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Glycosylated a-dystroglycan (a-DG) serves as cellular entry receptor for multiple
pathogens, and defects in its glycosylation cause hereditary Walker-Warburg syndrome
(WWS). At least eight Jae, page 2 proteins are critical to glycosylate a-DG, but many genes
mutated in WWS remain unknown. To identify modifiers of a-DG, we performed a haploid
screen for Lassa virus entry, a hemorrhagic fever virus causing thousands of deaths annually
that hijacks glycosylated a-DG to enter cells. In complementary screens, we profiled cells
for absence of a-DG carbohydrate chains or biochemically related glycans. This revealed
virus host factors and a suite of glycosylation units, including all known Walker-Warburg
genes and five additional factors critical for the modification of a-DG. Our findings
accentuate the complexity of this posttranslational feature and point out genes defective in
dystroglycanopathies.

In humans, a-dystroglycan (a-DG) links the extracellular matrix with the cytoskeleton and
is extensively modified by sugar chains, including an unusual O-linked glycan (1).
Mutations in genes required for a-DG glycosylation lead to congenital disorders, termed
dystroglycanopathies. Notable is Walker-Warburg syndrome (WWS) (2), a severe muscular
dystrophy with malformations of the eyes and brain, associated with defective binding of a-
DG to its ligands, such as laminin (3). The O-linked carbohydrate unit is also used by
pathogens to enter their host, including Mycobacterium leprae (leprosy) (4), Lassa virus
(LASV), and other Old World arenaviruses (5, 6). At least eight potential
glycosyltransferases are required to install the laminin-binding epitope on a-DG (7-9), but
only ~50% of the WWS cases are explained by mutations in these genes (8).
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We undertook a haploid genetic approach (10) to identify host factors essential for LASV
entry. For this purpose, we replaced the glycoprotein of replication-competent vesicular
stomatitis virus (VSV) with the Lassa virus glycoprotein (rVSV-GP-LASV) (fig. S1A). This
virus infects normal human fibroblasts, whereas patient fibroblasts carrying mutations in the
WWS gene ISPD (isoprenoid synthase domain containing) (8, 9) resist infection (fig. S1B).
Likewise, haploid human HAP1 cells (11) are also infected and killed in an a-DG—
dependent manner (fig. S2A and B).

Mutagenized HAP1 cells were exposed to rVSV-GP-LASV, and gene trap—insertion sites
were analyzed in virus-resistant cells (12). Genes significantly enriched for mutagenic gene
trap—insertion events include DAGlencoding a-DG, with 316 independent disruptive gene-
trap insertions and 25 other genes that are predicted or known to be involved in
glycosylation (Fig. 1 and figs. S3 and S4) (13). Among these are LARGE, 1SPD, FKTN,
FKRP, POMT1, POMT2, DPM3and C3orf39all of which cause dystroglycanopathies (2, 7,
14), and B3GNT1which was uncovered as a new WWS gene during preparation of this
manuscript (15). Other hits include genes involved in sialic acid biosynthesis, the generation
of uridine diphosphate (UDP)-glucuronic acid and UDP-xylose, N-glycosylation, mannose
supply, and localization of glycosylating enzymes in the Golgi apparatus. Last, we found a
number of potential enzymes that have not been linked to a-DG modification before
(SGK196, TMEMS5, PTAR1, ST3GAL4and B3GALNT?2) and hits that did not readily connect
to glycosylation. None of the enriched genes were identified when mutagenized HAP1 cells
were selected with a recombinant VSV carrying the Ebola virus glycoprotein (11), which
suggested that they are not required for biology related to the VSV vector. Thus, the haploid
screen identifies host factors required for virus entry mediated by the Lassa glycoprotein,
including the known entry receptor, known receptor modifiers, and a substantial number of
additional genes.

As virus entry is a complex succession of events, we teased apart the roles of the identified
genes through a series of comparative genetic screens. Principally, hits could have a Jae,
page 3 specific role in a-DG glycosylation, they could affect glycosylation in general, or
they could act in virus entry steps unrelated to receptor binding. We enriched mutagenized
HAP1 cells for defective presentation of glycosylated a-DG at the cell surface (fig. S5A to
C). This population showed a significant increase for haploid cells carrying gene-trap
insertions in all known WWS genes, indicating that this mutagenesis screen was carried out
at high coverage (Fig. 2A). Genes required for N-glycosylation and sialic acid biosynthesis
were not enriched, in line with the notion that the laminin-binding epitope on a-DG is
created through O-rather than Nglycosylation (1) and does not require the presence of sialic
acid (16). An unexpected exception to this is SLC35Alwhich encodes a transporter for
cytidine monophosphate (CMP)-sialic acid (17, 18). This may indicate that this gene is
involved in the transport of other sugars needed for a-DG O-glycosylation or that it
indirectly affects generation of the laminin-binding epitope. Together, this screen identifies
genes required for a-DG modification and distinguishes them from host factors mediating
LASV entry unrelated to a-DG binding (e.g., LAMP1 and genes required for sialic acid
biosynthesis).

To distinguish general glycosylation genes from those required specifically for the
generation of the laminin-binding epitope on a-DG, we probed mutagenized HAP1 cells for
defects in the generation of heparan sulfate in a separate genetic screen (Fig. 2B and fig. S6).
The carbohydrate chains present on a-DG or in heparan sulfate are both thought to contain
xylose and glucuronic acid moieties, and indeed, genes required for their biogenesis (UGDH
and UXSL) also stood out in this screen (19, 20). Other overlapping hits affect glycosylation
globally, such as the COG complex and TMEM165 (21). PTARL constitutes a potential
prenyltransferase that has not been implicated in glycosylation before but also appears to
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affect glycosylation globally (fig. S4). Finally, cells depleted for heparan sulfate on their
surface were enriched for mutations in heparan sulfate biosynthesis genes (Fig. 2B and fig.
S4) (19). This finding suggests that although there are biochemical similarities between
heparan sulfate and the O-carbohydrate chains on a-DG, these are by and large installed by
separate enzymes.

Using transcription activator—like effector nucleases (TALENS), we generated null alleles
for a panel of selected genes in HAP1 cells (fig. S7) (22), and independent clones were
isolated carrying frameshift mutations and/or premature stop codons (Fig. 3A and fig. S8).
TALEN-induced mutations in all genes except for ST3GAL4 and LAMP1 affected a-DG
glycosylation or its ability to interact with laminin (fig. S9A to C, and fig. S10, A and B).
This is in agreement with the absence of ST3GAL4 and LAMP1 as hits in the a-DG antibody
screen (see Fig. 2A and fig. S4). Mutant cell lines also showed increased resistance to viral
infection, although this phenotype was less pronounced in the SGK196 mutants (Fig. 3B and
fig. S10C). TALEN-induced phenotypes were reverted by complementation with the
respective cDNAs (fig. S11, A and B). In summary, we conclude that TMEM5, B3GALNT2,
B3GNT1, S C35Aland SGK196 constitute genes required for the presentation of the
laminin-binding carbohydrate feature present on a-DG, whereas ST3GAL4 and LAMP1 are
likely involved in virus infection by means other than modification of a-DG.

TMEMS encodes a transmembrane protein that has not been assigned any function but that
contains an exostosin family domain (E value 0.0002) (fig. S12) that is also present in the
heparan sulfate biosynthesis enzymes EXT1, EXT2and EXTL3. SGK196 contains a
kinaselike domain, and knockout mice develop hydrocephalus (23), reminiscent of the brain
abnormalities observed in WWS patients. We sequenced the coding exons of TMEMS5 and
SGK196 in a panel of 28 patients with severe dystroglycanopathy, diagnosed with WWS or
muscle-eye-brain Jae, page 4 disease (MEB), not carrying mutations in any known Walker-
Warburg gene. Two families with patients that carried homozygous mutations in TMEM5
were identified. One mutant allele results in a stop codon at position Arg340 (c.1018C>T),
the other family transmits an early frameshift mutation p.Ala47Argfs*42 (c.139delG) (Fig.
4A). The male patient with the p.Arg340* mutation died at the age of 22 months and had
clinical manifestations suggestive of WWS (13). The female siblings carrying the frameshift
mutation had a slightly milder phenotype suggestive of MEB. A cranial magnetic resonance
image (MRI) of one of the affected girls recorded at the age of 1 year showed brainstem
atrophy, dilated ventricles, widespread pachygyria, and substantial white matter involvement
(Fig. 4B). During revision of this manuscript, mutations in TMEM5 have also been found in
fetuses displaying cobblestone lissencephaly (24). A patient with compound heterozygous
mutations (p.Leul37Arg, p.GIn258Arg) in SGK196 and typical WWS phenotype was
identified in another family (Fig. 4C). To test causality of the identified mutations for the
disease, we supplied HAP1 cells deficient for either SGK196 or TMEMS5 with cDNAs
encoding the patient-derived variants. Unlike their wild-type counterparts, these neither
restored a-DG glycosylation (Fig. 4D) nor enhanced susceptibility to infection with rvVSV-
GP-LASYV (fig. S13). Together, the detection and functional validation of TMEM5 and
SGK196 loss-of-function mutations in families with WWS-MEB-type dystroglycanopathy
underlines the relevance of the identified a-DG modifiers for human disease.

For decades, genes associated with Mendelian disorders have been discovered by studying
pedigrees of affected individuals. Although expedited by robust sequencing strategies, the
identification of causative mutations in genetically heterogeneous conditions remains
problematic. Here, we apply a haploid genetic approach to capture the complexity of a
severe hereditary disease in vitro. The resulting “glycosylome” of a-DG highlights the
intricate nature of this posttranslational modification and identifies additional genes mutated
in Walker-Warburg syndrome. Because polymorphisms associated with the human LARGE
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gene are under selective pressure in areas where LASV is endemic (25), it becomes of
interest to examine the glycosylome genes in virus-exposed populations.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Haploid genetic screen for cellular host factorsrequired for rVSV-GP-LASV infection
Significance of enrichment of gene-trap insertions in the virus-selected population Jae, page
7 compared with nonselected control cells is indicated on the y axis. Bubbles represent
genes, and bubble size corresponds to the number of independent gene-trap events observed
in the virus-selected population. Significant hits are grouped by function horizontally (other
genes in random order). Genes carrying the majority of gene-trap insertions in introns were
colored if they passed two statistical tests: enrichment of disruptive mutations compared
with control cells (one-sided Fisher’s exact test, P < 107°) and bias for gene trap—insertion
events in the transcriptional orientation of the affected gene (binomial test, P < 0.05). Intron-
poor genes were colored if they passed the former criterion using a stricter cut-off (one-
sided Fisher’s exact test P < 10730) (13). Data are displayed until —log(P value) = 0.001.
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Fig. 2. Cell surface profiling of mutagenized haploid HAP1 cells
(A) Genes enriched for mutations in a cell population depleted for glycosylated a-DG at the
cell surface. The cell population enriched for mutants lacking glycosylated a-DG at the cell
surface was analyzed and depicted as described in Fig. 1. (B) A mutant cell population
selected for diminished cell surface heparan sulfate was obtained as described above. Data
were analyzed as previously, except that, for intron-rich genes, the cut-off for disruptive
mutéations compared with control cells was adjusted (one-sided Fisher’s exact test, P <
1021y (13).
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(A) HAP1 cells transfected with TALENS display frameshift mutations and/or introduce
premature stop codons in targeted genes. Sequences recognized by the TALENS are
displayed in red and blue. (B) The HAP1 cell lines with TALEN-induced mutations in the
corresponding genes and wild-type control cells were infected with rVSV-GP-LASV
[infected cells express enhanced green fluorescent protein (eGFP)].
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Fig. 4. TMEMS5 and SGK196 mutationsfound in patientswith WWS and MEB lacking mutations
in known WWS genes

(A) Pedigree structure of consanguineous, respectively first and second cousins, families 43
and 56 segregating a TMEMS5 mutation. Family 43 has an affected male with features of
WWS and a stillbirth, without available clinical records. Family 56 has two affected females
with clinical features reminiscent of MEB (13). A nonsense mutation in exon 6 was
identified in family 43. Family 56 harbors a frameshift mutation in exon 1. Both mutations
were homozygously present in the patient(s) and heterozygously in the parents. The
unaffected boy in family 43 is heterozygous for the mutation. IC, intracellular domain; TM,
transmembrane domain; EC, extracellular domain; EF, exostosin family domain. (B) Cranial
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MRI of the oldest affected female of family 56 at the age of 1 year; sagittal cut (T1-weighted
image): atrophy of pons and cerebellum; axial cut (flair image): fronto-parietal pachygyria,
enlarged ventricles, and abnormal white matter. (C) Compound heterozygosity of mutant
SGK196 in an affected patient. Both nonconsanguineous parents are heterozygous carriers of
either mutation. KL, kinase-like domain (D) HAP1 cells with TALEN-induced disruption of
endogenous TMEMS5 or SGK196 were complemented with cDNAs encoding the mutant
variants observed in patients and analyzed for presence of the a-DG laminin-binding epitope
using flow cytometry.
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