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Hereditary spastic paraplegias are a clinically and genetically hetero-
geneous group of gait disorders. Their pathological hallmark is a
length-dependent distal axonopathy of nerve fibers in the cortico-
spinal tract. Involvement of other neurons can cause additional
neurological symptoms, which define a diverse set of complex
hereditary spastic paraplegias. We present two siblings who have
the unusual combination of early-onset spastic paraplegia, optic
atrophy, and neuropathy. Genome-wide SNP-typing, linkage anal-
ysis, and exome sequencing revealed a homozygous ¢.316C>T
(p.R106C) variant in the Trk-fused gene (TFG) as the only plausible
mutation. Biochemical characterization of the mutant protein dem-
onstrated a defect in its ability to self-assemble into an oligomeric
complex, which is critical for normal TFG function. In cell lines, TFG
inhibition slows protein secretion from the endoplasmic reticulum
(ER) and alters ER morphology, disrupting organization of periph-
eral ER tubules and causing collapse of the ER network onto the
underlying microtubule cytoskeleton. The present study provides a
unique link between altered ER architecture and neurodegeneration.

membrane trafficking | COPIl-mediated secretion | ER exit site

ereditary spastic paraplegias (HSPs) are a diverse group of

disorders characterized by spastic weakness in the lower ex-
tremities, which results from degeneration of upper motoneuron
axons in the corticospinal tract (1, 2). Based on the presence or
absence of other neurological abnormalities, HSPs are classified
as complicated or pure, respectively. In addition to lower-limb
spasticity, complicated forms of HSP may be associated with
ataxia, mental retardation, dementia, extrapyramidal signs, visual
dysfunction, and/or epilepsy. HSPs are typically progressive, but
age of onset is highly variable. The heterogeneity in clinical pre-
sentation is accompanied by genetic heterogeneity. To date, more
than 40 different genetic loci, which include nearly all modes of
inheritance, have been linked to HSPs (1-5). However, in nearly
half of these cases, the identities of the causative genes remain
unknown. The identification of additional HSP genes and, more
importantly, the functional characterization of their encoded
products, will both contribute to our understanding of the path-
omechanisms underlying HSPs and reveal the general require-
ments for lifelong axonal maintenance.

More than half the HSP cases in North America and Northern
Europe can be attributed to defects in organelle dynamics (6). In
particular, mutations that impact the architecture of the endo-
plasmic reticulum (ER) are common in patients with HSP. The
ER is comprised of a network of membrane tubules and sheet-
like cisternae that extend throughout the cytoplasm and encase
the nucleus (7-9). Several factors contribute to this architecture,
including (i) membrane-bending proteins of the REEP and
reticulon families; (if) regulators of the microtubule cytoskele-
ton, which governs the spatial patterning of the ER network; and
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(iii) components of the early secretory pathway that control vesicle
biogenesis and egress (10-16). Among the best-characterized HSP
genes are SPAST, ATL1, and REEP]I, all of which encode proteins
(spastin, atlastin-1, and REEP1, respectively) that potentially
regulate ER organization. Mutations in SPAST were the first
to be identified as a cause for autosomal dominant, uncomplicated
HSP (17). Multiple studies indicate that spastin functions as a
microtubule severing protein and can thereby regulate ER mor-
phology (11, 18). Mutations in ATL1, which encodes a dynamin-
related GTPase, are the second most common cause of uncom-
plicated HSP (19). Depletion of atlastin-1 perturbs ER structure
and has been shown to inhibit axon elongation in rat cortical
neurons (20, 21). REEP] mutations also cause an uncomplicated
form of HSP (22). Together with reticulons, which have also been
implicated in HSP (23), members of the REEP family are
thought to generate and/or maintain the highly curved shape of
ER membranes (7). Interestingly, spastin has been shown to
interact biochemically with members of the atlastin, REEP, and
reticulon families (11, 18, 24), suggesting that these proteins
function together. Moreover, the consequences of mutations in
the HSP-associated genes highlighted here suggest that proper
ER organization likely plays a crucial role in axonal maintenance.
However, it currently remains unclear which functions of the ER
are necessary to prevent axon degeneration as observed in HSPs.

Results

We report on a family in which two of three siblings exhibit a
combination of several neurological symptoms that is consistent
with complicated HSP (Fig. 14). Deliveries were uneventful and
early developmental milestones were achieved on time. Pro-
nounced leg spasticity, however, precluded the ability to walk
independently. Vision problems were noted at 2.5 y of age and
result from optic atrophy. Wasting of hand and leg muscles indi-
cated additional neuropathy. In particular, clinical electrophysi-
ology confirmed an axonal demyelinating motor neuropathy and
revealed evidence for mild sensory involvement (Table S1). MRI
performed on the older patient revealed no significant abnor-
malities (Table S2). At current ages of 16 and 12y, both patients
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Fig. 1. Association of a complicated form of hereditary spastic paraplegia
with a homozygous missense alteration affecting a conserved residue of TFG.
(A) Pedigree chart of a family affected by HSP. Filled and unfilled symbols
indicate affected and unaffected individuals, respectively. Asterisks mark
family members for whom DNA was available and who were applied in
linkage analysis. Indicated below the identifiers are the results of TFG Sanger
sequencing (mut, mutant allele; wt, WT allele). Arrow denotes the index
case. (B) Runs of homozygosity >3 Mb and specific to the patients. (C) Ex-
emplary results of Sanger sequencing of TFG exon 4 in an unaffected control
patient, one of the affected parents, and the index case. (D) Schematic il-
lustrating the domain organization of TFG. The alteration (p.R106C) detec-
ted in this study is highlighted. CC, coiled-coil domain; PB1, Phox and Bem1p
domain; PQ rich, proline and glutamine-rich domain. (E) Amino acid se-
quence alignment of the TFG coiled-coil domain, showing the high level of
conservation among different species.

are wheelchair-bound while the disease appears static. Further
clinical details are summarized in Tables S3-S6.

The very unusual combination of symptoms including the cor-
responding ages of onset is highly reminiscent of spastic paraplegia,
optic atrophy, neuropathy (SPOAN), a recessive form of HSP,
which has so far only been described in a large, inbred Brazilian
family (25). We therefore performed genome-wide SNP geno-
typing and analyzed in detail the SPOAN critical region on chro-
mosome 11q13. No stretches of shared homozygosity overlapped
with the SPOAN locus in our patients. A small region of ~100 kb
(chromosome 11: 59, 764, 149-159, 863, 602; build hg18) would be
consistent with compound heterozygosity, but sequencing of the
two corresponding genes (MS444A4, MS4AE6) did not identify
mutations.
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Further analysis of the genotyping data indicated that all
three siblings harbor numerous long runs of homozygosity (Table
S7). Although the parents did not report consanguinity, run of
homozygosity size and number strongly indicates recent parental
relatedness (26). Consistent with this possibility, ancestors of both
parents originate from a small geographic region in Northern
India and belong to the same caste. We therefore introduced
a consanguineous loop into the family, an approach successfully
used in previous positional cloning projects in which consanguinity
was only inferred (27), and performed genome-wide linkage analysis
assuming recessive inheritance of a homozygous mutation. This re-
vealed four regions with the maximum possible logarithm of odds
score of 2.53 (Fig. 1B). Based on frequent association of mitochon-
drial dysfunction with optic atrophy (28, 29), we picked TOMM70A
(chromosome 3 region; encoding a mitochondrial import trans-
locator) (30) and C6ORF66 (chromosome 6 region; previously im-
plicated in mitochondrial complex I deficiency) (31) as candidates,
but sequencing failed to identify potentially pathogenic variants.

To define the causative mutation, we performed whole-exome
sequencing. A single homozygous variant was found in the regions
of linkage as defined earlier. It affects the Trk-fused gene (TFG;
¢.316C>T) and was shown by Sanger sequencing to be homozy-
gous in both patients, but heterozygous in the parents and the
unaffected sibling (Fig. 1C). TFG was recently identified as
a conserved regulator of protein secretion that assembles into
an oligomeric matrix at the interface between the ER and ER-
Golgi intermediate compartments in metazoans cells. It facili-
tates assembly of the COPII coat complex, required for mem-
brane deformation and vesicle biogenesis from the ER, at least
in part via its ability to form octamers in vivo (32). Interestingly,
the variant identified alters a highly conserved residue within the
TFG coiled-coil domain (p.R106C; Fig. 1 D and E), which plays
an important role in TFG oligomerization (33). Analysis of
mRNA samples from the family members indicated that the
variant did not affect expression, suggesting that the mutant
protein is likely to be synthesized similarly to the WT form. The
variant was found neither by searching public variation data-
bases (dbSNP-short genetic variations; National Heart, Lung,
and Blood Institute Exome Variant Server; 1000 Genomes
database) nor by sequencing of 100 local control individuals.
We therefore conclude that the homozygous presence of
¢.316C>T in TFG underlies the symptoms observed in our
patients. Accordingly, we have reserved the alias SPG57 for
spastic paraplegia caused by mutations in TFG.

In silico analysis predicts that the p.R106C mutation would
disrupt the coiled-coil domain (PSORTII prediction). To
determine the effect of the amino acid change directly, we
expressed and purified a recombinant form of the full-length
mutant protein for hydrodynamic studies. First, by using size-
exclusion chromatography, we found the Stokes radii of WT and
mutant (p.R106C) forms of TFG to be similar (Fig. S1 A4 and B).
However, density gradient centrifugation studies indicated that
the point mutation reduced the sedimentation value of the TFG
oligomer (Fig. S1C). These data indicate that the p.R106C mu-
tation perturbs the architecture of TFG complexes, but does
not completely inhibit TFG self-association in vitro.

To further define the impact of the p.R106C mutation, we
examined its influence on the oligomerization of the TFG amino
terminus (amino acids 1-138) specifically. Based on its hydrody-
namic and light scattering properties, we demonstrated that this
region of TFG normally forms an octamer in solution (Fig. S1D),
consistent with our previous results (32). We incorporated the
single nucleotide change that causes HSP into a recombinant ex-
pression construct encoding the TFG amino terminus and isolated
the mutant form of the protein in vitro. Compared with the WT
TFG amino terminus, the mutant exhibited a reduced Stokes ra-
dius and sedimentation value (Fig. 2 4 and B). Additionally, we
used multiangle light scattering to further confirm the change in
TFG complex formation. These studies highlighted that a signifi-
cant fraction of the TFG mutant fails to assemble into an octamer
(Fig. 2C). This finding was further confirmed by studying the effect
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of the p.R106C mutation on the self-association of a larger TFG
fragment encoding amino acids 1 to 193 (Fig. 2D). Together, these
studies demonstrate that the p.R106C mutation perturbs normal
assembly of TFG complexes, which is critical for TFG function
(32, 33), and highlights a mechanistic basis for the mutation that

results in HSP.

Antisense RNA Sense RNA

-

F GFP-TFG mCherry-Sec16B

Merge
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Fig. 2. Mutant p.R106C isoforms of TFG exhibit
defects in normal oligomerization in vitro. (A) Puri-
fied GST-fused forms of WT and p.R106C TFG (amino
acids 1-138) were cleaved in solution to remove the
tag and separated by size-exclusion chromatography.
Eluted fractions were separated by SDS/PAGE and
stained with Coomassie stain. The Stokes radius of
each protein was determined based on the elution
profile of characterized standards. (B) Purified pro-
teins described in A were applied to a glycerol density
gradient (10-30%) and fractionated by hand. Indi-
vidual fractions recovered were separated by SDS/
PAGE and stained by using Coomassie stain. Den-
sitometry measurements were made to quantify
the amount of protein in each fraction, which is
presented in a graphical format. (C and D) WT and
p.R106C TFG (amino acids 1-138 and 1-193) were
purified and examined by light scattering following
size-exclusion chromatography. The lack of overlap
between the peaks for each pair indicates that
the oligomerization of TFG is altered in the pres-
ence of the R106C mutation.

To define sites of TFG expression, we conducted in situ hy-
bridization experiments on sectioned mouse embryos. Consistent
with the neurodegenerative phenotype in our patients, we ob-
served high levels of TFG expression in the central nervous
system and the eye (Fig. 34). These findings corroborate recent

data acquired by using immunohistochemistry and RT-PCR (34).

Fig. 3. TFG is highly expressed in the brain cortex
and accumulates at ER exit sites in cultured murine
neurons and human epithelial cells. (A) Sagittal sec-
tion of a murine embryo (embryonic day 16) hybrid-
ized in situ with TFG-specific antisense (Left) and
sense (Right) RNA probes. ¢, caudal; cn, cranial nerve
ganglia; d, dorsal; ey, eye; fb, forebrain; mb, mid-
brain; r, rostral; v, ventral. (Scale bar, 1 mm.) (B)
Cartoon illustrating a horizontal brain section from
an adult mouse at Bregma — 3.4 mm. cb, cerebellum;
ctx, cortex; hp, hippocampus; mb, midbrain; ob, ol-
factory bulb; v, ventricle. (C) TFG-specific in situ hy-
bridization of an area corresponding to the region
boxed in B. (Scale bar, 1 mm.) (D) Magnification of
the cortical area marked by the right box in C.
Roman numerals indicate cortical layers. (Scale bar,
200 um.) (E) Magnification of the cerebellar area
marked by left box in C. gl, granular layer; ml, mo-
lecular layer; Pc, Purkinje cell layer; wm, white matter.
(Scale bar, 200 pm.) (F) Murine neurons transfected
with plasmids encoding GFP-TFG and mCherry-Sec16B
were imaged by using total internal reflection fluo-
rescence microscopy. (Scale bar, 10 um.) (Lower Right)
A 1.8x zoom of the boxed region. Arrows highlight
ER exit sites at which TFG and Sec16B colocalize.
(Scale bar, 5 pm.)
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In particular, our analysis of the adult murine brain (Fig. 3 B-E)
and the previous protein-based study (34) indicate that TFG is
highly abundant in Purkinje cells, which are essential for motor
function. Moreover, we observed similarly strong expression of
TFG in deep cortical layers, including layer V, the region har-
boring the somata of motoneurons in the motor cortex (Fig. 3D).
This pattern of expression correlates well with the movement
disorders exhibited by our patients.

We further conducted high-resolution total internal reflection
fluorescence (TIRF) imaging of subcellular TFG distribution in
cultured murine cortical neurons. These studies highlighted the
presence of TFG in punctate structures, several of which colo-
calized with Secl6, a marker of ER exit sites (35, 36), both in
axons and dendrites (Fig. 3F and Fig. S24). Live cell imaging of
neuritic growth cones showed TFG to be highly dynamic, typi-
cally associating with ER tubules that underwent numerous ex-
tensions and retractions over time (Movie S1). To determine
whether the p.R106C mutation affects the localization of TFG,
we expressed the mutant protein as a GFP fusion in cultured
epithelial cells (GFP-TFGR'%°%). Similar to WT, mutant TFG
accumulated at ER exit sites, colocalizing with Sec16 (Fig. S2
B and C). Consistent with these data, the localization and dy-
namics of GFP-TFGR!%C in murine neurons was indistinguish-
able from that of WT GFP-TFG (Movie S2). Importantly, specific
depletion of endogenous TFG by using siRNAs targeting its unique
3'UTR did not perturb the localization of GFP-TFGR!'%C in
epithelia cells (Fig. S2D). These studies collectively indicate
that the p.R106C mutation does not affect TFG localization
significantly. Instead, it impairs normal TFG structure and thereby
affects its function at ER exit sites.

Our previous work showed that TFG depletion inhibits se-
cretory cargo egress from the ER in human cells and also leads
to ER fragmentation in Caenorhabditis elegans oocytes (32). To
further determine the effect of TFG inhibition on the ER in
cultured mammalian cells, we used validated siRNAs to reduce
TFG levels by ~80% in COST7 cells, an ideal model for the study
of ER dynamics (Fig. 44). Consistent with our previous studies
in C. elegans (32), we found that the highly branched organiza-
tion of the tubular ER network was altered following TFG de-
pletion, and the abundant three-way junctions characteristic of
control cells were difficult to resolve subsequent to TFG siRNA
treatment (Fig. S3). Moreover, we found that peripheral ER
tubules collapsed onto the microtubule cytoskeleton in TFG-
depleted cells, as indicated by their increased level of overlap
relative to control cells (Fig. 4 B and C). Specifically, there was a
significant elevation in the degree of colocalization between tu-
bulin and calreticulin as measured by Pearson correlation co-
efficient (0.34 + 0.09 in control cells and 0.83 + 0.14 in depleted
cells; P < 0.01; n = 12 cells per condition). The distribution of
mitochondria, which is partially dependent upon ER organiza-
tion (37), was also impacted. Unlike control cells, which contain
mitochondria scattered throughout the cytoplasm, TFG-depleted
cells exhibited clustering of mitochondria around the microtubule
organizing center, with few extending into the cell periphery (Fig.
4D). In contrast to these defects in organelle morphology and
distribution, there was little or no effect on organization or bun-
dling of microtubules in TFG-depleted cells, indicating that the
changes observed were not an indirect consequence of perturb-
ing the microtubule cytoskeleton (Fig. 4 E and F). Collectively,
our data indicate that interfering with normal TFG function dis-
rupts ER organization, which potentially results from impaired
vesicle transport in the early secretory pathway.

Discussion

TFG was first identified as a fusion partner of the neurotrophic
tyrosine kinase receptor type 1 (NTRKI) in human papillary
carcinoma, which resulted from a translocation event between
chromosomes 1 and 3 (38). Subsequently, additional TFG fusion
proteins were isolated from other malignancies, all of which in-
volved the oligomeric amino terminus of TFG (39, 40). We re-
cently demonstrated that native TFG functions at sites of vesicle
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Fig. 4. Depletion of TFG disrupts ER architecture and distribution of mito-
chondria in mammalian cells. (A) Immunoblots of extracts prepared from
COS7 cells depleted of TFG by siRNA. Serial dilutions of extracts prepared
from control cells were loaded to quantify depletion levels. Blotting with
antibodies directed against ERK1/2 and tubulin were performed to control
loading. (B-D) COS7 cells that were transfected with siRNAs targeting TFG or
mock-transfected were fixed and stained by using antibodies directed
against calreticulin and tubulin and imaged by using swept-field confocal
optics. Cells were incubated with MitoTracker before fixation to stain mi-
tochondria (D). (Scale bars, 5 pm.) Additionally, a 5x zoom of a boxed region
of the peripheral ER (B and C) is provided. Color overlays show the ER
(green) relative to microtubules (red). (Scale bars, 2 um.) By using Imaris
software, we specifically identified the areas of overlap in the boxed regions,
which highlight differences in ER-microtubule associations in control cells
compared with cells treated with TFG siRNA (B and C, Bottom Right). (E and
F) Cropped images of microtubules in control (E) and TFG-depleted (F) cells.
Line scan analysis (examined region highlighted with a 5-um white line) was
used to demonstrate that the thickness of peripheral microtubules, as de-
termined by their fluorescence intensity, does not vary between the con-
ditions. Data shown are representative of the population (n = 23 cells
analyzed per condition).

biogenesis on the ER, forming a matrix between ER exit sites
and the ER-Golgi intermediate compartment, a key sorting hub
for secretory cargoes in metazoan cells (32). In the present study,
we identify an additional important physiological function for
TFG in long-term axonal maintenance.

Our work demonstrates that a mutation in TFG (p.R106C)
causes a recessive form of complicated HSP. Interestingly, TFG
was also recently implicated in autosomal-dominant hereditary
motor and sensory neuropathy with proximal dominant involve-
ment (41). In contrast to the TFG mutation we characterized,
the contemporary study identified an amino acid change (p.P285L)
in the carboxyl-terminal P/Q-rich domain. Pathological studies
showed the presence of cytoplasmic neuronal inclusions, which
were positive not only for TFG, but also for ubiquitin and
sometimes TAR DNA-binding protein 43 kDa (TDP-43), a pro-
tein associated with several motor neuron diseases including
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amyotrophic lateral sclerosis and frontotemporal dementia (42,43).
These inclusions may mediate a toxic gain-of-function effect,
resulting in a dominant inheritance pattern. In combination with
our findings, these data conclusively implicate TFG dysfunction in
neurodegeneration, emphasizing roles for TFG in upper motor
neurons (as shown in the present study), as well as lower motor
neurons and sensory neurons (41). Notably, this set of neurons,
which possess extremely long axons, is also affected by mutations
in several other genes that have been previously implicated in
neurodegenerative disorders. Two recurrent missense mutations
in Berardinelli-Seip congenital lipodystrophy 2 (BSCL2) are as-
sociated with a clinical spectrum ranging from pure HSP to pure
distal motor neuropathy (44). Similarly, mutations in ATLI have
been linked to pure HSP, but can also result in motor neuropathy
with sensory involvement (45-47). In the case of REEP], distinct
mutations have been shown to give rise to defects that affect only
upper motoneurons (22) or only lower motoneurons (48), similar
to the disparate effects of the two unique mutations identified in
TFG. Strikingly, all these factors function at the ER. Moreover,
the aberrant redistribution of the ER along microtubules ob-
served following TFG depletion is also seen upon overexpression
of REEP1 or an HSP-causing form of spastin that lacks ATPase
activity (p.K388R) (11,18). Depletion of atlastin-1 was shown to
promote the formation of long, unbranched ER tubules (45),
which may also be juxtaposed tightly to microtubules, even though
this has not been directly examined. Nevertheless, the lack of ER
branching is again similar to the phenotype we observed in TFG-
depleted cells. Together, our collective data suggest that changes
in ER architecture, which alter its dynamic association with
microtubules, are tightly coupled to the pathology of HSPs,
strongly supporting the emerging concept that ER structure and
function play critical roles in neuronal maintenance (8).

Unlike other genes that have been linked to HSP, TFG en-
codes a protein that functions directly in the regulation of COPII
vesicle secretion (32). As ER organization and vesicle secretion
are tightly coupled, it is difficult to dissect their relative contri-
butions to neuron health. The phenotypes exhibited by patients
with the p.R106C mutation in TFG are more severe than those
associated with pure forms of the disease that can result from
mutations in SPAST, ATLI1, or REEPI. By comparison, the pa-
tients we studied were substantially more similar to those with a
complicated form of HSP known as SPOAN (25). Analysis of the
genes within this region revealed the presence of at least three
that are known to function in ER morphogenesis: RABIB (a
Rab-type GTPase required for vesicle secretion from the ER),
YIF1A (a transmembrane protein also implicated in the early
secretory pathway), and RTN3 (a member of the reticulon family
of ER shaping proteins) (49-51). Sequence analysis of these genes
in patients with SPOAN will be enlightening, and may help to
confirm a specific requirement for secretory transport from the
ER in maintenance of neuronal integrity.

Materials and Methods

Patients and Controls. Approval for this study was obtained from the ethics
review board at the Fortis La Femme Hospital. The family studied sought
genetic counseling and was referred to Fortis La Femme Hospital in New
Delhi, India. After informed consent was obtained, DNA was extracted from
peripheral blood samples. Total RNA was prepared by applying the PAXgene
blood RNA kit (Qiagen). One hundred anonymized DNA samples from an-
other New Delhi Hospital served as local controls.

Haplotyping, Linkage Analysis, and DNA Sequencing. DNA samples from the
two affected patients, their parents, and their unaffected sister were geno-
typed by using the Genome-Wide Human SNP Array 6.0 (Affymetrix). Genders
were verified by counting heterozygous SNPs on the X chromosome. Re-
lationship errors were evaluated with the help of the program Graphical
Relationship Representation (52). The program PedCheck was applied to
detect Mendelian errors (53), and data for SNPs with such errors were re-
moved from the data set. Non-Mendelian errors were identified by using the
program MERLIN (54), and unlikely genotypes for related samples were
deleted. Linkage analysis was performed by introducing a second-degree
cousin loop for the patients’ parents and assuming autosomal-recessive
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inheritance, full penetrance, and a disease gene frequency of 0.0001. Mul-
tipoint logarithm of odds scores were calculated and haplotypes recon-
structed in the program ALLEGRO (55). All data handling was performed by
using the graphical user interface ALOHOMORA (56). For exome se-
quencing, genomic DNA was fragmented by sonication, end-repaired, and
adaptor-ligated. The first version of the NimbleGen Sequence Capture Human
Exome 2.1M Array (Roche NimbleGen) was used for enrichment of exonic and
adjacent intronic sequences comprising in total 34 Mb of target sequence.
Enriched DNA was then sequenced by using an Illumina HiSEq 2000 instrument.
Mean coverage was 299-fold, and 98% of the target sequence was covered at
least 30-fold. Variants initially detected were filtered against public variation
databases and a set of in-house exomes. Subsequently, only variants residing in
the regions of linkage (covered at least fourfold) and showing a minimum
frequency of 75% were kept. Primers applied in Sanger sequencing are avail-
able upon request.

In Situ Hybridization. A 536-bp RT-PCR product corresponding to nucleotides
685-1220 of murine TFG (NM_019678.2) was cloned into pCR II-TOPO. After
linearization, sense and antisense cRNAs were transcribed by T7 and SP6
RNA polymerases, respectively. cRNAs were labeled with digoxigenin (DIG
RNA Labeling Kit; Roche Diagnostics) according to the manufacturer’s
instructions. Sections (20 pm) from whole embryos (embryonic day 16) and
adult brain (4 mo) were obtained from fresh frozen samples of C57BL/6 mice,
thawed onto glass slides, and hybridized with the labeled cRNAs as de-
scribed previously (57).

Preparation and Transfection of Primary Murine Neurons. All mouse proce-
dures were approved by the University of Wisconsin Committee on Animal
Care and were in accordance with National Institutes of Health guidelines.
Cortical neuron cultures were prepared from embryonic day 15 Swiss Webster
mice (Taconic) (58). Brains were removed and cortices dissected out, and
meninges removed before being trypsinized and dissociated. Dissociated
cortical neurons were plated directly onto poly-p-lysine—coated dishes, or
transfected before plating with 5 ug each of GFP-TFG, mCherry-Sec16B, and
ER-tdTomato plasmids. Transfection was performed by resuspending cells in
Nucleofector solution (Mouse Neuron Kit; Lonza) along with plasmid DNA,
and electroporated by using a Lonza Nucleofector according to the manu-
facturer’s directions. Neurons were transferred into plating medium [Neu-
robasal medium with 5% (vol/vol) FBS, B27 supplement, 2 mM glutamine,
37.5 mM Nacl, and 0.3% glucose] and plated on 0.1 mg/mL poly-p-lysine—
coated glass coverslips in six-well plates, or adhered to the bottom of 35-mm
plastic culture dishes that had a 15-mm hole drilled through the bottom of
the chamber for live TIRF imaging. After 1 h, this medium was replaced with
serum-free medium (plating medium lacking FBS).

Immunofluorescence, Live Cell Imaging, and Depletion Studies. Confocal
images were acquired on a swept-field confocal microscope (Ti-E; Nikon)
equipped with a Roper CoolSnap HQ2 CCD camera using a Nikon 60x,
1.4 NA plan apo oil objective lens. TIRF imaging was conducted on a
Nikon TE2000E equipped with a TIRF illuminator, a 100, 1.49 NA plan apo
TIRF objective, a Perfect Focus System, a temperature-controlled stage,
and a CoolSnap HQ CCD camera. Acquisition parameters and image analysis
(including line scan measurements) was performed by using Nikon Ele-
ments (confocal) or Metamorph (TIRF) software. For imaging fixed cor-
tical neurons, cells were grown in vitro for 2 d before being fixed in 4%
(vol/vol) paraformaldehyde/Krebs/sucrose at 37 °C for 20 min. Cultures
were rinsed in PBS solution and blocked with 10% (vol/vol) BSA/PBS so-
lution, permeabilized in 0.2% Triton X-100/PBS solution, and labeled
with anti-TFG or anti-Sec16A antibodies and anti-tyrosinated tubulin
and Alexa 488- or 546-conjugated secondary antibodies. For wide-field
imaging, neurons were imaged on a Nikon TE2000 inverted microscope
as described previously (59). Imaging of RPE1 and COS7 cells was con-
ducted following fixation by using a similar procedure to that described for
neuron cultures. Labeling was conducted using anti-calreticulin and anti-tu-
bulin antibodies and Cy3- or Cy5-conjugated secondary antibodies. Fluo-
rescently tagged proteins did not require signal amplification using
antibody staining. For analysis of mitochondria distribution, MitoTracker
(Invitrogen) was added to cells before fixation. TFG depletion studies were
carried out by using siRNAs targeting human TFG that were transfected
by using Lipofectamine RNAIMAX as described previously (33).

Biochemistry. Recombinant protein expression was performed by using
BL21 (DE3) Escherichia coli, and purifications were conducted by using
glutathione agarose beads for GST fusions proteins. Glycerol gradients
(10-30%) were poured using a Gradient Master and fractionated from
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the top by hand. A 4-mL gradient [10-30% (vol/vol) glycerol] was gen-
erated by using a Gradient Master, and 200-uL fractions were collected
by hand from the top of the gradient. In all cases, one 20th of the
fractions were separated by SDS/PAGE and stained with Coomassie stain.
Sedimentation values were calculated by comparing the position of the
peak with that of characterized standards run on a separate gradient in
parallel. For size-exclusion chromatography, 1-mL samples were loaded
onto a Superose 6 column or an S200 column, and 1-mL fractions were
subsequently collected. In all cases, one 100th of the fractions were sep-
arated by SDS/PAGE and stained with Coomassie stain. The Stokes radius
of each protein was calculated from its elution volume based on the
elution profiles of characterized standards. Light-scattering data were
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collected by using a Wyatt miniDAWN TREOS three-angle light-scattering
detector, which was coupled to a high-resolution size-exclusion chroma-
tography column. Data were collected every second at a flow rate of 0.5 mL/
min and analyzed by using ASTRA software to determine the molecular mass
of macromolecules (60). Immunoblot analysis to quantify the level of TFG
depletion was conducted as described previously (33).
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