milk in laminin binding buffer (LBB; 140 161 

mM NaCl, 10 mM triethanolamine, 1mM CaCl2, 1mM MgCl2, 0.05% Tween, pH 7.6) and 162 

then incubated with 1 µg/mL laminin in LBB overnight at 4 °C. PVDF membranes were 163 

washed and probed with laminin antibodies for 1 hour at room temperature in LBB with 164 

5% milk. The membranes were then washed and probed with an appropriate HRP-165 

conjugated secondary antibody for 1 hour at room temperature in LBB with 5% milk 166 

before chemiluminescent imaging. 167 

 168 

Immunofluorescence Microscopy 169 

For immunocytochemistry, cells in chamber slides were fixed for 10 minutes in 4% PFA 170 

and then washed with PBS before staining. For immunohistochemistry, embryoid bodies 171 

were fixed for 20 minutes in 4% PFA, cryoprotected by overnight incubation with 30% 172 

sucrose in PBS, and frozen in optimum cutting temperature (OCT) compound (VWR, 173 

25608-930). OCT blocks were sectioned at 10 µm thickness on a cryostat and mounted 174 

on slides for staining. 175 

 Slides were blocked in 10% goat serum and 0.1% Triton X-100 for 1 hour at 176 

room temperature before primary antibody incubation with 3% goat serum overnight at 4 177 

°C. Secondary antibody labeling was performed at room temperature for 1 hour. Refer 178 

to Table 2 for antibody dilutions and catalog numbers. Fluorescent images were 179 

captured on a Leica TSC SP5 II confocal microscope or a Nikon Eclipse Ti-E inverted 180 

microscope. 181 

 182 
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Transmission Electron Microscopy 183 

Embryoid bodies were fixed for 30 minutes at room temperature in 0.1 M cacodylate 184 

buffer with 4% glutaraldehyde, pH 7.4. Samples were then coated in agarose, washed 185 

with buffer, and incubated for 60 minutes at 4 °C in 0.1 M cacodylate buffer with 1% 186 

osmium tetroxide, pH 7.4. The samples were washed and stained en bloc overnight at 4 187 

°C in 0.1M acetate buffer with 1% uranyl acetate, pH 5.0. The next day, samples were 188 

dehydrated in ethanol and epoxy resin embedded. 70 nm sections were cut and 189 

counterstained with lead citrate and uranyl acetate. Micrographs were captured on a 190 

JEOL1200EX transmission electron microscope with a digital CCD camera (AMT XR-191 

100, Danvers, MA, USA). 192 

 193 

Image Quantification and Statistics 194 

The image processing program Fiji was used to analyze all western blots and 195 

microscopy images. Staining intensity was measured by drawing equal sized regions of 196 

interest and measuring the average pixel intensity in each sample. Before statistical 197 

measurements, all data were assessed for normality using the Shapiro-Wilk test. If data 198 

were not normally distributed, they were analyzed by Kruskal-Wallis test with Dunn’s 199 

correction for multiple comparisons (Fig. 5e). If data were normally distributed, an 200 

ordinary one-way ANOVA was used and corrected with Tukey’s multiple comparisons 201 

test (all other figures). The number of replicates, n, for each analysis are reported in 202 

their respective figure legend. Prism 7.0 (GraphPad software) was used to make all 203 

statistical tests and graphs.  204 
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Results 205 

 206 

Human Embryoid Bodies Mimic Pre-Gastrulation Development 207 

To establish an hiPSC-based model of basal lamina assembly, we used a 208 

microwell plate to generate spheroids of human hiPSCs (Fig. 1a, b). Following transfer 209 

of the spheroids into suspension culture, we tested multiple conditions for optimal ECM 210 

production. Spheroids grown in a standard knockout serum replacement (KSR) medium 211 

formed a cavitated core and differentiated into a Nestin+ neuroectodermal lineage (Fig. 212 

2a). This result could be achieved with either feeder-free hiPSCs or with feeder-213 

dependent hiPSCs, the latter of which were cultured on a feeder layer of mouse 214 

embryonic fibroblasts (MEFs) prior to spheroid formation. 215 

We next tested the effect of serum on hiPSC spheroid differentiation. In a 216 

medium with 20% serum, spheroids from feeder-free hiPSCs consisted of an outer 217 

SOX17+ endodermal layer and a disorganized core of differentiated OCT4- cells (Fig. 218 

2b). These spheroids, as well as those discussed above that were maintained in KSR 219 

medium, were mostly devoid of ECM as assessed by antibodies against the basal 220 

lamina protein laminin (data not shown). 221 

In contrast, we found that feeder-dependent hiPSCs produced spheroids with two 222 

visibly partitioned domains when cultured in serum-containing medium (Fig. 1c, 2b). 223 

These particular spheroids were characterized by a SOX17+ endodermal periphery and 224 

an OCT4+ epithelial core. The SOX17+ cells were often mixed with an additional 225 

unidentified OCT4-/SOX17- population. These inner and outer tissue compartments 226 

were demarcated by a laminin-rich basal lamina (Fig. 1c). 227 
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The SOX17+ endodermal cells were apparently responsible for ECM secretion, 228 

with disorganized aggregates of laminin visible in the spheroid outer layer (Fig. 1c). The 229 

underlying core of OCT4+ cells appeared as a radially arranged epithelium and 230 

expressed the basal lamina receptor αDG, which was enriched at the basal lamina 231 

interface between the two tissue domains (Fig. 1c). Surprisingly, as little as one 232 

passage on MEFs was sufficient to prime the hiPSCs for this self-organized 233 

differentiation. Similar tissue patterning has been reported in spheroids derived from 234 

mouse and human embryonic stem cells [30, 45]. The observed structure is thought to 235 

represent pre-gastrulation embryonic development, with an epiblast-like core and an 236 

outer layer of extra-embryonic endoderm. Because the hiPSC-derived spheroids 237 

produced with our protocol resemble this developmental stage, we refer to them 238 

hereafter as embryoid bodies. 239 

 240 

Derivation of hiPSCs from Dystroglycanopathy Patients 241 

Because hiPSC-derived embryoid bodies express αDG and produce ECM in the 242 

form of a basal lamina, we sought to apply this system for evaluating basal lamina 243 

phenotypes in dystroglycanopathy – a diverse spectrum of muscular dystrophies often 244 

co-morbid with brain malformation, characterized by ruptures in the basal lamina. We 245 

reprogrammed hiPSCs from dermal fibroblasts of three unrelated individuals with a 246 

genetic diagnosis of dystroglycanopathy. Each patient harbored predicted pathogenic 247 

mutations in a different gene required for the glycosylation of αDG: LARGE, FKRP, or 248 

POMT2 (Table 1). The LARGE patient has been reported in a previous publication [33]. 249 
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Clinical presentation for all three patients included delayed motor milestones, 250 

muscle weakness, and cognitive impairments (Table 1). Overall, the FKRP patient had 251 

the mildest clinical and muscle biopsy findings, while the patient with the POMT2 252 

mutations had the most severe findings. Brain magnetic resonance imaging showed 253 

minor white matter and structural abnormalities in the LARGE patient [33] and POMT2 254 

patient (data not shown). Hypoglycosylation of αDG is the primary causative factor in 255 

the pathogenesis of dystroglycanopathy [34]. To evaluate the glycosylation status of 256 

αDG in patient cells, we used the IIH6C4 antibody that specifically recognizes the 257 

glycosylated form of αDG (glyco-αDG). Consistent with clinical and genetic 258 

observations, we found reduced expression of glycosylated αDG in our patient hiPSCs 259 

(Fig. 3a). Two hiPSC clones were evaluated for each patient. All cell lines had a normal 260 

karyotype, and there were no discernible differences in the expression of pluripotent 261 

markers or propensity for germ layer differentiation (Fig. 3a, 4a-c). 262 

To confirm the finding that patient cells express a hypoglycosylated form of αDG, 263 

we carried out western blots on hiPSC culture lysates using the IIH6C4 antibody. 264 

Probing for glycosylated αDG showed a reduction that roughly correlated with the 265 

clinical severity for each patient (Fig. 3b, c). Control hiPSCs expressed αDG glycoforms 266 

averaging ~140 kDa, which is slightly less than reported in human muscle [26]. Previous 267 

analysis suggests that low molecular weight forms of αDG – a consequence of fewer 268 

glycan structures – is a specific biochemical hallmark associated with disease severity 269 

[14]. Our study followed this pattern, with cells from the clinically mild FKRP patient 270 

expressing glycosylated αDG of the same mass as controls but in reduced abundance. 271 

Glycosylated αDG from the LARGE patient, who was of intermediate severity, showed a 272 
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~30 kDa downward shift in molecular weight. hiPSCs from the severe POMT2 patient 273 

were virtually devoid of glycosylated αDG. 274 

To test the functional impact of these hypoglycosylated forms of αDG, we 275 

performed a laminin overlay assay to measure the affinity of αDG for one of its ECM 276 

ligands, laminin. All patient cell lines showed reduced αDG-laminin binding activity that 277 

closely matched their degree of αDG hypoglycosylation (Fig. 3b, d). Blotting with 278 

antibodies against the core peptide of αDG (core-αDG) and β-dystroglycan (βDG) 279 

indicated similar expression across all samples, demonstrating that the dystroglycan 280 

proteins are expressed but that αDG is hypoglycosylated in dystroglycanopathy patient 281 

hiPSCs (Fig. 3b). 282 

 283 

Differentiation of Embryoid Bodies from Dystroglycanopathy hiPSCs 284 

Muscle, eye, and brain abnormalities linked to basal lamina defects is a frequent 285 

finding in the dystroglycanopathies. Given that dystroglycanopathy patient hiPSCs 286 

exhibit the biochemical hallmark of the disease (i.e. hypoglycosylation of the basal 287 

lamina receptor αDG), we next asked whether patient embryoid bodies can synthesize 288 

basal lamina. To investigate potential disease-related phenotypes, we initially restricted 289 

our analysis to embryoid bodies from the LARGE patient and POMT2 patient, who had 290 

moderate and severe clinical findings respectively. 291 

We differentiated control and patient hiPSCs into embryoid bodies using the 292 

protocol described earlier. Embryoid bodies from all cell lines contained a basal lamina 293 

sandwiched by epithelial and endodermal compartments (Fig. 5a). There was 294 

noticeable morphological variation across cell lines, possibly related to genetic 295 

background or clonal differences. Particularly in embryoid bodies from the third control 296 
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and the LARGE patient, there was an occasional inversion of tissue layers such that the 297 

epithelial cells were on the exterior of the embryoid body (Fig. 5a). 298 

Despite the heterogeneity between cultures, embryoid bodies from all control and 299 

patient hiPSC clones were similarly capable of assembling a laminin-rich basal lamina 300 

at the surface of the OCT4+ epithelium. Additionally, all embryoid bodies showed the 301 

expected morphology of epithelial polarity. OCT4+ cells were radially arranged and 302 

exhibited apicobasal polarity, with F-actin distributed on the cellular edge opposite from 303 

the basal lamina (Fig. 5b). Thus, at this resolution of analysis, we detected no major 304 

phenotypic difference between control and dystroglycanopathy embryoid bodies. 305 

Consistent with our finding in undifferentiated hiPSCs, LARGE and POMT2 306 

embryoid bodies were minimally reactive to an antibody recognizing glycosylated αDG. 307 

However, all embryoid bodies expressed the other major basal lamina receptor, 308 

integrin-β1 (Fig. 5c). Study of mouse embryoid bodies has shown functional redundancy 309 

between integrin-β1 and αDG in anchoring ECM molecules to the cell membrane [31]. 310 

This likely explains the ability of dystroglycanopathy patient embryoid bodies to 311 

assemble a basal lamina in the absence of αDG receptor function. 312 

 313 

Ultrastructural Basal Lamina Defects in Dystroglycanopathy Embryoid Bodies 314 

Previous studies of dystroglycanopathy patient and mouse tissue have revealed 315 

ultrastructural ECM defects [14, 25]. To visualize embryoid body ECM ultrastructure, we 316 

employed transmission electron microscopy on thin sections of control and patient 317 

samples. In electron micrographs, basal lamina from control embryoid bodies was 318 

visible as a fibrous layer at the epithelial cell surface, roughly 100 nm thick (Fig. 5d). 319 
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The overlying endodermal cell, some distance away, was always devoid of basal 320 

lamina. The basal lamina was composed of a ‘lamina lucida’ and a ‘lamina densa’ 321 

compartment. The lamina lucida – a thin electron-light layer at the epithelial plasma 322 

membrane – is believed to be spanned by the laminin long arm bound to its cell surface 323 

receptors, αDG and integrin [42]. The lamina densa – a thicker fibrous layer of electron-324 

dense material just above the lamina lucida – is comprised of laminin cross-linking 325 

arms, perlecan, nidogen, and COLIV. However, the existence or extent of the lamina 326 

lucida may also be an artifact of our sample dehydration method [6]. 327 

The epithelial cells of embryoid bodies showed typical features of lateral, apical, 328 

and basal polarization. We observed electron-dense tight junctions at cell-cell borders, 329 

and microvilli decorated the epithelial cells’ apical aspect facing the embryoid body 330 

lumen (Fig. 6). Nuclei were polarized toward the basal aspect of epithelial cells in 331 

contact with the basal lamina (Fig. 5d). Occasionally, filamentous matrix could be seen 332 

in the extracellular space between endodermal and epithelial cells, but it was rarely 333 

attached to the basal lamina itself (Fig. 6). Therefore, the ECM structures in our 334 

embryoid bodies meet the criteria for an epithelial basal lamina. However, they cannot 335 

be categorized as a complete basement membrane, which requires an adjoined layer of 336 

‘lamina reticularis’ fibrillar collagens [41]. 337 

In LARGE and POMT2 embryoid bodies, the basal lamina was noticeably thinner 338 

due to a reduction of material in the lamina densa (Fig. 5d). Specifically, in POMT2 339 

embryoid bodies, the basal lamina occasionally contained nanoscopic discontinuities 340 

(Fig. 5d). The basal lamina in control embryoid bodies measured 105.8 ± 6.1 nm thick. 341 
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LARGE and POMT2 basal lamina were significantly thinner at 77.5 ± 5.1 and 69.1 ± 4.5 342 

nm respectively (mean ± s.e.m., P = 0.0022 and P < 0.0001) (Fig. 5e). 343 

We considered whether a deficit of certain ECM molecules might explain the 344 

reduced thickness of patient basal lamina. In addition to laminin, αDG directly binds to 345 

perlecan, which in turn crosslinks nidogen and collagen type IV (COLIV) to form the 346 

basal lamina [39, 44]. Overall, there were no consistently detectable differences in the 347 

staining pattern or intensity of these basal lamina components between control and 348 

patient embryoid bodies (Fig. 7a). However, in some POMT2 embryoid bodies, there 349 

was occasionally a subtle loss of perlecan and COLIV co-localization with laminin (Fig. 350 

7b). 351 

Over the course of differentiation, embryoid bodies were remarkably static in 352 

size, and there was no significant difference between control and POMT2 embryoid 353 

body surface area (Fig. 7c, d). This contrasts greatly with brain and muscle tissue, 354 

which undergo significant size expansion and mechanical strain during embryonic 355 

development and muscle contraction, respectively [20, 24]. Thus, our embryoid body 356 

differentiation protocol serves as a simplified model for patient-specific basal lamina 357 

assembly, without the additional variables of tissue movement and growth. In this 358 

system, dystroglycanopathy embryoid bodies with mutations in LARGE or POMT2 can 359 

synthesize a basal lamina of apparently typical molecular composition but with 360 

abnormal ultrastructure. These data corroborate published results demonstrating that 361 

αDG is generally dispensable for initial basal lamina formation [9, 30, 35]. 362 

Because our embryoid body differentiation protocol requires co-culture of hiPSCs 363 

with MEFs, we reasoned that abundant fibroblast ECM secretion could be masking 364 
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disease-related deficits in basal lamina assembly. To evaluate this possibility, we 365 

labeled control and POMT2 hiPSCs and embryoid bodies with antibodies against 366 

human nuclear antigen (HuNu). In feeder-dependent hiPSC cultures, human hiPSCs 367 

were clearly distinguished by HuNu expression, while MEFs were heavily labeled by 368 

laminin antibodies (Fig. 8a). In embryoid bodies, hiPSCs and MEFs self-segregated 369 

within 24 hours of spheroid formation, with MEFs budding off and ultimately detaching 370 

from the differentiating embryoid body 2 – 4 days before basal lamina formation (Fig. 371 

8b). Because all analyses were conducted on day 5 embryoid bodies, we believe the 372 

presence of MEFs is not a significant confounding factor in our experiments. 373 

 374 

Impaired Basal Lamina Assembly on Endoderm-Free Dystroglycanopathy 375 

Embryoid Bodies 376 

Knockout of dystroglycan in mouse embryonic stem cells and neural stem cells 377 

has been reported to reduce laminin polymerization at the cell surface, which is a 378 

prerequisite for basal lamina formation [21, 52]. Because we observed thinner basal 379 

lamina in dystroglycanopathy patient embryoid bodies, we next investigated whether 380 

this phenotype might be linked to a reduced ability to polymerize laminin. We developed 381 

an embryoid body culture protocol that both prevents the formation of laminin-secreting 382 

endoderm and obviates the need for MEF co-culture (Fig. 9a, b). This eliminated the 383 

major sources of ECM and allowed for precise control of laminin concentration by 384 

exogenous supplementation in the growth medium. 385 

In the absence of laminin, endoderm-free embryoid bodies self-assembled into 386 

disorganized, cavitated spheroids (Fig. 9c). We supplemented various concentrations of 387 
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laminin to control embryoid bodies and inspected the cultures after 48 hours. Amounts 388 

greater than 100 µg/mL resulted in a thin layer of laminin at the surface of some 389 

embryoid bodies. In embryoid bodies with significant laminin recruitment, the central 390 

cavity was widened, and cells with direct laminin contact adopted a polarized orientation 391 

(Fig. 9c). POMT2 embryoid bodies – from the most severe dystroglycanopathy patient – 392 

showed a striking absence of accumulated surface laminin except in the highest 393 

concentration tested, 180 µg/mL. To avoid ceiling and floor effects, we used 140 µg/mL 394 

laminin in subsequent experiments, because approximately half of the control embryoid 395 

body surface area bound laminin at this concentration (Fig. 9c). 396 

We tested endoderm-free embryoid bodies from control subjects and LARGE, 397 

FKRP, and POMT2 dystroglycanopathy patients for their capacity to assemble laminin 398 

(Fig. 10a). Compared to controls, which accumulated laminin on 65.7 ± 6.3% of 399 

surfaces, POMT2 embryoid bodies showed 20.5 ± 5.2% surface laminin (mean ± s.e.m., 400 

P = 0.0006) (Fig. 10d). In contrast, LARGE and FKRP embryoid bodies assembled 48.4 401 

± 7.3% and 46.1 ± 10% laminin respectively, which was also reduced but not 402 

statistically different from controls (P = 0.405 and P = 0.283) (Fig. 10d).  403 

 404 

Ribitol Treatment Promotes Functional Glycosylation of αDG in FKRP Patient 405 

Embryoid Bodies 406 

FKRP is a glycosyltransferase enzyme that catalyzes the addition of ribitol 407 

phosphate to αDG [13, 27, 40]. This is an essential enzymatic step for the post-408 

translational installation of matriglycans on αDG, which are the structural basis for αDG-409 
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ligand binding [4]. Recently, dietary supplementation with ribitol was shown to improve 410 

muscle phenotypes in a mouse model of FKRP-related dystroglycanopathy [5]. 411 

To determine the effect of ribitol on dystroglycanopathy patient hiPSCs, we 412 

supplemented the culture medium with 3 mM ribitol daily and harvested the cells 72 413 

hours later. This dosage was based on previous reports of efficacious treatment with 414 

3mM ribitol or CDP-ribitol in ISPD mutant dystroglycanopathy cell cultures [13, 27]. 415 

Ribitol treatment of FKRP hiPSCs greatly increased the abundance of glycosylated αDG 416 

and resulted in a ~20 kDa upward shift in molecular weight (Fig. 10b, 11a). This change 417 

was accompanied by a comparable increase in αDG-laminin binding. Ribitol-treated 418 

LARGE hiPSCs were unchanged in glycosylated αDG quantity but showed a slight 419 

increase in molecular weight (5-10 kDa). As would be expected, POMT2 hiPSCs, in 420 

which glycosylated αDG is essentially absent, showed no improvement with ribitol 421 

exposure (Fig. 10b). In addition to ribitol phosphate, FKRP is known to transfer glycerol 422 

phosphate onto αDG, which inhibits its functional glycosylation. However, we found that 423 

treating control and FKRP hiPSCs with 3 mM glycerol daily for 72 hours had no 424 

discernable effect on αDG glycosylation (Fig. 11b). 425 

Because ribitol treatment resulted in a specific and profound improvement to 426 

glycosylated αDG in FKRP hiPSCs, its effect was next assessed in FKRP endoderm-427 

free embryoid bodies. hiPSCs were treated with 3 mM ribitol daily starting 72 hours 428 

before embryoid body formation and continued throughout the experiment. Treatment of 429 

FKRP embryoid bodies lead to a noticeable increase in the staining intensity of 430 

glycosylated αDG (Fig. 10a, c). There was a slight but non-significant increase in 431 

surface laminin polymerization on ribitol treated FKRP embryoid bodies (62.1 ± 6.6%) 432 
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compared to untreated FKRP embryoid bodies (46.1 ± 10%; mean ± s.e.m, P = 0.566) 433 

(Fig. 10d). Importantly though, at laminin contact points, glycosylated αDG was 434 

upregulated to the same level as controls (ribitol-treated FKRP: 107.2 ± 3.4%; untreated 435 

FKRP: 44.5 ± 3.5%; normalized to control glyco-αDG, mean ± s.e.m., P < 0.0001) (Fig. 436 

10e). These results demonstrate ribitol treatment as a viable therapeutic strategy for 437 

upregulating αDG glycosylation in FKRP patient tissue.  438 

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted September 10, 2019. ; https://doi.org/10.1101/765131doi: bioRxiv preprint 

https://doi.org/10.1101/765131


22 
 

Discussion 439 

 440 

Our results provide an approach for evaluating patient-specific basal lamina in 441 

vitro. We applied this method to study patients with dystroglycanopathy. We found that 442 

patient hiPSC-derived embryoid bodies recapitulate the clinical disease spectrum and 443 

exhibit ECM defects seen in animal models. Finally, this system allowed us to evaluate 444 

the efficacy of ribitol supplementation – a recent candidate therapeutic for the 445 

dystroglycanopathies – in patient samples of different genotypes. 446 

Embryoid body-based methods, which essentially involve culturing pluripotent 447 

stem cells in 3D aggregates, are widely used in stem cell research. Typical applications 448 

include evaluating the pluripotency of new cell lines or as an intermediate stage during 449 

differentiation toward specific lineages [28]. Under strict growth conditions, embryoid 450 

bodies from mouse and human embryonic stem cells (ESCs) can exquisitely self-451 

organize into structures mimicking the pre-gastrulation embryo. These have served as 452 

models for early embryonic events – epiblast polarization and ECM formation – that are 453 

required for tissue genesis [29]. 454 

Our human hiPSC-derived embryoid bodies resemble their ESC-derived 455 

counterparts by similarly requiring serum-containing media and MEF co-culture to form 456 

polarized epiblast, basal lamina, and extra-embryonic endoderm. It remains unclear why 457 

these conditions uniquely enable such self-organization. BMPs, which are abundant in 458 

serum [22], are known to induce extra-embryonic endoderm differentiation [16]. Co-459 

culture with MEFs can also influence the lineage bias of ESCs [32]. Thus, it may be a 460 

combination of soluble factors from serum and MEFs that promotes the simultaneous 461 
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existence of endoderm and epiblast cell populations in our hiPSC-derived embryoid 462 

bodies. 463 

Dual genetic deletion of αDG and integrin-β1 prevents basement membrane 464 

formation and epithelial polarization in mouse ESC-derived embryoid bodies. Because 465 

these two receptors have overlapping roles, expression of one can partly rescue the 466 

function of the other [31]. By studying dystroglycanopathy patient embryoid bodies, we 467 

extend these findings to show that a moderate reduction in αDG receptor activity – with 468 

normal expression of both αDG and integrin-β1 core proteins – is sufficient to cause 469 

subtle ECM deficits that may underlie disease pathogenesis. 470 

A thin and discontinuous basal lamina has been reported in the muscle of 471 

dystroglycanopathy patients [25, 48], similar to our observation in patient embryoid 472 

bodies. Also, the retina inner limiting basement membrane is thin, patchy, and less stiff 473 

in Pomgnt1-null mice [23, 52]. One caveat of our hiPSC-derived embryoid body system 474 

is that it seems to only recapitulate basal lamina development. It is unclear how the 475 

observed basal lamina defects might translate to the formation of a full basement 476 

membrane. Furthermore, the specific structural and molecular deficits underlying such 477 

abnormally thin basal lamina are still unknown. 478 

In contrast to the above findings, basement membranes in dystroglycan-null 479 

mouse embryoid bodies, and in the muscle of Large mutant mice and certain human 480 

patients, are thicker than controls, sometimes with mislocalized ECM components [14, 481 

30]. These dichotomous observations may be related to differences in ECM recruitment, 482 

organization, and maintenance at the cell surface, as a consequence of reduced αDG 483 

receptor activity but under specific tissue and disease state circumstances. One study 484 
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reported a mixture of thinned and duplicated basal lamina in different regions of 485 

dystroglycanopathy patient muscle [46]. Therefore, whether the diseased basal lamina 486 

is thin and patchy, or thick and duplicated, may vary due to local tissue conditions. 487 

The pathogenic mechanism of brain malformation in the dystroglycanopathies is 488 

still not fully understood. During brain development, the human cerebral cortex 489 

undergoes massive expansion and folding in the third trimester [12]. This rapid increase 490 

of surface area likely places mechanical strain on the brain’s basement membrane 491 

casing, necessitating timely ECM remodeling to accommodate the larger area. In mice, 492 

genetic deletion of ECM genes or hypoglycosylation of αDG both result in basement 493 

membrane rupture and ensuing tissue malformation during this most rapid phase of 494 

brain development [2, 19, 37, 43]. These data present αDG as one of several laminin 495 

receptors that contributes to the efficient organization of ECM molecules into a coherent 496 

basement membrane. 497 

Our result – that endoderm-free patient embryoid bodies show diminished 498 

laminin accumulation – corroborates evidence that αDG-deficient cells have reduced 499 

ECM-binding kinetics that might render basement membranes susceptible to 500 

mechanically-induced deformation [21, 52]. Crucially, we found that embryoid bodies 501 

undergo minimal volumetric growth. This could explain the relatively mild phenotypes in 502 

embryoid bodies of even the most severe dystroglycanopathy patient. 503 

The human brain specifically undergoes greatest expansion in the occipital, 504 

temporal, and lateral parietal cortices [12]. Such regional growth dynamics suggest one 505 

possible basis for the spatial arrangement of the typical cortical malformation in the 506 

dystroglycanopathies, which are fundamentally due to breaches in basement membrane 507 
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integrity, resulting in cellular over-migration beyond the confines of the  [1, 7, 33, 50]. 508 

These particular growth dynamics may also underlie some of the differences between 509 

human patients and mouse models [3]. 510 

There is currently no effective treatment for the dystroglycanopathies, and the 511 

diversity of underlying genetic causes for the disease presents a challenge for targeted 512 

therapies. Supplementation of the sugar alcohol ribitol has recently emerged as a 513 

promising therapeutic for specific classes of dystroglycanopathy. In mammalian cells, 514 

the enzyme ISPD synthesizes CDP-ribitol from ribitol, which is then attached to αDG by 515 

the glycosyltransferases FKTN and FKRP [13, 27, 40]. This enzymatic process is a 516 

critical step in constructing the laminin-binding glycan of αDG. 517 

Treatment of ISPD mutant cells with ribitol or CDP-ribitol promotes αDG 518 

glycosylation [13, 27], and dietary ribitol supplementation rescues muscle phenotypes in 519 

Fkrp mutant mice [5]. Here, we extend this concept from animal models to a human 520 

patient-derived system. We found specific efficacy of ribitol on FKRP patient hiPSCs, as 521 

evidenced by a complete rescue of glycosylated laminin-binding αDG. There was 522 

minimal effect on LARGE and no effect on POMT2 patient hiPSCs, as would be 523 

expected from the location of these genetic forms in the pathway of αDG glycosylation. 524 

In FKRP endoderm-free embryoid bodies, ribitol significantly upregulated glycosylated 525 

αDG at the laminin interface. There was also slightly increased accumulation of laminin 526 

at the embryoid body surface, but this in vitro system may lack the complexity or 527 

sensitivity to further detect functional improvements in an already relatively mild patient. 528 

The FKRP patient in this study harbors a L276I mutation, the most common 529 

variant in the FKRP-related dystroglycanopathies [11]. We speculate that ribitol 530 
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supplementation may be a rational and effective treatment, in particular for mild-to-531 

moderate FKRP and FKTN patients with residual ribitol transferase function that can be 532 

boosted by the additional supply of substrate. It remains to be investigated whether 533 

ribitol would also benefit additional groups of dystroglycanopathy patients. Collectively, 534 

these data establish a system to interrogate basal lamina structure and ECM receptor 535 

function in patient tissue, expanding the options for personalized phenotyping and drug 536 

evaluation in the dystroglycanopathies.  537 
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Tables 751 

 752 

Table 1 753 

Characteristics of study subjects 754 

Age in years; TEM, transmission electron microscopy; MRI, magnetic resonance imaging 755 

Subject Age Gender Clinical presentation Diagnosis Genotype 

Control-1 Neonate Male N/A N/A N/A 

Control-2 Neonate Male N/A N/A N/A 

Control-3 51 Female N/A N/A N/A 

LARGE 6 Female Delayed motor 
milestones, weakness 
and general hypotonia, 
able to walk stairs, mild 
autistic behavior, mild 
muscle biopsy, 
lissencephaly on brain 
MRI 

Congenital 
muscular 
dystrophy 
type 1D 

LARGE1:  
Heterozygous 
- Exon 7 deletion 
- Exons 3 – 7 deletion 

FKRP 3 Male Delayed motor 
milestones, mild 
weakness, trunk 
hypotonia, waddling gait, 
able to run, mild autistic 
behavior, moderate 
dystrophy on muscle 
biopsy, normal basement 
membrane on TEM 

Early onset 
limb-girdle 
muscular 
dystrophy 
type 2I 

FKRP: Heterozygous 
- c.C826A (p.L276I) 
- c.G534T (p.W178C) 

POMT2 4 ½ Female Severely delayed motor 
milestones, hip dysplasia 
at birth, weakness and 
general hypotonia, 
unable to stand, joint 
contractures, failure to 
thrive, delayed speech 
acquisition, white matter 
hyperintensities on MRI 

Muscle-Eye-
Brain 
Disease 

POMT2: Homozygous 
- c.G1057A (p.G353S) 
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Table 2 756 

Antibodies for immunofluorescence and western blots 757 

Antibody Dilution Company Catalog Number 

SOX17 1:100 Abcam ab84990 

OCT4 1:200 Abcam ab134218 

Laminin 1:1,000 (IF) 
1:5,000 (WB) Sigma-Aldrich L9393 

Glyco-αDG 
(IIH6C4) 

1:200 (IF) 
1:1,000 (WB) Millipore 05-593 

Core-αDG 1:500 R&D Systems AF6868 

βDG 1:10,000 GeneTex GTX124225 

Nestin 1:500 Millipore ABD69 

SSEA3 1:200 Abcam ab16286 

SSEA4 1:500 STEMCELL Technologies 60062 

F-actin 
(Phalloidin-647) 1:100 Thermo Fisher A22287 

Perlecan 1:100 Millipore MAB1948-P 

Nidogen 1:50 R&D Systems MAB2570 

COLIV 1:1,000 Chemicon MAB1430 

HuNu 1:100 Millipore MAB1281 

 758 

IF, immunofluorescence; WB, western blot  759 
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Figure legends 760 

 761 

Fig. 1 762 

Self-Organization of Basal Lamina-Containing Embryoid Bodies from Human 763 

hiPSCs. 764 

(a) Schematic of embryoid body differentiation protocol from feeder-dependent hiPSCs. 765 

X-VIVO refers to X-VIVO 10 medium (see experimental procedures). (b) Phase-contrast 766 

representation of embryoid body differentiation. hiPSCs were seeded on day 0 in a 767 

microwell plate to form spheroids of roughly 2,000 cells on day 1. The spheroids were 768 

then maintained in suspension culture until day 5. Scale bars, 500 µm. (c) Phase-769 

contrast and immunohistochemistry on day 5 embryoid bodies showing two distinct 770 

tissue domains, with a basal lamina in contact with the interior OCT4+ cells expressing 771 

glycosylated αDG (glyco-αDG). Scale bars, 50 µm. 772 

 773 

Fig. 2 774 

Culture Conditions Impact the Lineage Outcome of Human hiPSC-Derived 775 

Embryoid Bodies 776 

(a) Phase-contrast and immunohistochemistry of hiPSC spheroids maintained in 20% 777 

serum-replacement medium for 5 days. Feeder-dependent spheroids were derived from 778 

hiPSCs cultured on a feeder layer of MEFs for at least one passage. (b) Phase-contrast 779 

and immunohistochemistry of day 5 spheroids in serum-containing medium. Phase-780 

contrast scale bars, 500 µm; fluorescence scale bars, 50 µm. 781 

 782 

Fig. 3 783 
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Dystroglycanopathy Patient hiPSCs Express Hypoglycosylated Forms of αDG 784 

(a) Immunocytochemistry and karyotype analyses of control and dystroglycanopathy 785 

patient-derived hiPSCs. Scale bars, 200 µm. (b) Western blots on hiPSC protein 786 

lysates. βDG was used as a loading control. The asterisk indicates the molecular weight 787 

of endogenous laminin in the samples. Each lane represents one cell line (for controls) 788 

or one clone (for patients). (c, d) Quantification of western blots on glycosylated αDG 789 

and the laminin overlay assay. Band intensity for each sample was normalized to βDG, 790 

and all samples are expressed as a percent of control. Three control cell lines and two 791 

clones per patient were used, n = 3 technical replicates per clone. Values expressed as 792 

mean ± s.e.m. Post-hoc comparisons * P < 0.05, ** P < 0.01, **** P < 0.0001. 793 

 794 

Fig. 4 795 

hiPSCs from Dystroglycanopathy Patients Show Normal Germ Layer 796 

Differentiation 797 

(a) Immunocytochemistry of ectoderm markers. hiPSCs were differentiated via dual 798 

SMAD inhibition by treating with LDN-193189 and SB431542 for 6 days. (b) Mesoderm 799 

differentiation was mediated by Activin A and Wnt3a treatment. TBX1 800 

immunocytochemistry was performed after 2 days and GATA4 after 3 days. (c) 801 

Endoderm differentiation was also induced by Activin A and Wnt3a. 802 

Immunocytochemistry was performed after 3 days. hESC, H9 human embryonic stem 803 

cell line. Scale bars, 100 µm. 804 

 805 

Fig. 5 806 
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Ultrastructural Basal Lamina Defects in Dystroglycanopathy Patient Embryoid 807 

Bodies 808 

(a-c) Representative immunohistochemistry images of control and patient embryoid 809 

bodies at day 5 of differentiation. At least three independent differentiations were carried 810 

out on each of three control hiPSC lines and two hiPSC clones from the LARGE and 811 

POMT2 patient. Scale bars, 50 µm. (d) Transmission electron micrographs of embryoid 812 

body basal lamina. Asterisk, nucleus; arrows, basal lamina; arrowheads, plasma 813 

membrane; scale bars, 500 µm. (e) Measurements of basal lamina thickness. Three 814 

control lines and two clones each from the LARGE and POMT2 patients were used. For 815 

each clone, micrographs of n ≥ 10 different basal lamina regions were collected across 816 

≥ 5 embryoid bodies from 2-3 independent differentiations. Values displayed as mean ± 817 

s.e.m. Post-hoc comparisons ** P < 0.01, **** P < 0.0001. 818 

 819 

Fig. 6 820 

Ultrastructural Examination of Embryoid Body Morphology 821 

Representative transmission electron micrographs depicting the ultrastructural 822 

morphology of embryoid body epithelium. Rare attachment of fibrillar matrix to the basal 823 

lamina indicated by asterisk. Arrows demonstrate epithelial tight junctions, and the 824 

arrow head indicates apical microvilli. Scale bar, 500 nm. 825 

 826 

Fig. 7 827 

Analysis of Basal Lamina Components and Growth Characteristics of 828 

Dystroglycanopathy Embryoid Bodies 829 
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(a) Representative antibody labeling to assess co-localization of laminin with other basal 830 

lamina constituents. Embryoid bodies from three controls and two clones per patient 831 

were used. Scale bar, 50 µm. (b) Examples of occasionally separate localization of 832 

laminin, perlecan, and COLIV in POMT2 embryoid bodies. The arrow shows localization 833 

of perlecan outside the basal lamina. Arrowheads indicate the presence of laminin 834 

without perlecan or COLIV. Scale bar, 50 µm. (c) Phase-contrast images of embryoid 835 

body differentiation on days 1, 3, and 5. Scale bar, 100 µm. (d) Quantification of 836 

embryoid body size over time based on averaged cross-sectional area measurements 837 

in phase-contrast images from n = 3 differentiations. At least 75 embryoid bodies per 838 

line were analyzed during each differentiation. No statistical significance was found 839 

between control and patient at any time point (P > 0.05), values expressed as mean ± 840 

s.d. 841 

 842 

Fig. 8 843 

Morphologically Mature Embryoid Bodies are Virtually Devoid of MEFs 844 

(a) Immunocytochemistry of feeder-dependent hiPSCs to distinguish human cells 845 

(HuNu) from MEFs. Control-1 hiPSCs and one hiPSC clone of the POMT2 patient were 846 

used. (b) Embryoid bodies at different time points, derived from control and POMT1 847 

hiPSCs. Scale bars, 100 µm. 848 

 849 

Fig. 9 850 

Assembly of Exogenous Laminin on Endoderm-Free Embryoid Bodies 851 
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(a, b) Schematic and phase-contrast of endoderm-free embryoid body culture protocol. 852 

Feeder-free hiPSCs were seeded on day 0 in microwell plates to form spheroids of 853 

roughly 1,000 cells by day 1. The spheroids were transferred to suspension culture 854 

supplemented with laminin for 48 hours. (c) Immunohistochemistry demonstrating the 855 

effect of increasing laminin concentration on endoderm-free embryoid bodies. Embryoid 856 

bodies were supplemented with varying concentrations of laminin on day 1 and 857 

collected for analysis 48 hours later. Scale bars, 100 µm. 858 

  859 

Fig. 10 860 

Patient-Specific Differences in Laminin Assembly and Response to Ribitol 861 

Treatment 862 

(a) Immunohistochemistry on day 3 endoderm-free embryoid bodies. Scale bar, 200 863 

µm. (b) Western blotting of protein lysates from hiPSC cultures. hiPSCs were 864 

supplemented with daily medium changes with (+) or without (-) 3 mM ribitol for 72 865 

hours before protein was collected. Asterisk indicates the position of endogenous 866 

laminin. (c) Immunohistochemistry on day 3 endoderm-free embryoid bodies to assess 867 

the effect of ribitol treatment on the localization and glycosylation of αDG in the FKRP 868 

patient. (d) Quantification of the percent embryoid body surface area covered by 869 

laminin. Three controls and two clones per patient were analyzed across n = 3 870 

differentiations each. Values plotted as mean ± s.e.m. Post-hoc comparisons ** P < 871 

0.01, *** P < 0.001. (e) Quantification of glycosylated αDG staining intensity at the 872 

embryoid body surface. Three controls and two FKRP clones with and without ribitol 873 

were analyzed and normalized to a percentage of the controls. For each clone, n = 27 874 
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surface regions of 50 µm length were quantified across three differentiations. Values 875 

graphed as mean ± s.e.m. Post-hoc comparisons **** P < 0.0001. 876 

 877 

Fig. 11 878 

Ribitol Treatment Promotes Functional Glycosylation of αDG in FKRP hiPSCs 879 

(a) Additional western blots on control and FKRP patient hiPSCs. Cells were 880 

supplemented with 3 mM ribitol in daily medium changes for 72 hours before protein 881 

was harvested. Asterisks indicate position of endogenous laminin in the samples. 882 

Lipofectamine (Lipo.) (STEM00003, Thermo Fisher) was tested in conjunction with 883 

ribitol treatment to enhance delivery to cells. In this condition, ribitol and lipofectamine 884 

were administered for only 24 hours following manufacturer’s instructions, and the cells 885 

were collected 72 hours later. No apparent difference was observed between 24-hour 886 

lipofectamine-delivered and 72 hour free-uptake of ribitol. (b) Daily administration of 3 887 

mM glycerol for 72 hours shows no effect on αDG by western blot. 888 
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