






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 Sec16, a marker of ER exit sites (35, 36), both in
axons and dendrites (Fig. 3F and Fig. S2A). 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-TFGR106C). 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-TFGR106C 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-TFGR106C 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 COS7 cells, an ideal model for the study
of ER dynamics (Fig. 4A). 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 (NTRK1) 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

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

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 μm.) Additionally, a 5× 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 μm.) 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-μm 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).
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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 ATL1 have
been linked to pure HSP, but can also result in motor neuropathy
with sensory involvement (45–47). In the case of REEP1, 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, ATL1, or REEP1. 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: RAB1B (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

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 DNAwas 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 μm) 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 SwissWebster
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-D-lysine–coated dishes, or
transfected before plating with 5 μg 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-D-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 60×,
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-μL 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

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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Fig. S1. The p.R106C mutation alters the oligomeric properties of Trk-fused gene (TFG). (A) Purified, full-length WT and p.R106C TFG were separated by
size-exclusion chromatography, and 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) Graphical representation of densitometry measurements conducted on Coomassie-
stained gels shown in A. (C) Full-length WT and p.R106C TFG were purified and applied individually onto glycerol gradients (10–30%), which were centrifuged
for 8 h and fractionated by hand. Each fraction was separated by SDS/PAGE and stained by using Coomassie stain. Densitometry measurements, which are
shown in a graphical representation, were used to define the sedimentation value of each protein. (D) WT TFG (amino acids 1–138) was purified and applied
onto a high-resolution size-exclusion column coupled to a multiangle light-scattering device. Based on these measurements, we determined that this region of
TFG forms an octamer in solution by using ASTRA software (Materials and Methods).
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Fig. S2. TFG and Sec16 exhibit similar localization patterns in murine neurons, and mutant TFG (p.R106C) localizes normally to endoplasmic reticulum (ER) exit
sites in epithelial cells and fibroblast-like cells. (A) Dissociated cortical murine neurons were fixed and stained by using antibodies directed against tyrosinated
tubulin and TFG (Upper) or Sec16A (Lower). Color overlays are provided (Right). (Scale bar, 10 μm.) (B) African green monkey kidney cells (COS-7) cotransfected
with plasmids encoding mCherry-Sec61β and WT (Upper) or p.R106C GFP-TFG (Lower) were imaged by using swept-field confocal optics. (Scale bar, 5 μm.) (C)
Human retinal pigment epithelial cells cotransfected with plasmids encoding mCherry-Sec16B and WT or p.R106C GFP-TFG were imaged by using swept-field
confocal optics. (Scale bars: Left, 5 μm; 8× zoomed areas of boxed regions, 1.25 μm.) (D) Human retinal pigment epithelial cells depleted of endogenous TFG
(using an siRNA targeting the TFG 3′UTR) were transfected with plasmids encoding WT or p.R106C GFP-TFG and imaged by using swept-field confocal optics
following fixation and staining with antibodies directed against Sec31A. (Scale bars: large panels, 5 μm; 3× zoomed areas of boxed regions, 1 μm.)
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Fig. S3. Depletion of TFG alters the organization of the tubular ER network. (A) Mock-depleted or TFG-depleted COS7 cells were transfected with a construct
expressing GFP-Sec61β and imaged live by using swept-field confocal optics with a 3× zoom of the boxed region (Lower). (Scale bars: Upper, 5 μm; Lower,
2.5 μm.) (B) Mock-depleted or TFG-depleted COS7 cells were transfected with a construct expressing Rtn4a-GFP and imaged live by using swept-field confocal
optics. (Scale bars: Upper, 5 μm; 4× zoom of boxed region, 2 μm.) Data shown are representative of the population (n ≥ 15 cells analyzed per condition).
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Table S1. Neurography and electromyography in the index patient

Study Latency Velocity Amplitude F-response

Motor nerve conduction
Upper limb

Median nerve ↑ ↓ ↓ Normal
Ulnar nerve ↑ ↓ ↓ Normal

Lower limb
Right tibial nerve ↑ ↓ ↓ Absent
Left tibial nerve Potentials absent
Right peroneal nerve Potentials absent
Left peroneal nerve Potentials absent

Sensory nerve conduction
Upper limb

Median nerve ↑ ↓ ND ND
Ulnar nerve ↑ ↓ ND ND

Lower limb
Right sural nerve ND Normal ↓ ND
Left sural nerve ND Normal ↓ ND

The index patient was individual III-3 in Fig. 1A. Neurography was per-
formed of right upper and both lower limbs. Electromyography was done in
the left and right tibialis anterior muscle and the left biceps muscle. Very few
motor unit action potentials and no spontaneous activity were seen. ND, not
determined; ↑, increased; ↓, decreased.

Table S2. Brain MRI in index patient

Structure Comment

Posterior fossa
Fourth ventricle Size and shape normal
Cerebellar parenchyma Normal
Cisterna magna Prominent

Supratentorial
Cerebral parenchyma Signal intensity normal in all sequences
Posterior parietal white matter Subtle increase in signal intensity (residual incomplete myelination?)
Basal ganglia Normal
Ventricles Normal, well defined
Basal cisternae Mildly prominent (bilaterally)
Sulcal spaces Normal
Brainstem Normal

Index patient was individual III-3 in Fig. 1A. MRI was performed using spin-echo T1-weighted, turbo spin-echo, T2-weighted, PD, and
trim images. Sections were taken in axial, sagittal, and coronal planes.

Table S3. Developmental milestones and age-related pathological findings

Age Patient III-2 Patient III-3

At examination, y 12 8
Head control achieved, mo 3–4 3–4
Sitting achieved, mo ∼7 ∼7
Standing (with support) achieved, mo 10 11
Walking with walker support achieved, y 3 4
Achilles tendon surgery (followed by loss of ability to walk with support), y 7 NA
Vision problems noticed, y 2.5 2.5

NA, not applicable.
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Table S4. Spastic paraplegia rating scale

Category Patient III-2 Patient III-3 Maximum score possible

A: Functional, total 24 24 24
A1: Walking distance without pause 4 4 4
A2: Gait quality 4 4 4
A3: Maximum gait speed 4 4 4
A4: Climbing stairs 4 4 4
A5: Speed of stair climbing 4 4 4
A6: Arising from chair 4 4 4

B: Spasticity and weakness, total 8 8 16
B1: Spasticity–hip adductor muscles 2 2 4
B2: Spasticity–knee flexion 2 2 4
B3: Weakness–hip abduction 2 2 4
B4: Weakness–foot dorsiflexion 2 2 4

C: Additional symptoms 3 3 12
C1: Contractures of lower limbs 3 3 4
C2: Pain due to HSP-related symptoms 0 0 4
C3: Bladder and bowel function 0 0 4

Sum 35 35 52

HSP, hereditary spastic paraplegia.

Table S5. Inventory of “complicating” HSP symptoms

Potentially complicating symptom Observation Comment

Mental retardation Doubtful Problems with communication, may be
due to physical/visual impairment

Dementia − —

Psychosis − —

Epilepsy − —

Visual loss + Optic atrophy, can read large font
Gaze-evoked nystagmus NE —

Dysarthria NE —

Dysphagia NE —

Limb ataxia NE —

Gait ataxia NE —

Extrapyramidal motor signs − —

Muscle wasting upper limbs + Hands
Muscle wasting lower limbs + General
Muscle stretch reflexes upper limb + BTR (↑), TTR (↑)
Muscle stretch reflexes lower limb + PTR (↑), ATR (↑), Babinski positive,

cloni present
Impaired touch sense − —

Impaired pinprick sensation − —

Impaired vibration sense − —

Impaired joint position sense − —

Impaired temperature sensation − —

Facial dysmorphism − —

Skin abnormalities − —

Skeletal abnormalities − —

Others − —

Findings were identical in patients III-2 and III-3. ATR, Achilles tendon reflex; BTR, biceps tendon reflex; HSP, hereditary spastic paraplegia; NE, not examined;
PTR, patellar tendon reflex; TTR, triceps tendon reflex; +, positive; −, negative.
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Table S6. Caregiver dependency (Barthel index)

Task Patient III-2 Patient III-3
Score for impossible/with

help/independent

Feeding 5 5 0/5/10
Moving from wheelchair to bed and return 0 0 0/5–10/15
Personal toilet (wash, comb, shave, brush teeth) 0 0 0/0/5
Getting on and off toilet 0 0 0/5/10
Bathing self/shower 0 0 0/0/5
Walking on level surface 0 0 0/10/15
Self-propelling wheelchair 0 0 0/0/5
Ascending and descending stairs 0 0 0/5/10
Dressing 0 0 0/5/10
Controlling bowel 10 10 0/5/10
Controlling bladder 10 10 0/5/10
Sum 25 25 0–105

Table S7. Genotyping data from three siblings in the third generation of the family examined

Sibling/score Chromosome From, bp To, bp From SNP To SNP Size, bp Size, Mb

III-1
250 3 18931796 20954896 rs11717739 rs1587378 2023100 2.02
250 5 58902233 60929982 rs296410 rs26913 2027749 2.03
250 6 36655445 38486637 rs876581 rs9394508 1831192 1.83
250 7 118106436 120704289 rs4727871 rs2721375 2597853 2.6
250 10 37304120 42964207 rs10508857 rs2801023 5660087 5.66
250 17 50923040 52871802 rs8073239 rs12449648 1948762 1.95
222 17 57541627 59323043 rs7210298 rs17513268 1781416 1.78
250 20 15444662 18063552 rs2208132 rs6080964 2618890 2.62

III-2
250 1 83804012 87832695 rs10874370 rs4655953 4028683 4.03
250 3 97384488 106438038 rs167306 rs4353831 9053550 9.05
203 5 45099458 50254488 rs10805692 rs3846500 5155030 5.16
250 6 94713504 100291904 rs13208968 rs13207695 5578400 5.58
250 7 118106436 120704289 rs4727871 rs2721375 2597853 2.6
250 10 37304120 42964207 rs10508857 rs2801023 5660087 5.66
250 11 51503005 56290909 rs4391797 rs613050 4787904 4.79
250 15 75483752 78520204 rs11636245 rs4887019 3036452 3.04

III-3
250 1 84896441 87832695 rs7514800 rs4655953 2936254 2.94
250 3 97384488 106438038 rs167306 rs4353831 9053550 9.05
250 3 143017187 146653363 rs986376 rs10935648 3636176 3.64
250 3 159477493 161394052 rs719070 rs4635724 1916559 1.92
250 4 148516877 150646588 rs9998608 rs7684095 2129711 2.13
250 6 94713504 99301511 rs13208968 rs2604065 4588007 4.59
250 10 37304120 42964207 rs10508857 rs2801023 5660087 5.66
250 15 75483752 78520204 rs11636245 rs4887019 3036452 3.04
250 18 76218048 78015057 rs2168838 rs7236400 1797009 1.8
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Movie S1. TFG associated with ER tubules exhibits a highly dynamic localization in murine growth cones. Dissociated cortical murine neurons were trans-
fected before plating with constructs encoding GFP-TFG (Upper Left) and an ER-retained form of tdTomato (Upper Right). Time-lapse imaging was conducted
using DIC (Lower Left) and total internal reflection fluorescence microscopy. Elapsed time (in minutes) is shown (Lower Left).

Movie S1

Movie S2. p.R106C TFG associates with ER tubules similarly to WT TFG. Dissociated cortical murine neurons were transfected before plating with constructs
encoding p.R106C GFP-TFG (Upper Left) and an ER-retained form of tdTomato (Upper Right). Time-lapse imaging was conducted using DIC (Lower Left) and
total internal reflection fluorescence microscopy. Elapsed time (in minutes) is shown (Lower Left).

Movie S2
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