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Bipolar disorder (BD) is a prevalent and severe mood disorder characterized by recurrent episodes of mania and
depression. Both genetic and environmental factors have been implicated in BD etiology, but the biological un-
derpinnings remain elusive. Recent genome-wide association studies (GWAS) for identifying genes conferring
risk for schizophrenia, BD, and major depression, identified an association between single-nucleotide polymor-
phisms (SNPs) in the SYNE1 gene and increased risk of BD. SYNE1 has also been identified as a risk locus for mul-
tiple other neurological or neuromuscular genetic disorders. The BD associated SNPsmapwithin the gene region
homologous to part of rat Syne1 encompassing the brain specific transcripts encoding CPG2, a postsynaptic neu-
ronal protein localized to excitatory synapses and an important regulator of glutamate receptor internalization.
Here, we use RNA-seq, ChIP-seq and RACE to map the human SYNE1 transcriptome, focusing on the CPG2
locus. We validate several CPG2 transcripts, including ones not previously annotated in public databases, and
identify and clone a full-length CPG2 cDNA expressed in human neocortex, hippocampus and striatum. Using
lenti-viral gene knock down/replacement and surface receptor internalization assays, we demonstrate that
human CPG2 protein localizes to dendritic spines in rat hippocampal neurons and is functionally equivalent to
rat CPG2 in regulating glutamate receptor internalization. This study provides a valuable gene-mapping frame-
work for relating multiple genetic disease loci in SYNE1 with their transcripts, and for evaluating the effects of
missense SNPs identified by patient genome sequencing on neuronal function.

© 2015 Elsevier Inc. All rights reserved.
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1. Introduction

Robust evidence suggests that genetic factors influence an
individual's susceptibility to BD (Craddock and Sklar, 2013). Yet, no sin-
gle, high penetrance gene has been identified with direct causality
(Craddock and Sklar, 2009). The largest GWAS to date for identifying
genes conferring risk for the five major psychiatric disorders: schizo-
phrenia, BD, major depression, attention deficit-hyperactivity disorder
(ADHD) and autism spectrum disorder (ASD), identified the SYNE1
gene among the top ten risk loci (Cross-Disorder Group of the Psychiat-
ric Genomics, 2013). Recentmeta-analyses of the GWAS data identified
SNPs in SYNE1with genome-wide statistically significant association to
BD (p b 4 × 10−8) (Cross-Disorder Group of the Psychiatric Genomics,
2013; Psychiatric, 2011; Xu et al., 2014). This finding was validated in
independent samples and the same risk allelewas also found to be asso-
ciated with recurrent unipolar depression (UD) (Green et al., 2013a,b).

SYNE1 showed the strongest association with BD of any locus in the ge-
nome other than ANK3 (Cross-Disorder Group of the Psychiatric Geno-
mics, 2013), which encodes ankyrin-G, a newly identified regulator of
glutamatergic synapses implicated in psychiatric-related behaviors
(Leussis et al., 2013; Smith et al., 2014).

The BD associated SNPs in human SYNE1 are in a region of the gene
homologous to brain specific transcripts of rat Syne1 encoding CPG2
(Cottrell et al., 2004). Cpg2 transcripts were identified and isolated
from rat brain in a screen for neural activity-regulated genes (Loebrich
and Nedivi, 2009; Nedivi et al., 1993), where their expression is respon-
sive to seizure as well as to physiological levels of stimulation (Nedivi
et al., 1993, 1996). Two Cpg2 transcripts have been reported and both
are brain-specific splice variants of the Syne1 gene that are expressed
predominantly in the hippocampus, neocortex, striatum, and cerebel-
lum, brain regions strongly associated with electrophysiological para-
digms of synaptic plasticity (Cottrell et al., 2004). The CPG2 protein
localizes to excitatory synapses of excitatory neurons, where it facili-
tates glutamate receptor cycling, consistent with a role in synaptic plas-
ticity (Cottrell et al., 2004). While the BD associated SNPs identified by
GWAS are not necessarily themselves disease-causing mutations, their
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localization to the CPG2 locus is intriguing given CPG2's role in gluta-
mate receptor internalization and prior implication of the glutamatergic
synapse in BD (Cottrell et al., 2004; Sanacora et al., 2008).

In addition to its association with BD and UD, the SYNE1 locus has
been identified as a risk locus for multiple other genetic disorders. Var-
iations in SYNE1 are known to cause autosomal recessive cerebellar
ataxia type 1 (ARCA1) (Gros-Louis et al., 2007), Emery–Dreifuss type
muscular dystrophy (Zhang et al., 2007a), andmyogenic arthrogryposis,
an autosomal recessive form of congenital muscular dystrophy (Attali
et al., 2009). A severe de novomutation identified by exome sequencing
in sporadic cases of ASD has been mapped to SYNE1 (O'Roak et al.,
2011), in addition to an autosomal recessive autismmutation identified
by homozygosity mapping in pedigrees with shared ancestry (Yu et al.,
2013). As yet, the relationship between the differentmutations and spe-
cific protein products from the SYNE1 locus is unclear. There is no com-
prehensive transcriptional map of this important gene and little is
known regarding expression of the various transcripts in the human
brain, or the cellular localization of their products in human neurons.

Here, we use RNA sequencing (RNA-seq), chromatin immunopre-
cipitation sequencing (ChIP-seq) and rapid amplification of cDNA ends
(RACE) tomap the human SYNE1 transcriptome, providing a framework
for localizing the multiple disease-associated mutations identified in
this complex gene in relation to specific protein coding transcripts. Sev-
eral CPG2 transcripts from the human SYNE1 gene were identified, in-
cluding ones not previously annotated in public databases. The first
full-length human CPG2 cDNA was cloned, and the corresponding tran-
script shown to be expressed in the human neocortex. Further, we
raised specific polyclonal antibodies against human CPG2 and used
them to confirm that the protein is expressed in several human brain re-
gions. Using a lenti-viral gene knock down/replacement strategy and a
surface receptor internalization assay, we demonstrate that human
CPG2 localizes to dendritic spines in rat hippocampal neurons and is
functionally equivalent to rat CPG2 in regulating glutamate receptor

internalization. The conserved function of CPG2 between rat and
human provides a platform for testing the effect of missense SNPs iden-
tified by BD patient exome sequencing on neuronal function.

2. Materials and methods

2.1. Database analysis

Transcript annotations from the human SYNE1 gene locus (6q25.1–
q25.2, NM_182961) were assembled and mapped using the UCSC Ge-
nome browser. All GENCODE basic annotations and transcription sup-
port level (tsl) 1–2 annotations from the GENCODE Comprehensive
Gene Annotation set are included in the overview (Fig. 1). Exons were
mapped based on human spectrin repeat-containing nuclear envelope
protein 1 (SYNE1, OMIM: 608441).

2.2. RNA sequencing and ChIP sequencing of human neurons

RNA-seq and ChIP-seq experimentswere performed as previously de-
scribed (Yu et al., 2013). Primary human neuronal cells were purchased
from Sciencell (Carlsbad, CA) and cultured 14 DIV as recommended by
the manufacturer. For RNA-seq, total RNA was isolated, ribosomal RNAs
were depleted and strand-specific and paired-end cDNA libraries were
generated using the Paired-End RNA-seq library kit (Illumina). RNA-seq
was performed using HiSeq 2000 (Illumina) and reads were aligned to
the human GRCh37/hg19 assembly using Burrows–Wheeler Aligner
(BWA) software. For ChIP-seq, cells were cross-linked, lysed and the
fragmented chromatin was immunoprecipitated with H3K27Ac (Abcam
Cat# ab4729) and H3K4Me3 (Millipore Cat# 07-473) antibodies. The
ChIP DNA libraries were constructed using the ChIP-seq DNA Sample
Prep Kit (Illumina) and subsequently sequenced using HiSeq 2000.
ChIP-seq reads were aligned to the human genome (GRCh37/hg19 as-
sembly) using BWA with default parameters.

Fig. 1. Thehuman SYNE1 locus. The reverse strand of human chromosome 6 spanning the SYNE1 locus is depicted in blue, note the inverted orientation. Small vertical lines represent exons.
Long vertical dashed lines mark sites of disease-associated genetic variations (Attali et al., 2009; Green et al., 2013a; Gros-Louis et al., 2007; O'Roak et al., 2011; Psychiatric, 2011; Yu et al.,
2013; Zhang et al., 2007a). Representative transcripts of the nesprins and other SYNE1 transcripts annotated from the UCSC Genome database are shown in black, with exon numbers in
parenthesis. Four transcripts (green) span in part the region homologous to rat Cpg2 (red bar). The yellow starmarks the position of the lead SNP identifying SYNE1 as a risk locus for BD.
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2.3. Rapid amplification of cDNA ends (RACE)

Total human brain RNA was purchased from Ambion, and cDNA
was generated following standard procedures using SuperScript II
reverse transcriptase (Life Technologies). For 3′ RACE, cDNA was
generated using oligo-dT primers. For amplification of cDNA ends,
two nested gene specific primers (GSPs) were used for successive
PCRs in combination with reverse primers that anneal to a
sequence-specific annex in the oligo-dT primer (see Supplementary
Table A1 for primer combinations).

For 5′ ends, RNA-ligase-mediated (RLM)-RACE was performed (Ap-
plied Biosystems). In brief, 5′ ends of incomplete, fragmented or partial-
ly degraded transcripts were dephosphorylated, rendering them
incompetent for ligation to an RNA adapter sequence. Subsequent re-
moval of the cap by tobacco acid pyrophosphatase (TAP) enzyme ex-
posed the intact 5′ phosphate to RNA ligase, selecting true 5′ ends for
ligation to the RNA adapter. cDNA was generated using random
decamers. GSPs were designed for nested PCRs, and used in combina-
tion with nested primers that annealed to specific sequences in the
RNA adapter (see Supplementary Table A1 for primer combinations).

For both 3′ RACE and 5′ RLM RACE, GSPs were designed to anneal in
exon sequences between 300 and 500 bp away from the closest intron
junction. Since rat Cpg2 spans Syne1 exons 15–34, we tested for 5′
ends upstream of exons 12, 14, 16, 17/18, 21, 23 and 27; as well as for
3′ ends downstream of exons 24, 27, 28/29, 32 and 37.

Products obtained after nested PCRs were separated on an agarose
gel, excised, purified and captured by TOPO cloning. Cloned inserts
were categorized by size after EcoRI digestion and verified by Sanger se-
quencing. Novel cDNA ends were named based on the position of ho-
mologous exons in full-length rat Syne1 cDNA. The 5′ ends were
named based on the first incorporated SYNE1 exon after the intronic se-
quence (i) of the 5′-RLM-RACE end, e.g. i15A. Similarly, 3′ ends were
named based on the last integrated SYNE1 exon before the intronic se-
quence (i) and poly-A-tail, e.g. 34iA.

2.4. cDNA cloning

cDNA was derived from whole brain RNA (Ambion) treated with
10 mM methyl mercury hydroxide to suppress secondary structures.
Full-length human CPG2 transcripts were amplified by PCR combining
5′-specific sense primers and 3′-specific antisense primers, where
each potential combination of identified 5′ and 3′ ends was tested indi-
vidually (see Supplementary Table A2). Long cDNAs were amplified
using Taq polymerase and proof reading Pfx DNA polymerase at a
16:1M ratio. PCR products were separated on agarose gels, excised, pu-
rified and captured by TOPO cloning (pTOPO-hCPG2-i15A/25iA, pTOPO-
hCPG2-i15B/25iA and pTOPO-hCPG2-i15B/34iA).

The novel cDNA sequences for full-length human CPG2 (hCPG2-i15B/
34iA) and short human CPG2 (hCPG2-i15A/25iA) have been submitted
to GenBank with accession numbers KU310547 and KU310548,
respectively.

The full-length human CPG2 was subsequently cloned into pcDNA3
with a triple HA-tag using EcoRI and XhoI restriction sites, and into a
lenti-viral transfer vector for rat Cpg2 KD (pFUGW-Cpg2-shRNA)
(Cottrell et al., 2004), in which the stop codon after GFP was removed
and hCPG2 inserted using EcoRI and XhoI restriction sites yielding a
GFP-hCPG2 fusion protein (pFUGW-GFP-hCPG2 with Cpg2-shRNA,
Fig. 5).

2.5. Northern blotting

Total RNAwas isolated from fresh adult Sprague–Dawley rat brain re-
gions or from postmortem, freshly frozen human brain tissue (medial
frontal cortex or cerebellum) from three individual subjects with post-
mortem index of 3–10 h (Massachusetts Alzheimer's Disease Research
Center). Rat and human DNA probes were derived from CPG2 coding

exons in syne1/SYNE1. Rat probe: rat brain cDNA was synthesized from
RNA using Superscript III first-strand cDNA synthesis (Invitrogen), the
probe sequence was amplified by PCR using GSPs (sense: CTGTGACGAG
CTAAC, antisense: CTTGACAAGGTTTTCAG), captured by pTOPO cloning,
sequenced and excised by EcoRI digestion. Human probes: P1 and P2 se-
quences were excised from pTOPO-hCPG2-i15B/34iA by BglII and PstI di-
gestion or HindIII digestion, respectively (endogenous restriction sites
within CPG2). All probes were gel purified and 32P-dCTP-labeled using
random hexamer priming of exo-Klenow fragments. Samples of 10 μg
cortical or cerebellar total RNA were separated by chilled electrophoresis
on 1% agarose gels containing 5% formaldehyde, and blotted onto nylon
membrane. Blots were cross-linked by UV light and blocked with
Ultrahyb solution (Ambion). Probes were applied at 1 million counts/
mL in a 5 mL volume overnight at 42 °C, then vigorously washed using
standard procedures. Kodak Biomax film was exposed through an inten-
sifying screen for 1–2 days at−80 °C.

2.6. Western blotting

HEK293 cells were transfected with pcDNA3-HA-hCPG2 or pFUGW
(GFP control). After 24 h, cells were lysed in 150 mM NaCl, 25 mM
Tris–HCl (pH 7.4), 1% Triton-X-100, 1% sodium deoxycholate, and 0.1%
SDS, with protease inhibitors (Roche). Samples of 10 μg total protein
were diluted in loading buffer and separated by SDS-PAGE.

Tissue samples of 200–300 mg were collected from the neocortex,
hippocampus, striatum or cerebellum of 3 week old Sprague–Dawley
rats (n = 3) or healthy human subjects (n = 3, age: 34–83 years,
PMI: 3–11 h). Samples were homogenized in 0.32 M sucrose, 40 mM
HEPES–KOH (pH 7.4), 1 mM DTT, 1 mM EDTA, and 1 mM EGTA, with
protease inhibitors (Roche). Homogenates were centrifuged for
10 min at 1100 ×g and supernatants were collected and centrifuged
for 10 min at 9200 ×g. Pellets were dissolved in homogenization buffer
with 2% Triton-X-100 and centrifuged for 20 min at 15,000 ×g. Pellets
were dissolved in 200 μl of homogenization buffer with 2% SDS and cen-
trifuged at RT for 10 min at 15,000 ×g. Samples of 20 μg total protein
were diluted in loading buffer and separated by SDS-PAGE. Proteins
were transferred onto nitrocellulose blots, which were subsequently
blocked with 2% nonfat milk and 2% BSA in PBS with 0.1% Tween-20.

Guinea pig polyclonal anti-CPG2 antibodies (A002396; np913) were
generated against the peptide LEQTKEFSKRTESIATQAENLVKE and puri-
fied by antigen affinity purification (NEO Peptide). Blotswere incubated
with anti-CPG2 (1:1000), mouse anti-HA, rabbit anti-GFP (1:5000;
Abcam) ormouse anti-PSD95 (1:10,000; UCDavis) antibodies and visu-
alized using an Odyssey infrared imaging system (LI-COR).

2.7. Neuronal cultures, lentiviral infection and immunocytochemistry

Rat hippocampal cultures were prepared as described (Rathje et al.,
2013). In short, hippocampi from E18 rat embryos were isolated,
digested with papain (Worthington) and titurated in plating media
(Neurobasal with GlutaMAX (Invitrogen) and 10% FBS), using fire-
polished Pasteur pipettes. Cellswere thenplated onpoly-L-lysine coated
glass coverslips in 12-well plates at a density of 1.3× 104 cells/cm2. After
3 h, the media was replaced with culture media (Neurobasal with
GlutaMAX and 2% B27 supplement (Invitrogen)). Ara-C (2 μM) was
added to the media at 7 DIV, to block glial proliferation. At 8 DIV, neu-
rons were infected with lentivirus for KD of rat Cpg2 (pFUGW-Cpg2-
shRNA) (Cottrell et al., 2004), or at 19 DIV with lentivirus for replace-
ment of the endogenous rat CPG2 with the GFP-hCPG2 fusion protein
(pFUGW-GFP-hCPG2 with Cpg2-shRNA). Transduction rates were esti-
mated as ~70% for GFP expressing KD neurons and ~20% for GFP-
hCPG2 replacement expressing neurons.

At 24 DIV cells were fixed in 4% formaldehyde for 15min and then
permeabilized for 25 min with 0.2% saponin in PBS with 10% goat
serum. Cells were then incubated for 3 h with primary antibodies;
guinea pig anti-CPG2 (1:1000; NEO Peptide), mouse anti-PSD95
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(1:1000; ABR) and chicken anti-MAP2 (1:5000; Novus Biologicals)
or rabbit anti-GFP (1:3000; Abcam), followed by 1 h incubation
with secondary antibodies; goat anti-guinea pig IgG-Alexa Fluor
647 (1:500), goat anti-mouse IgG-Alexa Fluor 555 and goat anti-
chicken IgG-Alexa Fluor 488 (1:1000) or goat anti-rabbit IgG-Alexa
Fluor 488 (1:1000; Molecular Probes). Coverslips were mounted
using Fluoromount-G (Southern Biotech) and imaged using a Nikon
Eclipse E600 upright microscope with a 40×/1.40 Plan Apo oil im-
mersion objective (Nikon).

2.8. Biotin internalization assay

The biotin internalization assay was performed essentially as de-
scribed (Cottrell et al., 2004) with the following modifications: cortical
neurons were isolated from E18 rat brains, digested with papain,
titurated in plating media and seeded onto 10 cm poly-L-lysine coated
cell culture dishes at a density of 6.4 × 104 cells/cm2. At 8 DIV, the cul-
tures were infected with lenti-virus for CPG2 KD (pFUGW-Cpg2-
shRNA), or at 10 DIV with the pFUGW-GFP-hCPG2 replacement virus.
At 15 DIV, cultures were incubated with 100 μg/ml of leupeptin
(Sigma) for 1 h at 37 °C and then surface labeled with 1.5 mg/ml
sulfo-NHS-SS-biotin for 20 min at 4 °C. Cultures were returned to their
original culturemedia and incubated at 37 °C for 30min to allow surface
receptor internalization. Control cultures were kept at 4 °C. Remaining
extracellular biotin was cleaved with 37 mM TCEP in 200 mM Tris–
HCl (pH 7.5), 75 mM NaCl, 10 mM EDTA, and 1% BSA followed by
50 mM glutathione in PBS (pH 8.7), 75 mM NaCl, 10 mM EDTA, and
1% BSA, each for 25 min at 4 °C. Cells were lysed as described (Cottrell
et al., 2004) and biotinylated proteins were separated by SDS-PAGE.
Western blots were probed with rabbit anti-GluA2 (1:1000; Abcam),
mouse anti-GluN1 (1:2000; Temicula) or mouse anti-TfR (1:1000;
Invitrogen) primary antibodies and developed using the Odyssey infra-
red system (LI-COR). Receptor internalization was quantified as de-
scribed (Cottrell et al., 2004) and groups were compared using one-
way ANOVA and Tukey's post hoc test for multiple comparisons.

3. Results

3.1. Known SYNE1 transcripts and their relationship to risk loci for various
muscle and brain related diseases

Human SYNE1 is a large gene comprised of 145 exons that give rise
to multiple transcripts annotated in the UCSC Genome database, only
some of which have been verified (Fig. 1). The largest transcript,
which spans exons 1–145, encodes a giant isoform of the protein
nesprin-1. Shorter putative nesprin isoforms, derived from exons 80–
145, contain the C-terminal region of the giant isoform, and range in
size from 40 to 1000 kDa. These include specific isoforms expressed in
heart and muscle but not in brain (Rajgor et al., 2012; Rajgor and
Shanahan, 2013) with cellular localization to the nuclear envelope
(Zhang et al., 2001).Mutations related to Emery–Dreifuss typemuscular
dystrophy (Zhang et al., 2007a) and autosomal recessive arthrogryposis
(Attali et al., 2009), fall within the 3′ terminal region of SYNE1
encompassing the short nesprin isoforms.

Three transcripts are reported in the 5′ terminal region of SYNE1
encodingN-terminal nesprin products, which include the isoform span-
ning exons 1–55, a region harboring a de novo mutation identified in
sporadic cases of ASD (O'Roak et al., 2011). Additional SYNE1 annota-
tions span short central stretches, mostly encoding partial sequences
and hypothetical proteins of unknown function. These include a cluster
of four sequences that span the rat Cpg2 homologous region approxi-
mately from exons 14 to 38. An intronic SNP (rs9371601), situated in
the Cpg2 homologous region was identified in a GWAS for BD risk
genes (Green et al., 2013a; Psychiatric, 2011). Amutation in SYNE1 iden-
tified by whole exome sequencing in familial ASD, maps to one addi-
tional internal transcript potentially spanning exons 54 to 71 (Yu

et al., 2013), and splice-altering mutations associated with cerebellar
ataxia (Gros-Louis et al., 2007) map to other downstream transcripts
overlapping exons 81–85.

3.2. Mapping transcriptional activity and transcription start sites in SYNE1

Given the complexity of the human SYNE1 locus, and that many of
the annotated transcripts had not been validated, including the internal
‘partial’ transcripts in the Cpg2 homologous region, we sought to verify
their existence and potential transcriptional start sites. We first per-
formed strand-specific RNA-seq on total RNA preparations from cul-
tured embryonic human cortical neurons (Fig. 2A, top row signals).

The origin and the orientation of the RNAs were analyzed genome-
wide by mapping the reads to the reference human genome. The RNA-
seq showed above background transcriptional activity mainly in exonic
regions, with a substantial increase in levels starting around exons 8–10.
This suggests modest cortical transcription of the full SYNE1 gene and
more pronounced transcription of partial gene products.

We also performed ChIP with antibodies recognizing tri-methylated
human histone H3 (H3K4me3) or antibodies recognizing the acetylated
H3 protein (H3K27Ac) followed by DNA sequencing, with H3K4me3
marking active promoter regions andH3K27Acmarking both active pro-
moter and enhancer regions (Fig. 2A, green and purple tracks). The ChIP-
seq data showed four distinct active promoter regionswithin SYNE1, sug-
gesting that this gene gives rise to multiple transcript families.

We found a promoter signal in the exon 15/16 region (Fig. 2A and B),
near the start site of the rat Cpg2 homologous region of SYNE1 (red bar),
suggesting that it may be the promoter for a human CPG2 variant. RNA-
seq data showed strong transcriptional activity through potential CPG2
exons 15–34, as well as the intron region between exons 33 and 34
(Fig. 2B). Read-through of the 33–34 intron is a hallmark of the rat
Cpg2 mRNA (Cottrell et al., 2004). The human SYNE1 33–34 intron is
similar in length to the homologous rat Syne1 intron, which contains
theCpg2mRNA stop codon and untranslated region (UTR), and has a se-
quence identity of ~70%. The predicted human SYNE1 transcript would
therefore be approximately 6 kb, similar in size to rat Cpg2.

3.3. Identification and cloning of human CPG2 homologs

In rat there are two brain-specific Cpg2 transcripts, derived from alter-
native splicing of the Syne1 gene (Cottrell et al., 2004). The ~6 kb full-
length rat Cpg2 transcript contains a 2.8 kb open reading frame (ORF),
which encodes a 941 amino acid protein (Fig. 3A) spanning exons 16–
34. The ORF is flanked by a short 5′ UTR and a 2.3 kb 3′ UTR that mainly
consists of the unspliced intron between exons 33 and 34, with the trans-
lation termination site residing a few codons past exon 33 (Cottrell et al.,
2004). A second transcript, Cpg2b, contains an additional 5′ exon (exon
15) encoding 24 extra N-terminal amino acid residues (Cottrell et al.,
2004). The start codon for this second ORF is not present in human
SYNE1. The SYNE1 region homologous to rat Cpg2 spans exons 16–34
(Fig. 3A), and four transcripts are annotated in this region (uc003.qox.1,
uc003.qow.3, uc003.qoz.2, and uc003.qoy.2, Figs. 1 and 3A).

While these transcripts could potentially represent human CPG2
variants, none correspond to a full-length version, suggesting they
may be incomplete, or that other unreported transcripts exist. Further,
5′ ends of unverified database sequences can be a result of premature
RT-PCR termination, while priming from genomic poly-A stretches can
give rise to false 3′ ends.

To validate the ends of the potential CPG2 transcripts annotated in
the database and to identify novel ends, we performed RACE on cDNA
derived from adult human brain total RNA. For identifying 5′ ends we
used RLM (RNA-ligase mediated)-RACE, which relies on an intact 5′
cap structure for amplification. Hence, identified ends are unlikely to re-
sult from fragmented or incomplete transcription. Our data confirmed
the 5′ end of transcript uc003.qoy.2 (Fig. 3A), and identified several
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novel 5′ transcript start sites at or around exon 15, near the ChIP-seq
mapped promoter (Figs. 2 and 3B).

The 3′ endswere considered validwhen (i) the identified sequence of
the corresponding last exon was followed by the immediately adjacent
intronic sequence, (ii) the intronic sequence was terminated by a poly-
A tail, and (iii) there were no oligo-A or A-rich stretches in the genomic
sequence that could have primed the oligo-dT-based reverse transcrip-
tion from an unspliced primary transcript (see Supplementary Table A1
for primer combinations). Our data confirmed the 3′ ends of all 4 annotat-
ed transcripts (Fig. 3A). We also identified three novel 3′ transcript ends
adjacent to exons 27 and 34, one of which included the unspliced 33–
34 introns as also seen in the rat full-length transcript (Fig. 3B). These
findings suggest that there may be several alternative CPG2-like tran-
scripts in humanbrain, including one encoding a full-length CPG2protein.

To isolate and clone human CPG2 transcripts we performed PCR on
human brain cDNA using end-specific primers intronic to known
SYNE1 transcripts.We tested all combinations of primers that could am-
plify transcripts corresponding to the 5′ and 3′ ends identified by RACE
(Supplementary Table A2). All PCR products were captured by TOPO
cloning and sequenced. Using either the i15A or i15B 5′ end primer in
combination with the 25iA 3′ end primer we amplified two 2.0 kb tran-
scripts (Fig. 3C). Sequencing confirmed the i15B/25iA transcript to be
identical to the uc003.qoy.2 annotation. The i15A/25iA transcript is
novel, yet both transcripts potentially encode a 562 amino acid protein,
homologous to the N-terminal half of rat CPG2. Using a combination of
i15B/34iA end primers,we also amplified a 6 kb transcript, which repre-
sents the first identified human full-length CPG2 mRNA (Fig. 3D).

3.4. CPG2 expression in rat and human brain

To compare expression of CPG2 transcripts in human brain tissue
with known rat transcripts (Cottrell et al., 2004), we performed a

Northern blot analysis on total RNA from the cortex or cerebellum
using 32P-radiolabeled DNA probes designed to detect mRNAs in the
CPG2 encoding region (Fig. 4). A probe derived from the 3′ protein cod-
ing region of rat Cpg2 (Fig. 4A) recognized a band at ~6 kb in the rat cor-
tex (Fig. 4B), consistent with previous data (Cottrell et al., 2004). A
transcript of similar size was also identified in the human cortex using
a probederived from the human3′ exonic region, verifying thepresence
of the newly cloned i15B/34iA transcript. In the rat cerebellum, we de-
tected a band at ~8 kb, larger than the full-length rat Cpg2mRNA iden-
tified in the cortex (Fig. 4B). This may represent a cerebellum specific
Cpg2 transcript, or a non-Cpg2 cerebellum specific Syne1 transcript
with shared exons. In the human cerebellum, we detected both the
~6 kb and ~8 kb bands, suggesting a more complex SYNE1/CPG2 tran-
scriptome in the human brain.

To test whether the identified human CPG2 transcripts were trans-
lated into CPG2 protein in different human brain regions, we performed
Western blotting analysis. Since previously developed antibodies
against rat CPG2 did not recognize the human protein, we generated a
new antibody against a C-terminal epitope conserved between the rat
and human proteins. To verify that this antibody recognizes CPG2,
Western blots of protein extracts from HEK293 cells transfected with
HA-tagged human full length CPG2 (i15B/34iA) were probed with
CPG2 and HA antibodies. The blots showed a single band at ~115 kDa,
consistent with the predicted size of HA-CPG2 (Fig. 4C). The antibody
did not detect a band in control extracts from GFP transfected HEK293
cells. We then probed Western blots containing synaptosome protein
extracts from rat (Fig. 4D) or human brain (Fig. 4E) with CPG2 and
PSD95 antibodies. Blots of protein extracts from the rat or human neo-
cortex, hippocampus or striatum showed robust bands at ~110 kDa,
consistent with the expected size of CPG2. However, we did not detect
CPG2 protein expression in synaptosome fractions from rat or human
cerebellum. We speculate that the protein product of the ~8 kb

Fig. 2. Transcription activity in the human SYNE1 locus. RNA-seq and ChIP-seq were performed on cultured human embryonic neurons. RNA-seq results are pooled from five individual
cultures. A) The exon structure of human SYNE1 is depicted in blue (note reversed orientation). Black dashed lines indicate the locations of the disease-associated variations; the BD as-
sociated SNP is marked by a yellow star. RNA-seq reads from the full SYNE1 gene locus are shown in gray with pink tips indicating cut-off of stronger signals. Active promoter regions are
visualized by H3K4me3 ChIP-seq (green tracks). Both active promoter and enhancer regions are visualized by H3K27Ac ChIP-seq (purple tracks). ChIP-seq input control is shown as gray
tracks on the bottom row. Note the increased signal starting from the region homologous to rat cpg2 (redbar). B) RNA-seq andChIP-seq reads in theCpg2homologous region are presented
at higher magnification. Note the promoter in the exon 15 region and transcriptional activity indicating read-through between exons 33 and 34.
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cerebellar transcript detected in the Northern blots analysis, is either
not expressed in synaptosome protein fractions or that the derived pro-
tein does not contain the CPG2 antibody epitope.

Fig. 3.Human SYNE1 transcripts homologous to rat Cpg2. A) Schematic depiction of the rat
Syne1 exon structure in the Cpg2 coding region (top row) and Cpg2-homologous tran-
scripts in humans according to the UCSC Genome database. 5′ and 3′ UTRs are shown in
orange and pink, respectively. Four annotated transcripts overlap with the Cpg2-
homologous region (uc003.qox.1, uc003.qow.3, uc003.qoz.2 and uc003.qoy.2). Boxed
transcript endswere verified by 5′ RLM-RACE or 3′ RACE. Transcript uc003.qoy.2 was ver-
ified and encodes a shorter CPG2 variant not known in rat. B) A full-length human CPG2
cDNA has a 5′ end identical to the uc003.qoy.2 and extends to a newly identified 3′ end
(34iA). The region between exons 33 and 34 is not spliced out and gives rise to a 3 kb 3′
UTR, homologous to rat Cpg2. Three novel 5′ ends around exons 15 and 16 (i15A, i16B,
i16A), and two novel 3′ ends around exons 27 and 34 (27iA, 34iA) are shown. C) PCR am-
plification testing 5′ RLM-RACE and 3′ RACE end-specific primers in all combinations on
human brain cDNA yielded two transcripts encoding shorter forms of CPG2. D) A full-
length CPG2 transcript was obtained by pairing i15B and 34iA primers. The exon structure
of the resulting 6 kb transcript is homologous to rat Cpg2, and the derived human protein
is 85% identical to rat CPG2.

Fig. 4. CPG2 expression in rat and human brain. Northern blotting was performed on total
RNA from rat or human cortex or cerebellum probing for Cpg2/CPG2 transcripts, using ran-
dom-hexamer-primed, 32P-radiolabeled DNA probes. A) Schematic of the probes used to
detect rat and human Cpg2/CPG2 transcripts. Two non-overlapping human probe tem-
plates (P1 and P2) were excised by restriction digest, taking advantage of endogenous re-
striction sites within the ORF. B) Representative northern blots showing a ~6kb-band in
rat and human cortices corresponding to the length of the i15B/34iA transcript isolated
from human brain cDNA. Note that both rat and human cortices show a longer, not yet
characterized 8 kb transcript mainly expressed in the cerebellum. C) Western blotting
was performed using antibodies recognizing an epitope conserved in rat and human
CPG2. Representative Western blot showing HA-tagged i15B/34iA transcript (hCPG2)
expressed inHEK293 cells. Lysate fromGFP-transfected cells was used as negative control.
Representative Western blots showing endogenous CPG2 and PSD95 protein expression
in synaptosome fractions from rat (D) or human (E) neocortex, hippocampus or striatum.
CPG2 protein expression was not detected in synaptosome fractions from rat nor human
cerebellum.
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Immunostaining of cultured rat hippocampal neurons with the new
CPG2 antibody showed a punctate distribution along the dendrites par-
tially overlapping the staining pattern of the postsynaptic density pro-
tein PSD95, consistent with the localization pattern of CPG2 (Fig. 5A
and B) (Cottrell et al., 2004; Loebrich et al., 2013).

3.5. Human CPG2 expressed in cultured rat neurons is localized to dendritic
spines

We next tested whether human CPG2 is synaptically localized, sim-
ilar to rat CPG2. For this purpose, we first knocked down (KD) endoge-
nous rat CPG2 in cultured neurons using a previously validated lenti-
virus plasmid expressing a rat Cpg2-specific small hairpin RNA
(shRNA)driven by themouseU6 promoter togetherwith aGFP reporter
driven by the humanubiquitin-C promoter (see (Cottrell et al., 2004) for
details). Neurons infected with the shRNA virus showed robust KD of
CPG2 protein in spines (Fig. 5B). It should be noted that we still ob-
served immunostaining at perinuclear sites, which was not decreased
with expression of shRNA for KD of CPG2 (data not shown) and could
potentially originate from other Syne1-derived proteins not expressed
in spines.

We then replaced the GFP reporter with a shRNA-resistant GFP-
hCPG2 fusion construct that also expressed the Cpg2-specific small hair-
pin RNA (shRNA) (see vector diagram, Fig. 5C). GFP-hCPG2 fusion pro-
tein showed a punctate anti-CPG2 staining pattern similar to the spine
localization of the endogenous protein (Fig. 5D) overlapping with the
anti-GFP staining pattern. These results demonstrate that human
CPG2 protein localizes to dendritic spines in hippocampal neurons sim-
ilar to rat CPG2.

3.6. Human CPG2 expressed in cultured rat neurons can functionally re-
place rat CPG2

Rat CPG2 has previously been shown to localize to the endocytic
zone of dendritic spines, where it regulates endocytosis of synaptic glu-
tamate receptors (Cottrell et al., 2004; Loebrich et al., 2013). To test if

human CPG2 is equally able to facilitate glutamate receptor internaliza-
tion, we used a surface receptor biotin internalization assay (Cottrell
et al., 2004; Loebrich et al., 2013). High-density cortical neuron cultures
were either untreated (control), infected with shRNA for KD of endoge-
nous CPG2 or infected with shRNA for CPG2 KD together with GFP-
hCPG2 replacement. Surface proteins were biotinylated with cleavable
sulfo-NHS-biotin and cultures were incubated at 37 °C for 30 min to
allow constitutive internalization of surface receptors. Remaining extra-
cellular biotinwas removed by chemical reduction. Cultures kept at 4 °C
without internalization (time 0′) were used as a control for cleavage ef-
ficiency. Cells were lysed and biotinylated protein was isolated using
agarose-immobilized neutravidin. Western blots of biotinylated recep-
tor proteins were probed with antibodies recognizing glutamate recep-
tors GluA2, GluN1 or transferrin receptor (TfR) (Fig. 6A). Internalized
receptor fractions were calibrated by probing blots of known amounts
of uncleaved biotinylated receptor protein.

We found that 6.0± 0.5% of GluA2 containing AMPARs are constitu-
tively internalized after 30 min (Fig. 6B). Consistent with previous find-
ings (Cottrell et al., 2004; Loebrich et al., 2013), KD of CPG2 significantly
decreased the level of GluA2 internalization (3.7 ± 0.5%, P b 0.01, one-
way ANOVA). Viral replacement of endogenous CPG2 with GFP-hCPG2
rescued GluA2 internalization to normal values (5.7 ± 0.5%). Similarly,
CPG2 KD significantly decreased constitutive internalization of GluN1
containing NMDARs by ~30% compared to control levels (6.8 ± 0.4%
vs. 9.5 ± 0.6%, P b 0.01, One-way ANOVA). Viral replacement with
human CPG2 also rescued the internalization of GluN1 to control values
(8.9 ± 0.5%). Neither CPG2 KD nor replacement with human CPG2 sig-
nificantly affected the constitutive internalization of TfR (Fig. 6C). Our
results show that human CPG2 is functionally equivalent to rat CPG2
in facilitating glutamate receptor internalization in neurons, suggesting
a conserved function for CPG2 in the rat and human brains.

4. Discussion

In the past decade, GWAS have attempted to identify genetic vari-
ants that confer risk for many human diseases, whose inherited

Fig. 5. Spine localization of human CPG2 protein in cultured rat neurons. A) Representative images of cultured hippocampal neurons (24 DIV) stained with antibodies against CPG2 (red)
and dendritic proteinMAP2 (green). Boxed region is channel-separated in the second column. B) Representative images of control neurons (top row) or neurons expressing shRNA for KD
of endogenous CPG2 together with a GFP reporter (second row) stained with antibodies against CPG2 (red), MAP2 (green) and synaptic density protein PSD95 (blue). C) Schematic de-
piction of the human CPG2molecular replacement plasmidwith shRNA for KD of endogenous CPG2 and a GFP-hCPG2 fusion protein. D) Representative images showing lenti-virus infect-
ed hippocampal neurons expressing GFP-hCPG2 fusion protein. Cells were stainedwith anti-CPG2 (red) and anti-GFP (green). Scale bars: 15 μm(A, left panel) and 5 μm(A, right panels, B
and D). Arrows indicate signal co-localization.
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components remain unexplained (Manolio et al., 2009). In a few cases
risk variants identified by GWAS have paved the way for a molecular
understanding of disease causes. Crohn's disease, ulcerative colitis, and
type I diabetes are all examples where deep sequencing follow-up on
GWAS hits have revealed specific disease causing mutations (Lee
et al., 2013; Nejentsev et al., 2009). However, experience from these
studies and others indicates that when individual gene effects are rela-
tively small, as would be the case for neuropsychiatric diseases such as
BD, data from tens of thousands of patients is required in order for
GWAS results to be meaningful (Craddock and Sklar, 2009). Only in re-
cent years have patient databases become large and diagnostically de-
tailed enough to confidently identify individual risk genes as well as
complex genetic pathways (Cross-Disorder Group of the Psychiatric Ge-
nomics, 2013; Psychiatric, 2011).

An additional difficulty, making many GWAS hits challenging to fol-
low up functionally, is the absence of comprehensive transcriptional,
and protein coding maps for genes in the region of the identified risk
loci. Without knowing the gene products potentially altered by GWAS
identified variations, mechanistic testing of disease processes is impos-
sible. Further, knowledge of the human gene products is essential for
evaluating the relevance of studies using animal models to human

disease. While annotated human sequence databases, such as the
UCSC Genome database, are a good starting point, they suffer from sev-
eral limitations. Most annotated database sequences are unverified, in
particular in relation to their transcript start and stop sites. Due to the
way most database sequences are generated from poly-A-primed
cDNA templates, transcript ends are frequently a result of early termina-
tion of cDNA synthesis and lack the true 5′ terminus. This is particularly
true for the long transcripts typical of brain tissue (Zylka et al., 2015). In
addition, transcript priming can arise from genomic poly-A stretches,
thus denoting false 3′ termini. Further, current databases are by no
means comprehensive and it is likely that additional unreported tran-
scripts exist, especially in the case of genes with differential tissue spe-
cific expression patterns. Given these concerns, the first step in
evaluating the potential significance of variousmutations and polymor-
phisms that fall near GWAS risk loci is mapping of the transcriptional
and protein coding region of interest.

Here, we map the SYNE1 gene, a large gene with a complex tran-
scriptional profile, which has been implicated in a variety of diseases.
The first group includes muscular dystrophies; Emery–Dreifuss type
muscular dystrophy and autosomal recessive arthrogryposis, which
are conditions that severely affect skeletal and cardiac muscle function

Fig. 6. Human and rat CPG2 are functionally equivalent in regulating glutamate receptor internalization. Cultured cortical neurons were either uninfected (control), infected with shRNA
for KD of endogenous CPG2 or with shRNA for CPG2 KD together with the hCPG2 replacement. Surface receptors were biotinylated and allowed to internalize at 37 °C for 30 min, after
which remaining surface biotinwas cleaved. Cultures kept at 4 °Cwithout internalization (time 0′) were used as a control for cleavage efficiency. A) RepresentativeWestern blots showing
the internalized fraction of biotinylated surface receptors. Blots were probed with anti-GluA2, anti-GluN1 or anti-TfR. B–D) Quantification of internalized GluA2 (B), GluN1 (C) and TfR
(D) after 30 min is presented as percent internalization calibrated using known loads of an uncleaved biotinylated receptor. KD of endogenous CPG2 decreased the internalization of
GluA2 andGluN1 but not the internalization of TfR. Human CPG2 replacement showed receptor internalization rates comparable to control. N= 12–14 individual experiments. Statistical
significance was determined by one-way ANOVA and Tukey's post hoc test, *p b 0.05, **p b 0.01.
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and might be associated with muscle specific transcripts of SYNE1
(Attali et al., 2009; Puckelwartz et al., 2009; Zhang et al., 2001, 2007a).
The mutations for these degenerative neuromuscular diseases have
been mapped to the SYNE1 3′ end (Rajgor and Shanahan, 2013). Mice
with deletion of the Syne1 3′ end encoding the Klarsicht, ANC-1, Syne1
Homology (KASH) domain, a consensus sequence for nuclear envelope
binding, display disrupted anchoring of nuclei to the cytoskeleton in
skeletal muscle, which significantly affects motor nerve innervation
(Zhang et al., 2010). Both SYNE1 and the homologous gene SYNE2 are
expressed in skeletal muscle cells and have overlapping cellular func-
tions (Rajgor et al., 2012; Zhang et al., 2005). Syne1; Syne2 double-
knockout mice die of respiratory failure shortly after birth, suggesting
that these genes' role in anchoring myonuclei is crucial for respiratory
muscle innervation and function (Banerjee et al., 2014; Zhang et al.,
2007b).

Other mutations in the SYNE1 3′ region (exons 81–85) have been
implicated in an upper motor neuron disease, ARCA1 (Gros-Louis
et al., 2007). The disease is characterized by progressive movement, co-
ordination, and balance problems caused by disrupted Purkinje cell
function and their impaired signaling to other cerebellar neurons
(Gros-Louis et al., 2007). To date it is still unclear how the SYNE1 gene
mutations lead to the cerebellar cellular phenotypes contributing to
ARCA1. Interestingly, a large SYNE1 transcript has recently been identi-
fied inmouse cerebellum, which encodes a nesprin-1 isoform that lacks
theKASHdomain for nuclear anchorage and instead localizes to glomer-
uli of cerebellarmossy fibers (Razafsky andHodzic, 2015).We speculate
that the larger transcript size band observed in the cerebellum in our
Northern blotting analysis might belong to human homologs of the cer-
ebellum specific transcript identified in mice (Razafsky and Hodzic,
2015) that potentially harbor the cerebellar ataxia associated SNPs
(Gros-Louis et al., 2007).

A second group of mutations in SYNE1 have been implicated in
synapse-associated psychiatric disorders, ASD, BD, and major depres-
sion, which display considerable comorbidity, and diagnostic bound-
aries that are often difficult to define (Cross-Disorder Group of the
Psychiatric Genomics, 2013). While family studies have repeatedly
demonstrated that genetic risk factors are important in the causality
of all these diseases, the role of specific genes remain unclear
(Berrettini, 2000). The mutations in SYNE1 associated with psychiatric
disorders map to the part of the gene that spans the rat Cpg2 homolo-
gous locus and the nearby 3′ and 5′ regions. In recent meta-analyses
of GWAS data (Green et al., 2013a; Psychiatric, 2011; Xu et al., 2014),
themarkers in SYNE1 that showed genome-wide statistically significant
associationwith BD tag (via linkage disequilibrium) amissense SNP that
alters the protein encoded by CPG2. Several other missense SNPs are in
close proximity, and exome sequencing suggests additional polymor-
phisms in the CPG2 coding region, which could potentially alter CPG2
protein function.

The ASD associated mutations fall outside the CPG2 region that we
mapped in this study. While they are close enough (exon 9 and exon
60) that we initially considered the possibility that they would be
contained within a human CPG2 transcript longer than the rat homolog,
our data suggest that other as yet unidentified transcripts aremore like-
ly to exist in these regions such as transcripts encoding the N-terminal
nesprin isoforms identified in mammalian cell lines with suggested
functions in the Golgi complex (Gough et al., 2003).

To further investigate the CPG2 locus of SYNE1 as the potential risk
region for neuropsychiatric disorders, we used an integrated approach
combining several complementary gene-mapping strategies, overcom-
ing their individual limitations. Our data verified several human CPG2
transcripts, confidently determining their 3′ and 5' ends. We cloned a
full-length human CPG2 transcript as well as two shorter forms. The
complex transcriptional pattern from the SYNE1/CPG2 locus with sever-
al potential splice variants suggests multiple layers of transcriptional
regulation. The shorter transcripts could potentially have regulatory
functions at themRNA level through competitive binding to microRNAs

or to the translationalmachinery. Notably, a large number ofmicroRNAs
have been identified that interfere with expression of synaptic proteins
such as NMDA receptor and calcium/calmodulin-dependent kinase II
(CaMKII), and might influence neuronal plasticity (Bredy et al., 2011).
Such functions may be impaired in the case of specific SYNE1 muta-
tions/polymorphisms, either by regulation of transcript abundance or
by alternative RNA splicing. Alternatively, truncated CPG2-like proteins
could regulate CPG2 function through competitive association with cel-
lular binding partners as naturally occurring dominant negatives. While
our inability to detect the two CPG2 short forms in human brain extracts
suggests the former possibility as more likely, we cannot exclude that
this is due to limitations of our antibodies or to limited probe sensitivity.

The full-length human CPG2 protein is expressed in CNS tissue with
the highest expression in the neocortex, hippocampus and striatum,
consistent with mRNA localization patterns of the rat Cpg2 homolog
(Cottrell et al., 2004). In the rat, the CPG2 protein localizes primarily
to the postsynaptic endocytic zone of excitatory synapses, where it is re-
quired for the internalization of glutamate receptors (Cottrell et al.,
2004). Here we show the existence of human CPG2 transcripts and
their protein products in the human brain, and conserved human
CPG2 function in glutamate receptor internalization. Interestingly, sev-
eral independent lines of evidence, includingGWAShave implicated ab-
normal glutamatergic activity in the neuronal impairments affecting
patients with BD (Ferreira et al., 2008; Nurnberger et al., 2014;
Psychiatric, 2011; Sanacora et al., 2008). Notably, SNPs in GRIA2,
which encode the GluA2 subunit of AMPARs, have been associated
with time to recurrence of mood episodes in BD patients on lithium
(Perlis et al., 2009). Studies have also shown differences in glutamate
levels as well as glutamate receptor expression or function between
individuals with mood disorders and control subjects (Beneyto and
Meador-Woodruff, 2006; McCullumsmith et al., 2007;
Meador-Woodruff et al., 2001; Nudmamud-Thanoi and Reynolds,
2004; Scarr et al., 2003). The other major BD risk gene identified by
GWAS (Cross-Disorder Group of the Psychiatric Genomics, 2013;
Ferreira et al., 2008), ANK3, encodes the actin cytoskeleton-associated
adaptor protein ankyrin-G, which is also implicated in glutamate
receptor-mediated synaptic transmission as well as the maintenance
of mature spine morphology (Smith et al., 2014). Furthermore, Ank3
has been shown to regulate lithium-attenuated psychiatric-related be-
haviors in mice (Leussis et al., 2013).

Transcriptionalmapping of the SYNE1 gene, focusing on the CPG2 re-
gion, is a first step towards clarifyingwhich of its transcripts and protein
products are likely to play a role in BD. Identification of a full-length
CPG2 transcript expressed in human brain encoding a protein that is
functionally conserved between rat and human, provides a platform
for future testing of missense SNPs identified by BD patient exome se-
quencing for a role in glutamatergic transmission.
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