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clustering, current seismicity rates, and the rate of
M > 6 events after the first year (Fig. 2D). Among
sequences sampled that were consistent with New
Madrid early clustering behavior and current seis-
micity rates, the mean number of M > 6 earth-
quakes from 1 year to 200 years post-mainshock
was 135. At best, at some points in ETAS phase
space ~1.7% of the sequences are consistent with
our criteria. Results using a stricter criteria that
includes the observation that no M > 6 earth-
quakes occurred in the region in the past 100 years
(table S1) show that we can reject the long-lived
aftershock hypothesis at even higher confidence.

Based on our statistical analysis, the hypoth-
esis that current seismicity in the New Madrid
region is primarily composed of aftershocks from
the 1811-1812 sequence fails. This is because a
sequence active enough at late times to produce
the seismicity rates observed today and active
enough at early times to produce the short-term
clustering observed in the first few months would
be highly likely to produce too many aftershocks
in the intermediate times. If current seismicity in
the New Madrid region is not composed pre-
dominantly of aftershocks, there must be con-
tinuing strain accrual. This is in agreement with
recent work finding nonzero strain measure-
ments in the region that are consistent with on-
going interseismic slip of about 4 mm/year (21),
in contrast to earlier studies [e.g., (22)]. The spa-
tial distribution of the stress pattern driven by

this model would be generally consistent with the
stress change caused by an earthquake on the
Reelfoot fault. This could explain how ongoing
microseismicity is not part of an aftershock se-
quence but is still consistent with the predicted
stress change associated with the 1811-1812 se-
quence (23). If ongoing microseismicity does re-
sult from ongoing strain accrual, this suggests that
the region, along with the neighboring Wabash
Valley where nonzero strain has also been observed
(24), will continue to be a source of hazard.
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Evolutionarily Dynamic Alternative
Splicing of GPR56 Regulates Regional
Cerebral Cortical Patterning
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The human neocortex has numerous specialized functional areas whose formation is poorly
understood. Here, we describe a 15—base pair deletion mutation in a regulatory element of GPR56
that selectively disrupts human cortex surrounding the Sylvian fissure bilaterally including “Broca’s
area,” the primary language area, by disrupting regional GPR56 expression and blocking RFX
transcription factor binding. GPR56 encodes a heterotrimeric guanine nucleotide—binding

protein (G protein)—coupled receptor required for normal cortical development and is expressed
in cortical progenitor cells. GPR56 expression levels regulate progenitor proliferation. GPR56 splice
forms are highly variable between mice and humans, and the regulatory element of gyrencephalic
mammals directs restricted lateral cortical expression. Our data reveal a mechanism by which
control of GPR56 expression pattern by multiple alternative promoters can influence stem cell
proliferation, gyral patterning, and, potentially, neocortex evolution.

Ithough most mammals have elaborate
and species-specific patterns of folds
(“gyri”) in the neocortex, the genetic and
evolutionary mechanisms of cortical gyrification
are poorly understood (/—3). Abnormal gyrifica-
tion, such as polymicrogyria (too many small
gyri), invariably signals abnormal cortical devel-

opment, so regional disorders of gyrification are
of particular interest, because they highlight mech-
anisms specific to cortical regions. The human
cortex contains dozens of cortical regions spe-
cialized for distinct functions—such as language,
hearing, and sensation—yet it is unsolved how
these cortical regions form and how human cor-

tical regions evolved from those of prehuman
ancestors.

Examination of >1000 individuals with gyral
abnormalities identified five individuals from three
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families (one Turkish and two Irish-American)
with strikingly restricted polymicrogyria limited
to the cortex surrounding the Sylvian fissure
(Fig. 1, A and B; fig. S1; and movies S1 and S2),
which suggests a rare, but genetically distinctive,
condition. Affected individuals suffered intellec-
tual and language difficulty, as well as refractory
seizures (onset 7 months to 10 years), but had no
motor disability (table S1). Magnetic resonance
imaging (MRI) and quantitative gyral analysis
showed abnormal inferior and middle gyri in pre-
frontal and motor cortex, with mildly affected
temporal lobes. Broca’s area—the “motor center
for speech” (4)—in the left hemisphere and the
corresponding areas of the right hemisphere were
most severely affected. Affected neocortical sur-
face showed abnormally numerous, small gyral-
like folds that fused in coarse, irregular patterns,
with abnormal and highly irregular white matter
protrusions, consistent with polymicrogyria (3, 6),
along with widening of the Sylvian fissure (Fig.
1A and fig. S1B).

Genome-wide analysis identified a single linked
locus on chromosome 16q12.2-21 (Fig. 1C) con-
taining the GPR56 gene, which, when mutated in
its coding region, leads to polymicrogyria of the
entire neocortex, as well as cerebellar and white
matter abnormalities (7—9). As we found no mu-

A Control

LOD score

Fig. 1. A noncoding mutation in the GPR56 gene disrupts perisylvian gyri. (A) MRI F

Perisylvian polymicrogyria B

T
T
T
12 T

tations in the exons of GPR56, we sequenced
38 conserved non-exonic elements (table S2), in
one of which we identified a small deletion in all
five individuals. The mutated element normally
contains two copies of a 15-base pair (bp) tan-
dem repeat, but all affected individuals have a
homozygous deletion of one 15-bp repeat (Fig. 1,
E and F). The deletion is heterozygous in parents
of the affected individuals, who manifest no ob-
vious clinical signs, and is absent from thousands
of control chromosomes in the Single-Nucleotide
Polymorphism Database and 1000 Genomes
database. The two Irish-American families carry
the mutation on the same chromosomal haplo-
type, which reflects a common founder. It is note-
worthy that the Turkish family carries the same
deletion on a distinct haplotype, which indicates
that the mutation arose independently (Fig. 1D).
The element is located <150 bp upstream of
the transcriptional start site of noncoding exon 1m
(elm) of GPR56, which suggests that it may regu-
late elm expression as a cis-regulatory element.
GPR56 has at least 17 alternative transcription
start sites, each beginning from a different non-
coding first exon; all of the start sites are pre-
dicted to drive transcription of mRNAs whose
coding sequence starts from exon 3 (Fig. 2A and
fig. S2A) and all of which encode the same

W Strongly affected
O Mildly affected
W Broca’s area

Pedigree 1
Turkish

REPORTS

GPR56 protein (10, 11). The diverse noncoding
first exons have distinct expression profiles, with
elm being the most robustly transcribed first exon
in fetal human brain but with several other alter-
native transcripts also expressed in fetal and adult
brain (Fig. 2A and fig. S2, B to D).

To confirm that the 15-bp deletion disrupts
perisylvian GPR56 expression, we generated trans-
genic mice with the 23-kb human GPR56 up-
stream region driving green fluorescent protein
(GFP) expression. The 23-kb region encompasses
16 of the 17 transcription start sites containing
elm and ends before the translation start codon
(Fig. 2A). This construct drives GFP expression
in the entire central nervous system, including
neocortex, and recapitulates the location and rel-
ative amount of expression of endogenous mouse
GPR56 protein (Fig. 2B and fig. S3). In contrast,
the 23-kb construct containing the 15-bp deletion
drives expression in medial, but not lateral, cor-
tex or lateral ganglionic eminence (Fig. 2B). These
data suggest that the cis-regulatory element up-
stream of elm drives GPR56 expression in the
perisylvian and lateral cortex, whereas disruption
of the element, with consequent impairment of elm
expression, causes the perisylvian malformation.

To elucidate how the 15-bp deletion in the
cis-regulatory element disrupts elm expression,

Pedigree 2
Irish-American

Pedigree 3
Irish-American

E Control
\
AGC GCCAACGG GCCAGGGCAACGG GCCAGGGGC GC

O A T NI T
A AR TN L Vi
T
O A AR TN L

GPR56 —-m ——50kb
R o 7 AGCTGCCAACGG GCCAGGGCAACGG GCCAGGGGCTGC
e nn I LIl oy GcrecrercAccToCeCcCe
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Er l Il
(AR I [T [\/\[\A[W\/\/W\/\/\ﬂ(\/m A[\M’
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E1m

shows polymicrogyria in the perisylvian area, in which abnormally thin cortex is folded in on

itself, giving a paradoxical, but characteristic, thickened appearance (8). (B) Pedigrees of the

5’-AGTCCCTGCAGCTGCCAACGGTTGCCAGGGCAACGGTTGC
3’ -TCAGGGACGTCGACG]

TTGCCAACGGTCCCGTTGCCAACG

three families with perisylvian polymicrogyria. (C) Linkage analysis isolates an interval con-
taining GPR56. LOD, logarithm of the odds ratio for linkage. (D) The mutation arose inde-
pendently in the Turkish and the Irish-American families. Haplotype mapping shows that
pedigree 1 (1-V:1, 1-V:2) and pedigree 2 (2-VI:1, 2-VI:2) are unrelated. Homozygous single-

CTTCTCAGCCTCTATTCCCTGGCTGTCCCCTTTGTTTGAAGCTCCAGT
GAAGAGTCGGAGATAAGGGACCGACAGGGGAAACAAACTTCGAGGTCA

——
gg%GTgGCCCAGCTTCAAAGTCTCTGTCCTCTT

nucleotide polymorphisms (SNPs) are shown in red or blue, heterozygous SNPs in green, and ~ &RESEAGEAE T EaCTEeeereeCC oA TR eCRCRoTSErcAT

SNPs for which no genotype could be assigned in gray. (E and F) A homozygous deletion in +1 (e1m transcription start site)

one of two 15-bp tandem repeats (blue underscore and red box) upstream of GPR56 elm GAAAAAAGGTGGTCGGGGGACATTGACCCACCAGCCCCGCAGGCT-3 /
CTTTTTTCCACCAGCCCCCTGTAACTGGGTGGTCGGGGCGTCCGA-5"

causes perisylvian polymicrogyria. 2-V:2 stands for a heterozygous parent and 2-VI:2 for an
affected individual from pedigree 2.
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we performed yeast one-hybrid (Y 1H) screening
of a mouse forebrain cDNA library with the hu-
man cis-regulatory element as bait and obtained
multiple yeast colonies encoding members of
the regulatory factor X (Rfx) transcription factor
family (Fig. 2C) (12). RFX1 and RFX3 bind the
normal element in vitro, with binding decreased
60 to 70% by the 15-bp deletion (Fig. 2D). Chro-
matin immunoprecipitation sequencing confirmed
RFX3 binding to the element (fig. S4) (13). RFX1
and GPR56 colocalize in germinal zones of fetal
human brain (Fig. 2E). Dominant-negative RFX
abrogates normal, but not mutant, elm promoter
activity on embryonic day 13.5 (E13.5) in mouse
cortical cultures (Fig. 2F). Furthermore, genetic
ablation of Rfx4 decreases Gpr56 expression in
developing mouse brain (/4). REX and GPR56 ex-
pression patterns are correlated (fig. S5, A and B)

A Human GPR56
Transcription start sites
T 1 E3

N / E2 E1p

YWYV m Eim-containing

\IJ . lk MH )L

Eia E1b"  E1c E'9 Eth Eim

5 kb

Coding sequence

(15), with RFX3 and RFX7 most prominent in
human ventrolateral prefrontal cortex, the region
affected in perisylvian polymicrogyria (Fig. 2G),
which suggests that multiple RFX proteins regu-
late the element.

GPR56 encodes an adhesion heterotrimeric
guanine nucleotide—binding protein (G protein)—
coupled receptor that is highly expressed in cor-
tical progenitors (7, 16) and binds extracellular
matrix proteins (/7). Loss of GPR56 disrupts ra-
dial glia and causes breaches in the pial basement
membrane, through which some neurons over-
migrate (9, 16). However, even where the pia is
intact, we found that neocortical thickness and
organization are irregular, with occasional thin
regions in Gpr56 knockout mice (Fig. 3A). Post-
mortem analysis of a human with biallelic GPR56
coding mutations showed a very thin cortex, which

suggested potential roles of GPR56 in neuro-
genesis as well (9). GPR56 protein is most highly
expressed in progenitors in the ventricular and
subventricular zones during neurogenesis in
mice (16, 18). GPR56 expression in develop-
ing human and marmoset neocortex is highest
in the ventricular zone, as well as in the outer
subventricular zone, which is expanded in mam-
mals with larger brains (2) (Fig. 3B and fig.
S5, C and D).

Impairment and overexpression of GPR56
show that its expression regulates proliferation.
Gpr56 knockout mice show fewer phosphohis-
tone H3 (PH3)—positive mitotic progenitor cells
and TBR2-positive intermediate progenitors than
wild-type mice in the neocortex at E14.5. Con-
versely, mice carrying a transgene that directs
overexpression of human GPR56 show increased

B 23-kb human GPR56 upstream region:GFP
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mRNAs

mRNA-Seq
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E1m promoter used for
transgenesis (0.3 kb)

Fig. 2. The noncoding mutation ablates lateral gene ex-
pression. (A) Schematic of the human GPR56 locus showing
17 alternative transcription start sites. E1m is highly expressed
in the human fetal brain [mRNA-sequencing (mRNA-Seq) track,
arrow]. The 15-bp deletion is upstream of elm, located within a
cis-regulatory element as one of two tandem 15-bp repeats. (B) A
23-kb upstream region of human GPR56 drives GFP expression
throughout the transgenic mouse neocortex (E14.5), which mirrors
endogenous GPR56 protein expression. The 15-bp deletion elim-
inates GFP expression from lateral cortex but preserves medial *
cortex expression, consistent with lesions observed by brain MRI
(fig. S1) (n = 4 to 6 embryos with identical patterns per construct).
Scale bar, 200 um. (C) Y1H screening reveals Rfx transcription
factor binding to the cis-regulatory element. See text for details.
(D) The mutation decreases RFX binding to the cis-regulatory
element in vitro. (E) RFX1 and GPR56 are colocalized in a human
fetal brain 19 weeks after conception. Higher magnification of the
outer subventricular zone is shown (right). v, ventricular zone; is,
inner subventricular zone; os, outer subventricular zone; and i,

Human GPR56 e1m
promoter activity
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,))/ 1%
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intermediate zone. Scale bars, 100 um (left) and 10 um (right).
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(F) Dominant-negative RFX (white bars) abrogates normal e1m promoter activity.
Black bars, GFP control. (G) Each RFX gene has distinct expression patterns in the
fetal human brain. Each number means the corresponding RFX isoform. RFX3 and
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RFX7 are enriched in regions affected by perisylvian polymicrogyria (green boxes).
pfc, prefrontal cortex; opfc, orbital pfc; dlpfc, dorsolateral pfc, mpfc, medial pfc;
vlpfc, ventrolateral pfc; ms, motor-sensory cortex. *P < 0.001, ¢ test.
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mitotic progenitor cells and intermediate pro-
genitor cells (Fig. 3, C and D). In utero electro-
poration (at E13.5 with analysis 48 hours later
at E15.5) of a plasmid encoding GPR56 (as well
as GFP, to mark the cells) caused cells to persist in
proliferative zones compared with cells express-
ing GFP alone (Fig. 3E). Changes in the number
of intermediate progenitors in transgenic and knock-
out mice may be secondary to changes in the ra-
dial progenitor cells that generate them or might
reflect a direct role of GPR56 in intermediate pro-
genitors but is consistent with a report that loss
of TBR2 (EOMES) also causes polymicrogyria in
humans (/9).

The cis-regulatory element upstream of GPR56
elm is found in genomes of all placental mam-
mals, but not monotremes, marsupials, or non-
mammals, which suggests that it emerged after
placental and nonplacental mammals diverged

A WT

C GPR56TY

GPR56 Tg

SOX2 TBR2

SOX2 TBR2

SOX2 TBR2

85 to 100 million years ago (fig. S7B). The cis-
regulatory element sequence is only found at the
elm locus in GPR56 but not elsewhere in the
genome. E1m itself shows homology at its 3’ end
to a long interspersed nuclear element (LINE)—
4/RTE, a family of retrotransposons active in
early mammals after divergence from marsupials
(20). Another noncoding GPR56 exon (exon 2),
present only in primates, derives from a primate-
specific Alu insertion (fig. S7B). In contrast to the
>17 alternative first exons in humans, we found
only five noncoding first exons in the mouse
Gpr56 gene (Fig. 4A and fig. S7TA) (10, 11). Thus,
GPR56 acquired many noncoding upstream
exons and generated alternative splice forms with
distinct expression patterns (fig. S2, B and D),
in the lineage leading to humans. Transposable
element insertion played a role in generating this
diversity.
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coronal section
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To test directly whether evolutionary changes
in GPR56’s altemative splice forms have func-
tional effects, we generated transgenic mice in
which the B-galactosidase (B-gal) gene is driven
by a minimal 300-bp elm promoter from human,
mouse, marmoset, dolphin, and cat (Fig. 2A and
fig. S6A). The mouse elm promoter drives B-gal
expression broadly in the nervous system in di-
verse cell types, which suggests that this simple
300-bp elm promoter is sufficient to recapitulate
major features of the endogenous mouse GPR56
expression (/6—18) (Fig. 4B and fig. S6B). In con-
trast, the corresponding human elm promoter
has a variety of deletions and single-nucleotide
variants, relative to the mouse sequence (fig. S6A),
and drives much more limited expression in
rostral-lateral cortex (Fig. 4B and fig. S6B). Weak
lateral cortical expression is visible in embryos
carrying the mouse el m promoter:f-gal transgene,

Ao
) VR
R 5 .{‘:‘_C

12GW

801

601

% cells

40

201

Control GPR56 0 Control GPR56

Fig. 3. GPR56 regulates neuroprogenitor proliferation. (A) In Gpr56
knockout mice, neurons overmigrate through breached pial basement mem-
brane (arrowheads) or undermigrate (arrows) forming irregular cortical
layers, as shown by immunostaining of Cux1, an upper layer (Il to IV) marker
(p9). Thin cortex is occasionally observed (asterisks). (B) GPR56 is highly
expressed in human ventricular zone and outer subventricular zone at 12
to 17 weeks of gestation (GW), which suggests roles in neuroprogenitors. v,
ventricular zone; s, subventricular zone; is, inner subventricular zone; os,
outer subventricular zone; i, intermediate zone; ¢, cortical plate; and m, mar-
ginal zone. (C to D) Human GPR56 transgenic (Tg) mice have significantly
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more mitotic (PH3+) neuroprogenitor cells and intermediate progenitor
(TBR2+) cells than wild-type (WT). In contrast, Gpr56 knockout (KO) mice
have significantly fewer mitotic cells and intermediate progenitors than
WT (E13.5 to E14.5). (n = 7 mice per genotype; *P < 0.005; **P < 0.001;
paired t test). (E) The cells that are in utero electroporated (from E13.5 to
E15.5) with human GPR56-IRES-GFP [either side of the internal ribosome
entry site (IRES), GFP expressing] persist in the germinal zones longer that
the GFP control cells. Red, TBR2; blue, Hoechst. (n = 11 mouse embryos per
construct; *P < 0.0001; chi-squared test). Scale bars, 500 um (A) and 100 um
(B) to (E).
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A Human GPR56

Transcription start sites

Coding sequence

Mouse Gpr56

1

Etc(m)”

Fig. 4. GPR56 gene evolution. (A) The mouse Gpr56 locus has only 5 tran-
scription start sites compared with 17 in human. (B) A 300-bp human GPR56 elm
promoter sequence containing the cis-regulatory element (Fig. 2A) directs B-gal
expression to lateral cortex in mice (arrow), whereas the orthologous mouse elc(m)
promoter directs more widespread expression. Orthologous promoters from other
mammals with larger cortical sizes, abundant gyri, or both (marmoset, dolphin, and
cat) drive relatively limited expression patterns generally similar to human (n =3 to
10 embryos with identical patterns per promoter). Scale bar, 2 mm. (C) Human,
marmoset, dolphin, and cat brains are gyrencephalic or near-gyrencephalic with a
Sylvian fissure (arrowhead). Mouse brain lacks both gyri and Sylvian fissure. Scale
bar, 1 cm. Images from the University of Wisconsin and Michigan State Comparative
Mammalian Brain Collections and/or the National Museum of Health and Medicine
are reproduced with permission from Brainmuseum.org.

which suggests that, in humans, additional ele-
ments besides the 300-bp elm promoter region
are required to drive the full complement of
GPR56 expression. Elm promoters from mar-
moset, dolphin, and cat drive expression patterns
generally similar to human. The shared expres-
sion patterns in the four mammals that have a
Sylvian fissure (Fig. 4C) suggest that elaboration
of GPR56 noncoding regulation is consistent with
the larger number of noncoding first exons in
gyrencephalic mammals and humans. Elaboration
of additional alternative splice forms provides a
mechanism for potentially independent evolution
of these multiple forms.

Our studies show that levels of GPR56 control
proliferation of progenitors in the neocortex. Loss
of GPR56 expression impairs neurogenesis, and
overexpression enhances proliferation and pro-
genitor number. Selective GPR56 loss causes
strikingly regional defects of cortical develop-
ment. GPR56 likely influences progenitor prolif-
eration by stabilizing the basal process of radial
neuroepithelial progenitors, because (i) GPR56
protein localizes to the basal processes of radial
neuroepithelial cells (/6); (i) GPR56 binds ex-
tracellular matrix proteins in the pial basement
membrane, such as collagen type III (/7) and
tetraspanins, which bind integrins as well (27);
(iif) GPR56 is required for normal attachment
of basal processes to the pial basement mem-
brane in mice (/6); and (iv) basal processes regu-
late progenitor proliferation via integrin signaling
(22, 23), and GPR56 interacts genetically with
03P integrin (24). The elaboration of the GPR56
locus in gyrencephalic mammals, and especially
humans, to produce many alternative splice forms
with diverse expression patterns presents GPR56

as a key target that could influence the dramatic
changes in shape and folding that characterize
the forebrain of many mammals. Elaboration and
specialization of alternative transcripts with dis-
tinct transcription start sites is an evolutionary
mechanism that has been difficult to study be-
cause of the lack of comprehensive catalogs of
RNA splice forms, but continued RNA sequencing
studies may soon provide the opportunity to as-
sess its importance systematically.
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Materials and Methods

Human genetics

All affected individuals and magnetic resonance images (MRIs) were examined by
neurologists, and BFPP or perisylvian polymicrogyria was diagnosed using criteria
described here and previously (25, 26). An autosomal recessive genetic model was
assumed with a susceptibility allele frequency of 0.001 and penetrance 0.99. SNP
analysis was performed with Affymetrix genome-wide human SNP array 6.0. For
Pedigree 2, a 10-cM average genome-wide screen was performed using ~400
fluorophore-labeled PCR primers spanning polymorphic microsatellite regions. The
following microsatellite markers were analyzed: D16S3044, D16S540, D16S3136,
D16S3034, D16S415, D16S408, D16S3057, D16S3038, D16S3094, D16S3132,
D16S514, D16S503, D16S3067, D16S3066, D16S3040, D16S505, and D16S3091. LOD
scores were determined using GeneHunter and Allegro statistical software (27). For each
marker, four alleles at equal frequencies were assumed. Chromosomal regions of interest
were subsequently analyzed with additional microsatellite PCR primers. Each GPR56
exon or conserved noncoding element plus >100 bp of flanking genomic sequence was
sequenced, to identify the mutation. Control DNAs were obtained from healthy
individuals of Arabic (n = 40), European (n = 200), and Turkish (n = 120) descent
(Coriell Human Variation Panels), the dbSNP database, and the 1000 Genomes database.

Quantitative MRI analysis

The MRI images (individuals VI:1 and VI:2 of pedigree 2 and control age-matched
control subjects) were processed to extract the surfaces of the gray/white matter and gray
matter/cerebrospinal fluid boundaries, and to define Brodmann areas on the cortical
surface using the FreeSurfer software (28). Quantitative comparison of sulcal patterns
(29) in the left and right lobes revealed that perisylvian cortex including frontal and
temporal lobes are abnormal in the individuals with perisylvian polymicrogyria. Medial
lobes are normal.

mRNA-Seq
A 9 post-conceptual week fetal human brain was obtained at Human Developmental

Biology Resource at Newcastle University. The brain was snap-frozen, sectioned with a
vibratome at 200 pum, stored in RNAlater-ICE (Ambion) at -70 °C, which were then
microdissected to isolate lateral cortical tissue. Mouse cortex was dissected fresh from
E12.5 embryos. RNA was isolated using the mirVana kit (Ambion). mRNA was purified
using the Oligotex mRNA Mini kit (Qiagen), and a barcoded sequencing library
preserving strand-information was prepared with the SOLiD Whole Transcriptome
Analysis Kit (Applied Biosystems). The libraries were sequenced to a depth of 140-175
million reads on the SOLiD Plus sequencing system. Reads were mapped using Bioscope
software (Applied Biosystems) to the genome reference (hgl8 and mm9) and splice-
junctions obtained from the UCSC Genes annotation track (30).



BrainSpan data analysis

GPR56 elm (chr16:57673206-57673582, GRCh37/hgl19) RNA-seq expression
measured in RPKM (reads per kilobase exon per million mapped reads) was obtained
from the BrainSpan project data (Allen Brain Atlas) and summarized to Gencode v10
exons for all annotated neocortex tissues aged 8 post conception week to 1 year.

Mouse transgenesis

Transgenic mice were generated using bacterial artificial chromosome (BAC)
recombineering (31) and piggyBac transposase system (32). A BAC clone containing
human GPR56 (RP11-78C18) was purchased from Children’s Hospital Oakland
Research Institute. The 15-bp deletion was introduced into the cis-regulatory element
upstream of elm using galK-based BAC recombineering. For reporter gene expression,
EGFP and lacZ followed by SV40 late poly(A) signal and SV40 enhancer were inserted
into pCyL50 piggyBac plasmid. Normal and mutated 23-kb GPR56 promoters
(chr16:56,218,517-56,241,700 (hgl8)) were retrieved into the pCyL50-EGFP vector
using 500-bp homology arms, so that the promoters can drive EGFP expression. GPR56
elm promoters from human (chrl16: 56,230,630-56,230,943 (hg18)) and mouse
(chr8:97,517,950-97,518,280 (mm9)) were PCR amplified from genomic DNA, and
marmoset, cat, and dolphin promoters were synthesized (Genewiz), and inserted into the
pCyL50-lacZ vector. For GPR56 transgenic mice, we used pCAG-human GPR56 cDNA-
IRES-EGFP-rabbit globin poly(A) construct that was cloned into pCyL50 plasmid. All
constructs were prepared with Pureyield endotoxin free midiprep kit (Promega),
linearized by NotlI or Alol digestion, and purified with Wizard DNA clean-up system
(Promega). HyPBase mRNA was synthesized with mMessage mMachine mRNA T7
Transcription Kit (Ambion), and purified using NucAway spin columns (Ambion). 20
ng/ul hyPBase mRNA and 2 ng/ul linear plasmid were microinjected into fertilized
FVB/N eggs following protocols approved by the Brigham and Women’s Hospital. We
obtained 4-10 independent embryos with highly similar staining patterns from each
construct. Transgenic mice and non-transgenic control littermates were analyzed for each
experiment.

Ferret electroporation

5-kb human GPR56 elm promoter (chr16:56,225,866-56,230,943 (hgl8)) was
cloned into pCyL50-EGFP vector and used for electroporations. Ferrets (Mustela
putorius furo) were obtained from Marshall Bioresources. PO ferret kits were anesthetized
with 5% isoflurane and maintained at 3% utilizing a nose cone during the entire
procedure. A small incision was made on the skin at the dorsomedial part of the head
using a surgical blade and a hole was opened anterior to the bregma on the left side of the
skull, on top of the lateral ventricle using an insulin needle. 3-5ul (1 pg/ul) of the
construct was injected to the lateral ventricle using a pulled glass micropipette. 150V
electric pulses were passed 5 times with s intervals using an electroporator. The incision
was closed using VetBond (3M) tissue adhesive and kits were returned to the nest after
reanimation. Brains were harvested on P7 after a transcardial perfusion and drop-fixed in
4% PFA overnight.




In utero electroporation of mouse embryos

pCAG-human GPR56 ¢cDNA-IRES-EGFP or pCAG-EGFP (1 pg/ul) were
electroporated in utero into the ventricles of mouse embryos at €13.5 as previously
described (33). At el5.5, successfully electroporated embryos were detected based on
EGFP fluorescence and analyzed by immunohistochemistry after vibratome sectioning.
EGFP-positive cells in each layer were manually counted and the distributions of the
cells were compared using Chi-squared test.

Immunohistochemistry and in situ hybridization

Animals were perfused with 4% cold PFA in PBS and the brains were drop-fixed for
8 hours in 4% PFA at 4°C. For cryosections, brains were placed in 30% sucrose in PBS
overnight for cryopreservation, and sectioned at 16um thickness. Free-floating sections
were embedded in 4% low-melting agarose and sectioned at 75um. Antigen retrieval was
performed on slide-mounted cryo-tissue by autoclaving the sections for 8§ minutes in
Retrievagen-A Solution (pH 6.0) (BD Biosciences). Sections were blocked in a solution
containing 10% normal donkey serum (Jackson ImmunoResearch) and 0.1% Triton X-
100. Sections were incubated in primary antibody solution containing the primary
antibodies, 5% fetal donkey serum and 0.05% Triton X-100 overnight at 4°C. Free-
floating sections were permeabilized and blocked in a solution containing 3% bovine
serum albumin (Sigma), 0.02% Triton X-100 overnight at 4°C. Following primary and
secondary antibody incubations were performed using the same
permeabilization/blocking solution for free-floating sections, each overnight at 4°C.
Primary antibodies included mouse anti-phosphorylated Vimentin (4A4) 1:500 (MBL),
rabbit anti-Phosphohistone H3 (Ser10) 1:500 (Millipore), rabbit anti-CUX1 (CDP) 1:500
(Santa Cruz), goat anti-RFX1 (I-19) 1:100 (Santa Cruz), chicken anti-TBR2 1:500
(Millipore), goat anti-SOX2 1:250 (Santa Cruz), mouse anti-GPR56 1:250 (Millipore),
rabbit anti-GPR56 1:250 (16), and rabbit anti-B-galactosidase 1:500 (MP Biomedicals).
Sections were rinsed in PBS, then incubated for two hours at RT in secondary antibody
buffer containing the secondary antibodies in 5% fetal donkey serum, 0.05% Triton X-
100. Secondary antibodies included AlexaFluor (488nm and 563nm) donkey anti-mouse
and donkey anti-rabbit (Invotrogen). Slices were then rinsed and coverslipped with
Fluoromount-G (Southern Biotech) containing Hoechst 1:1000 (Roche). In situ
hybridization was performed as previously described (7, 34-36). Images were obtained
with Zeiss LSM700 confocal microscope and Leica MZ16 F fluorescence
stereomicroscope. For statistical analysis of PH3-positive, SOX2-positive, and TBR2-
positive cells, we selected only matching sections and fields from GPR56 transgenic, WT,
and Gpr56 knockout mice. After counting all the PH3-positive cells in the chosen fields,
paired t-test was performed.

Luciferase assay

Human GPR56 e1m promoter (chr16:56,230,630-56,230,943 (hg18)) with or
without the mutation was cloned into pGL3-Enhancer (pGL3e) vector (Promega), and the
luciferase activity was measured after electroporation (Amaxa nucleofector system,
Lonza) into e13 mouse primary cortical culture. Mouse Rfx1 DNA binding domain (400-
527 aa) was used as the dominant negative RFX (37).




Yeast one-hybrid assay

Using the conserved sequence from the cis-regulatory element upstream of human
GPR56 elm (chr16:56,230,778-56,230,841 (hgl18)) as a bait and HIS3 as a selection
marker, we screened E13 mouse forebrain cDNA library in Y187 strain at 25 mM of 3-
amino-1,2,4-triazole (Clontech).

In vitro protein-DNA binding assay

Intact and mutant elm promoters were PCR-amplified, biotinylated on one end,
incubated with cellular extracts containing ProLabel-tagged Rfx, and captured on a
streptavidin-coated 96-well plate. After washing, specific protein-DNA binding
interactions were calculated based on the ProLabel-tag activity (Clontech).

Human brain exon array heatmaps

Normalized log expression levels of RFX1-7 were obtained from Affymetrix exon
1.0 ST array analyses of four late mid-fetal human brains (18, 19, 21, and 23 weeks of
gestation) as described previously (38). Heatmaps were generated using Java Tree-view.
To determine which RFX genes are most highly correlated with human GPR56, we used
previously generated dataset for pairwise Pearson comparisons, available from
www.humanbraintranscriptome.org. It covers 16 brain cortical regions over 15 periods,
ranging in stage from embryonic development to late adulthood. The evaluation of gene
expression in each region and each period is detailed elsewhere (15). Here, we averaged
gene expression values of 16 brain regions in each of 15 periods represented in the data
set, and then performed pairwise Pearson correlation analysis for GPR56 and the
members of the RFX family. The correlation analysis was shown by heatmap and the
correlation coefficients were indicated in each cell.

ChIP-Seq analysis

Raw reads of RFX3 ChIP-Seq (13) were obtained from the NCBI Short Read
Archive, specifically the SRX017474 (RFX3 sc-10662 antibody ChIP-Seq in K562 cells)
and SRX017477 (IgG control ChIP-Seq in K562 cells) datasets. Reads were mapped
using bowtie (39) using default parameters to hg18. Mapped reads were visualized in the
UCSC genome browser.

Analysis of GPR56 evolution

Ensembl, NCBI, and UCSC genome bioinformatics data were checked for presence
of GPR56 elm cis-element, €2, and coding sequence orthologues in other species. The
evolutionary tree was generated using the interactive tree of life, iTOL (40).
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Fig. S1. Anatomical phenotype of perisylvian polymicrogyria. (A) Magnetic resonance imaging (MRI) of individuals
with perisylvian polymicrogyria, bilateral frontoparietal polymicrogyria (BFPP), and a control individual. Arrows
demarcate severely affected area, and arrowheads mildly affected area. This particular BFPP is caused by GPR56-
null mutation, and perisylvian polymicrogyria by the 15-bp deletion in the cis-regulatory element upstream of e1m.
The medial parts of the perisylvian polymicrogyria brain are intact. (B) 3-dimentional reconstruction of gray matter-
white matter junction based of MRI on perisylvian polymicrogyria brain reveal an abnormal, “scalloped” appearance
in the perisylvian gyri.
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Fig. S2. Expression patterns of different first exons of human GPR56. (A) Human has about 80 alternative splice
variants of GPR56, according to the AceView database. (B) RT-PCR from human fetal and adult brains shows that
e1m is highly expressed in fetal brain, with other splice forms expressed in adult brain. E1p, which is absent in mice,
is also expressed in the fetal human brain. Some GPR56 splice forms generate two PCR products that reflect the
differential presence of e2. (C) E1m is expressed in the brain throughout fetal development, as shown by gRT-PCR
(mean+/-SEM) (top) and the BrainSpan project data (Allen Brain Atlas) (bottom). RPKM, reads per kb exon per million
mapped reads. (D) Each exon 1 has a unique expression pattern in different types of adult human tissues.
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Fig. S3. 23-kb upstream region of human GPR56 drives GFP reporter expression in the central nervous
system in the developing mouse embryos. The forebrain, midbrain, hindbrain, and spinal cord express GFP
under the normal promoter. The 15-bp deletion ablates gene expression in the lateral neocortex and decreases
the midbrain, hindbrain, and spinal cord expression.
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Fig. S5. Expression patterns of GPR56 and RFX. (A) Heatmap matrix of pairwise Pearson correlations of spatio-
temporal expression dynamics of GPR56 and multiple RFX genes in 16 regions of the developing and adult human
brain (correlation coefficient ranging from -0.1 to 0.6). Gene expression data were analyzed using exon array data.
Human GPR56 expression is most highly correlated with RFX1 (correlation coefficient = 0.6), followed by RFX2,

RFX3 and RFX7 (correlation coefficient = 0.4), and is least correlated with RFX4 and RFX5 (correlation coefficient

=< 0.3). (B) Mouse Gpr56 mRNA is expressed in most regions of the neocortex (e14). Rix transcription factors, which
bind the cis-regulatory element, are also expressed in the neocortex, and have distinct expression patterns. Scale bar, 500
pm. (C) Marmoset Gpr56 mRNA is highly expressed in the VZ and OSVZ, where neuroprogenitors reside, and also

in the CP and SP to a lesser degree. Expression of Gpr56 in the CP/SP is observed in the human brain as well, before
12 weeks of gestion (Fig. 3B). Scale bar, 200 um. (D) Ferret outer radial glial progenitors are labeled by 5-kb human
GPR56 e1m promoter-GFP. Ferrets were electroporated at PO and harvested at P7. Among numerous GFP-positive
cells, SOX2-positive outer radial glial progenitors with the basal fiber are frequently observed. The right panel shows a
diving outer radial glial cell. Scale bar, 100 um. MZ,marginal zone; CP, cortical plate; SP, subplate; I1Z, intermediate zone;
OSVZ, outer subventricular zone; ISVZ, inner subventricular zone; VZ, ventricular zone.
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* ok kkkk Kk * k% **k* * * %k k * *hkkkkk * * RS S S S EEEEEEETEEEEEEEEEEEEEEEEEEEEEEES S S S
CTGTCACCTGCGCCCCTTCTCC————————————— CGCGCTGGCGGCTGGGGCTTCTCAGCCTCTATTCCCTGGCTGTCCCCTTTGTTTGAAGCTCCAGTGAGGGA
CTGTCACCTGCGCCCCTTCTCT————————————— GGAGCTGGCGGCTGCGGCTTCTCAGCC--TCTTCCCTGGCTGTCCCCTTTGTTTGGAGCTCCAGTGAGGGA
CTGTCACCTGCGCCCCTTTTCC————————————— CGGGTTGGCGGCTGGGACTT-GCAGCCCGTCTTCCCAGGCTGCCCGCTTTGTTTGAGGCTCCGGTGAGGGG
CTGTCACCTGCGCCCCTTCTCCCCCCCCCCCCCCACCGGCCGGTGACTGGGGCTT-GCAGCCCGTCTTCCCTGGCTGCCCGCTTTGTTTGAAGCTCCAGGGAGGGG
CTGTCACCTGCGCCCCTTCCTCCCCCTT——————— GGCGCTGGAGGCCCGGGCTTCTCAGCTCAGCTTCCC-GCCTGCCCCCTTTGTTTGAAGCCCTAGTAAGGGG
khkkkhkkkhkhkhkhkkkhkhkkhkkhhkkx * *%* * * * K k*k * Kk *k Khkhkkk * *hkk *k Fhkkkkkkkk **k * * *kk*k

Gomm—— CAGTGGCTGGGGTGG————mmmmmmm CCCAGCTTCAAAGT
Gmmmm CAGTGGCTGGGGTAG-———=—=———————— CCCAGCTTCAAAGT
GGCGGGGACCGAGGCTGGGGAGG-——=———=—=———— CTCAGCTTCAAAGT
G CAGGGGCTGGGGTGG-———=—=——————— CTCTGCTTGGAAAT
A-—————o TGGTGACTGGGGGGGGGGGTAAGGGGGACCCAGGCTTTCATT

* k kkkkkk * * * % * * *

Human GPR56 e1m promoter:B-gal

Fig. S6. GPR56 e1m promoters from different species. (A) These promoters were used for mouse transgenesis.
Bioinformatics predicts that the cis-regulatory element harbors an RFX binding motif, which is abolished upon the
15-bp deletion. The cis-regulatory element is underlined, the RFX binding motif is highlighted in yellow, and the two
15-bp repeats are demarcated with red rectangles. The underlined sequence is 100% conserved between humans
and other anthropoids, old-world monkeys, and dolphins, and 98% conserved between humans and mice. The two
copies of 15 bp are identical in human and dolphin, but not in marmoset, cat, and mouse. Human e1m promoter
has multiple transcription start sites, and the most favored one is demarcated with a red arrow.

(B) Immunohistochemistry of B-gal shows that 300-bp human e1m promoter drives expression mostly in non-
ventricular zone, whereas the mouse homolog drives in all layers (E13.5). Scale bar, 500 pm.

11



Alternative transcription .
Coding sequence

start sites (DBTSS)
AT I Ty Exon te(m)
/'/\WW E1c(m)-containing bbbttt Coding sequence
Etc(m) E2- E\14 mRNA -~ -

SIS UCSC Genes

AceView Gene Models

oo Hpfeodotoohojumm
1
H ‘ M; mRNA-Seq : m With Alternative-Splicing
" I lHl l 3 ‘ . b -

(E12.5 brai
L_mmmmﬂiﬂlmm_u Mammalian [47000000000000000¢ ';
| E— conservation e f#f
5 kb * .
_Etc(m) I el H b -
[ ——————— =
kb "
Cis-regulatory — . .I il 5
element mRNA-Seq
ﬂ 1 Mammalian
- conservation
0.1 kb

Presence of human e2 orthologue

B Presence of the cis-regulatory element upstream of e1m Coding sequence
Scientific name Common name \ homology t-o human
> GPR56 (% identity)
S. cerevisiae Yeast
C. elegans Worm oo
D. melanogaster  Fruitfly od
C. intestinalis Sea squirt ogd
D. rerio Zebrafish OOm
O. latipes Medaka ooOm
T. nigroviridis Pufferfish OOm
T. rubripes Fugu OOm
X. tropicalis Frog OO .
A. carolinensis Anole lizard OO .
T. guttata Zebra finch O O e
G. gallus Chicken OO0 .
M. gallopavo Turkey OO
. O. anatinus Platypus O 0O
_E M. eugenii Wallaby mpmy |
M. domestica Opossum mimy |
I D. novemcinctus  Armadillo B ] -
C. hoffmanni Sloth B O .
_E P. capensis Hyrax [ -
1 L. africana Elephant [ gmf |
E. caballus Horse W 0 -
E. europaeus Hedgehog B O -
P. vampyrus Megabat | gmf |
M. lucifugus Microbat B O
B. taurus Cow [ gmf |
T. truncatus Dolphin | gmj |
F. catus Cat* I [ -
C. lupus Dog W ]
? A. melanoleuca Panda [ gmf |
e T. belangeri Tree shrew B O -
S 2= 0. cuniculus Rabbit W [
5 g 8 O. princeps Pika | gmj |
2 = E E C. porcellus Guinea pig* [ e
s 8 Q2 & E S. tridecemlineatus Squirrel | gmf |
8 S E 28 D. ordii Kangaroo rat H O —
5 558§ M. musculus Mouse* E O
=28 E 3 8 R. norvegicus Rat W [
sg=is
5 O 8 =&
2L E & o
t E E gS
oI < S
S~SkW

Multiple poorly-related sequences
m Asingle probable orthologue
M Asingle definite orthologue

*Animals with outer radial glial [JAbsent
progenitors reported [l Present

Fig. S7. Genomic organization of mouse Gpr56 and evolution of the GPR56 gene. (A) Mouse Gpr56 has 5 alternative
transcription start sites (left) and about 20 alternative splice variants (right), according to DBTSS and the AceView database.
Regardless, e1c(m), which corresponds to human e1m, is still the most robustly transcribed first exon (MRNA-Seq track).
(B) The protein-coding sequence of GPR56 arose in Vertebrata, while e1m’s cis-regulatory element is distinct to placental
mammals and e2 is distinct to primates. 12



Identification

Clinical Features

Radiological Features

Diacnosis Individual Origin/Pediarce Cognitive Motor Enilens Other clinical Extent of Other
g g g development development priepsy signs polymicrogyria radiological signs
Bilateral frontal Sveiltict};ynllo;:taet:ral
“Classical” Refer to Piao, et Most commonly Medically Cerebellar and parietal sional
BFPP (Bilateral /. (2004) and Moderate to severe spastic refractory . lobes, with a & .
. . A . . . dysfunction, . abnormalities,
Frontal Parietal ~ Chang, et al. intellectual disability quadriparesis form generalized . decreasing .
. . . dysconjugate gaze . . brainstem and/or
polymicrogyria)  (2003). of cerebral palsy seizures anterior-posterior cerebellar
gradient .
hypoplasia
Lateral frontal
Lo . Left eye esotropia, and temporal
Perisylvian Pedigree 1, Turkey; Parents are first Intellectua@ disability No reported Medically nystagmus, mild lobes bilaterally,
. . .2 . (IQ 48), mild delay, . refractory ’ .
polymicrogyria  Individual V:1 cousins once removed . abnormalities . bilateral thenar sparing
can read and write seizures . .
atrophy, inferomedial
lobes and poles
Lateral frontal
Intellectual disability Medicall and temporal
Perisylvian Pedigree 1, Turkey; Parents are first | (IQ 57), special No reported Y . lobes bilaterally,
. . .2 . ; » refractory Obesity .
polymicrogyria  Individual V:2 cousins once removed education, cannot abnormalities . sparing
seizures . .
read inferomedial
lobes and poles
Special education in Febrile seizures, Lateral frontal One or two
math, completed nocturnal and temporal isolated hyper-
Perisylvian Pedigree 2 Irish American; Parents | regular school, No reported seizures with . . lobes and intense lesions on
. . .o . . . . o L . Right eye exotropia . .
polymicrogyria  Individual VI:1 are third cousins inattention and some abnormalities tonic stiffening perisylvian FLAIR, no
frontal executive and regions, sparing widespread
dysfunction vocalization medial lobes abnormality
Fror}tal lobes, Many bilateral
ﬁiirt(licularllyt OVTr frontal prominent
Odd component and Febrile aned s(L)lrSrZ: T\r/?an perivascular
Perisylvian Pedigree 2 Irish American; Parents | manner of behaving No reported nocturnal reci np Y spaces,
polymicrogyria  Individual VI:2 are third cousins similar to the sibling abnormalities . cglons particularly on
. seizures bilaterally. :
(pedigree 2, VI:1) T liob right (CSF-
ej‘mpora obes intensity on
mildly affected. FLAIR)
General.ized Lateral frontal Some prominent
Perisylvian Pedigree 3, Irish American No reported No reported 3:1?1:[ 1tl(l)sr.11iocns l(l)lbi: a:r(ijs lvian bilqteral frontal
polymicrogyria  Individual II:1 abnormalities abnormalities e Praperisyty perivascular
stiffening and regions, sparing spaces
vocalization medial lobes

Table S1. Clinical and radiological features of individuals with perisylvian polymicrogyria and BFPP.
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Non-exonic element # Position Size (nt)

chr16:56169282-56169345 63
chr16:56170515-56170705 192
chr16:56182955-56183014 57
chr16:56188549-56188635 86
chr16:56193254-56193339 86
chr16:56194448-56195228 779
chr16:56195485-56195715 230
chr16:56195997-56196097 100
chr16:56196255-56197163 908
chr16:56198627-56198661 34
chr16:56208995-56209040 45
chr16:56209170-56209229 60
chr16:56211401-56211510 108
chr16:56212494-56212711 217
chr16:56214031-56214357 326
chr16:56215091-56215417 326
chr16:56219296-56219367 72
chr16:56219558-56219655 97
chr16:56219826-56220020 194

s3izaianisooNoasem

20 chr16:56221668-56221797 129
21 chr16:56222802-56222841 38
22 chr16:56223082-56223140 58
23 chr16:56223252-56223291 38
24 chr16:56224140-56224177 38
25 chr16:56225658-56225744 86
26 chr16:56228983-56229243 260
27 chr16:56229918-56229956 38
28 chr16:56230736-56230911 175
29 chr16:56232380-56232439 58
30 chr16:56233720-56233783 64
31 chr16:56235022-56235166 144
32 chr16:56237556-56237698 142
33 chr16:56238700-56238763 62
34 chr16:56240581-56240650 70
35 chr16:56243150-56243219 69
36 chr16:56251627-56251696 69
37 chr16:56253454-56253505 51
38 chr16:56257690-56257741 51

Table S2. Sequenced non-exonic elements of GPR56. Element #28 contains e1m's cis-
regulatory element, in which the 15-bp is deleted. (NCBI36/hg18 assembly).



Movie S1
MRI of the entire brain of a control subject, from back to front.

Movie S2
MRI of the entire brain of an individual with perisylvian polymicrogyria, from back to
front.
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