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Normal neural development is essential for the formation of neuronal
networks and brain function. Cutaneous T cell lymphoma-associated
antigen 5 (cTAGE5)/meningioma expressed antigen 6 (MEA®G) plays a
critical role in the secretion of proteins. However, its roles in the
transport of nonsecretory cellular components and in brain develop-
ment remain unknown. Here, we show that cTAGE5/MEAG6 is impor-
tant for brain development and function. Conditional knockout of
cTAGES/MEAG in the brain leads to severe defects in neural develop-
ment, including deficits in dendrite outgrowth and branching, spine
formation and maintenance, astrocyte activation, and abnormal be-
haviors. We reveal that loss of cTAGE5/MEAG6 affects the interaction
between the coat protein complex Il (COPIl) components, SAR1 and
SEC23, leading to persistent activation of SAR1 and defects in COPII
vesicle formation and transport from the endoplasmic reticulum to
the Golgi, as well as disturbed trafficking of membrane components
in neurons. These defects affect not only the transport of materials
required for the development of dendrites and spines but also the
signaling pathways required for neuronal development. Because mu-
tations in cTAGE5/MEA6 have been found in patients with Fahr's
disease, our study potentially also provides insight into the pathogen-
esis of this disorder.
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uring neural development, along with the outgrowth of

dendrites and axons, neurons form synaptic connections
with other neurons to construct neural circuits and networks (1-
4). During these processes, neuronal morphology increases in
complexity, with cell membrane areas expanding thousands of
folds, requiring the synthesis and trafficking of large amounts of
proteins and lipids (4-7).

In general, following protein synthesis, trafficking of mem-
brane proteins and secretory proteins from the endoplasmic re-
ticulum (ER) to the Golgi apparatus is mediated by the coat
protein complex II (COPII) vesicles (8-10). SARI, a small
GTPase belonging to the Ras family, is the key factor mediating
the formation of COPII vesicles. Specifically, the exchange of
SAR1 from its GDP-bound form to its GTP-bound form, is
mediated by guanine nucleotide exchange factor (GEF)-SEC12,
leading to binding of SAR1-GTP to the ER membrane. SAR1-
GTP then recruits the COPII inner membrane protein, SEC23-
SEC24, to form SAR1-GTP/SEC23/SEC24 prebudding vesicles
(11-14). SEC23 is a GTPase activating protein (GAP), which
activates the GTPase activity of SAR1 to promote the exchange
of SAR1-GTP to SAR1-GDP, while SEC24 functions as the
cargo receptor for the recognition of different substances in
transit from the ER to the Golgi apparatus (15, 16). Subsequently,
the COPII outermembrane protein, SEC31/SEC13 dimer, is
recruited to form functioning COPII vesicles. These COPII vesi-
cles then detach from ER at the ER exit site (ERES) and trans-
locate to transport compartments. The levels of SAR1-GTP and
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SAR1-GDP are strictly controlled in cells, as overexpression of
either dominant-negative form or constitutively active form would
affect ER export and Golgi apparatus function (17, 18).
Cutaneous T cell lymphoma-associated antigen 5 (cTAGES),
also known as meningioma-expressed antigen 6 (MEA6), was
found to be up-regulated in different tumor tissues and cell lines
(19-21). cTAGES/MEAG has several different splicing isoforms,
and its main structural domains contain a single transmembrane
domain, two coiled-coil domains, and a proline-rich domain (22).
cTAGES/MEAG is expressed at much higher levels in organs with
secretory functions, including the liver and pancreas, and at more
moderate levels in the brain, spleen, lung, intestine, and muscle
(22, 23). cTAGES/MEAG has been shown to localize in the ER
exit site, and interact with TANGOL1 and SECI12 to take part in
the regulation of collagen secretion (24, 25). Moreover, cTAGES/
MEAG6 was also found to regulate the assembly of the COPII
complex and to regulate the transport and secretion of very low
density lipoprotein (VLDL) in the liver, as well as to interact and
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regulate the localization of SEC22, thus ultimately playing an
important role in insulin secretion from the pancreas (22, 23).
Notably, SEC22b has been shown to form a frans-SNARE com-
plex with syntaxinl and has a conserved function in plasma
membrane expansion (26). Although the function of cTAGES/
MEAG in protein secretion is known, its possible involvement in
the transport of cellular (nonsecretory) components of neurons
and in brain development, as well as the underlying molecular
mechanisms involved in these processes have not been explored.

Here, we generated a mouse model with conditional knockout
of cTAGE5/MEA6 in the brain to study the specific roles of
cTAGES/MEAG in brain development. We found that knockout
of cTAGE5/MEAG in the brain leads to severe developmental
defects including movement disorders. Results indicate that loss
of cTAGES/MEAG leads to defects in COPII vesicle formation
and in the transport of proteins and lipids from the ER to the
Golgi apparatus in neurons. These defects not only affect the
development and maintenance of dendrites and spines, but also
affect the signaling pathways essential for neuronal development.

Results

Conditional Knockout of cTAGE5/MEAG in the Brain Leads to Severe
Developmental Defects. To study the specific function of cTAGES/
MEAG in the brain, we generated conditional knockout (cKO) of
cTAGES/MEAG6 in the mouse brain by mating cTAGES™" mice
with Nestin-Cre transgenic mice. Because ¢cTAGES/MEAG is lo-
cated on chromosome 12 and was cross-linked with Nestin-Cre,
¢TAGES", Nestin-Cre//cTAGES* mice were mated with cTAGES™"
mice to generate cTAGES™* mice (WT mice) and cTAGES",
Nestin-Cre//cTAGES" mice (cTAGES/MEA6 cKO mice). Both
Western blot and real-time PCR analyses indicated that
cTAGES5/MEAG was efficiently knocked out in postnatal day 20
(P20) cKO mouse brains at both the protein and mRNA level,
respectively (Fig. 14 and SI Appendix, Fig. S14), but not in
other tissues, including the heart, liver, and kidney, despite a

subtle decrease in cTAGES/MEAG6 expression in the heart (S/
Appendix, Fig. S1B). Moreover, immunostaining analysis revealed
the near complete loss of cTAGES/MEAG in cKO neurons, al-
though the signal at the centrosome remained, and was possibly
due to the nonspecific signaling of the cTAGES/MEAG6 antibody
(Fig. 1B and SI Appendix, Fig. S1C).

Compared with WT mice, cKO mice showed severe growth
defects. The body weight of cKO mice decreased gradually after
P10, with all cKO mice dying before P25 (Fig. 1 C and D). Indeed,
cKO mice at P20 had significantly smaller brain and body sizes
than WT mice, suggesting an essential role of cTAGE5/MEAG6 in
development (SI Appendix, Fig. S2 A and B). Although cTAGES/
MEAG6 was reported to form a hybrid gene (7ali) with its upstream
gene (Mia2), we confirmed with RT-PCR analysis that Tali is not
expressed in the brain (S Appendix, Fig. S2C) (27, 28). To further
demonstrate that the severe growth defects in cKO mice were due
to cTAGES/MEAG deletion exclusively in the brain, we constructed
a human FLAG-cTAGE5 conditional transgenic mouse. We
crossed FLAG-h¢TAGES transgenic mice with cTAGES®, Nestin-
Cre/lcTAGES* mice to generate cTAGES", Nestin-Cre//cTAGES",
FLAG-hcTAGES mice (cKO-Res mouse). The expression of full-
length human FLAG-cTAGES (809 aa), which has a larger mo-
lecular weight than endogenous mouse brain cTAGES/MEA6
(772 aa for the full-length protein), was detected in the brains of
FLAG-hcTAGES transgenic mice and cKO-Res mice (SI Appen-
dix, Fig. S2 D and E). Surprisingly, the expression of FLAG-
hcTAGES suppressed the expression of endogenous cTAGES/
MEAG in the brain, implying that cTAGES/MEAG level is strictly
controlled in the brain (SI Appendix, Fig. S2D). More importantly,
the postnatal lethality and developmental defects, including re-
duced brain and body sizes of cKO mice, could be rescued by
transgenic expression of FLAG-hcTAGES (Fig. 1 D-G).

In addition, cKO mice also showed obvious abnormal limb-
clasping reflexes in the tail suspension test and spent dramati-
cally less time on the rotating rod in the rotarod test, which are
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CcTAGES5 cKO in the brain leads to severe defects in development, which can be rescued by transgenic expression of human FLAG-cTAGES. (4) Western

blotting results showing the knockout of cTAGE5 in the cerebral cortex and cerebellum of Nestin-cKO mice at P20. Three independent replicates were
performed. a-Tub was used as loading control. (B) Primary neurons at 14 div dissected from around E15.5 WT and cKO brains were stained with
CTAGES antibody. (Scale bars, 5 um.) Nucleus was stained with DAPI. (C) Body weight of WT and cKO mice from P7 to P20. t test; ***P < 0.001. (D) Postnatal
survival curve of WT, cKO, and cKO-Res mice. One-way ANOVA; ***P < 0.001. (E) Measurement of body weight of WT, cKO, and cKO-Res mice at P20. One-
way ANOVA; **P < 0.01; ***P < 0.001. (F and G) Images of the bodies (F) and brains (G) of the WT, cKO and cKO-Res mice at P20. (H and /) cKO mice showing
abnormal limb clasping reflexes in tail suspension test. t test; ***P < 0.001. (J) The time of WT and cKO mice at P16 spent on the rotating rod (10 rotations per
min) during Rota-rod test. t test; ***P < 0.001. Numbers of mice tested are labeled in C-E, /, and J.
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typical behavioral phenotypes involving neurodegeneration (Fig.
1 H-J) (29-31). Interestingly, compared with WT mice, cKO
mice had higher movement activity in the open-field test, with
longer moving distances, faster speeds, longer movement dura-
tions, and shorter rest durations (SI Appendix, Fig. S3). These
results demonstrate that cTAGES5/MEAG6 plays an important
role in brain development.

Because cTAGES/MEAG is important for brain development,
we determined its expression in detail in the mouse brain. We also
analyzed whether a cTAGES/MEAG isoform containing a ~99-nt
fragment alternatively spliced in the N terminus was present (SI
Appendix, Fig. S44). RT-PCR and Western blotting analyses
showed that cTAGES/MEAG is primarily expressed as the shorter
splicing isoform in the brain compared with other tissues such as
the meninges, liver, and kidney, where it is primarily expressed as
the longer splicing isoform (Fig. 24 and SI Appendix, Fig. S4B).
This implies that cTAGES/MEAG6 may have a unique function in
the brain. Moreover, cTAGES/MEAG is expressed in the cerebral
cortex at different developmental stages, with relatively higher ex-
pression levels from around birth to P14 (Fig. 2B). We also
inspected cellular subtypes expressing cTAGES/MEAG in the brain.
Immunostaining results indicated that cTAGES/MEAG is highly
expressed in neurons, but not in astrocytes (Fig. 2C). Consistent
with previous observations (22, 24), cTAGE5/MEAG is primarily
located at the ERES where it colocalizes with SAR1-GTP (Fig.
2D); cTAGES/MEAG expression was also observed in the ERGIC
of neurons, although to a lesser extent (SI Appendix, Fig. S4C).

cTAGE5/MEA6 cKO Impairs Dendritic and Synaptic Structure, as Well
as Neuronal Function. To decipher why cTAGES/MEA6 cKO led
to smaller brain size and also the underlying molecular mecha-
nism regulating this outcome, we inspected whether loss of
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cTAGES/MEAG6 affected the proliferation of neuronal pro-
genitor cells (NPC). cTAGE5/MEAG6 deletion had no effect on
the diameter of neurospheres (SI Appendix, Fig. S5 A and B). In
addition, pregnant mice were intraperitoneally injected with
BrdU at embryonic day 14.5 (E14.5) and inspected 24 h later.
We found that cTAGE5/MEA6 cKO had no significant effect on
the distribution and density of BrdU™ cell in the cerebral cortex
or on the cell cycle exit index (percentage of Ki67 /BrdU™ cells
among BrdU™ cells) (SI Appendix, Fig. S5 C-F). Therefore,
¢TAGES5/MEA6 cKO does not significantly affect the pro-
liferation and differentiation of NPCs. Moreover, immunos-
taining with the activated form of Caspase 3 antibody showed
that cTAGES5/MEA6 cKO did not cause significant apoptosis at
P20 (SI Appendix, Fig. S5G).

We analyzed the cell composition of the cerebral cortex and
found that there were no significant differences in the numbers
of NeuN* and Parvalbumin®™ (PV™) cells in the same width
(400 pm) of the cortex between the WT and cKO brains at P20.
However, cortical neuronal densities in cKO mice were signifi-
cantly increased compared with those of WT mice (SI Appendix,
Fig. S6 A and B). In addition, astrocytes were dramatically ac-
tivated in P20 cKO brains (SI Appendix, Fig. S6 C and D). Fi-
nally, compared with control brain, the increased protein levels
of GFAP in cKO brain at P20 were also confirmed by Western
blotting (SI Appendix, Fig. SO6E).

During neural development, dendritic and axonal outgrowth
increase both the membrane area and volume of neurons. Thus,
the increased neuronal density in the cerebral cortices of cKO
mice may be due to defects in dendritic and axonal outgrowth or
decrease in overall volume (SI Appendix, Fig. S6 A and B). To
validate this h}lpothesis, we crossed Thyl-GFPm transgenic mice
with ¢cTAGES", Nestin-Cre//cTAGES5™ mice to enable us to label
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stages. The forward primer and reverse primer of “Primer 1" flank the spliced intron of ¢cTAGE5, while “Primer 2" does not. 1: E14 brain; 2: E18 brain; 3:
E14 primary neuron; 4: E18 kidney; 5: E18 liver; 6: E14 meninge. (B) Western blotting results showing the expression levels of cTAGE5 and p-CamKIl (phospho
T286) in the cerebral cortex at different developmental stages. GAPDH was used as loading control. (C and D) Primary neurons (14 div) dissected from E15.5
WT mouse cerebral cortex were stained with cTAGES5 (gray), MAP2 (green), and GFAP (red) antibodies (C); or cTAGE5, SAR1-GTP and MAP2 antibodies (D).

(Scale bars, 20 pm in C and 2 pm in D.) Nucleus was stained with DAPI.
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pyramidal neurons with GFPm. Within the motor cortex of cKO
mice at P20, pyramidal neuron basal dendritic outgrowth was
impaired compared with that of WT mice (Fig. 34). Quantifi-
cation analysis showed that the total length of basal dendrites,
and the numbers of dendrite branch points in pyramidal neuron
dendrites in cKO brains were significantly reduced at P20 com-
pared with dendrites in WT brains (Fig. 3B). Moreover, Sholl
analysis indicated significant decreases in dendritic complexity
in cKO brains (Fig. 3C). Similar but less significant defects in
basal dendrites of cKO pyramidal neurons were also detected at
P14 (SI Appendix, Fig. ST A and B). In addition, we inspected
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whether dendritic outgrowth was also affected in cultured pri-
mary neurons dissected from the WT and cKO mouse brain, and
the similar results indicated that dendritic outgrowth was also
impaired in primary cultured cTAGE5/MEA6 cKO neurons at
7 and 14 d in vitro (div), although the difference at 7 div was not
as dramatic as that at 14 div (S Appendix, Fig. S7 C-F). Besides
the dendrite growth, we also investigated the effects of cTAGES/
MEAG6 cKO in axonal growth, considering that cTAGES/MEA6
was already knocked out at early developmental stages when
axons are growing (SI Appendix, Fig. S84). However, as shown in
SI Appendix, Fig. S8 B and C, cTAGE5/MEA6 c¢KO did not
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Fig. 3. cTAGE5 cKO impairs formation of dendrites and spines, and neuronal function. (A) Representative images of Thy1-GFPm labeled pyramidal neurons in

WT and cKO motor cortex at P20. The basal dendrites of pyramidal neurons were reconstructed using the “filament” function of Imaris software. (Scale bars,
20 um.) (B) The total basal dendrite length and number of dendrite branch points in A were analyzed. (C) The basal dendritic complexity in A was analyzed by
Sholl analysis with Imaris software. t test (Kolmogorov-Smirnov test for Sholl analysis); *P < 0.05; ***P < 0.001. WT: n = 21/5; cKO: n = 19/5. (n, no. of neurons
analyzed/no. of mice analyzed). (D and E) Representative images of basal (D) and apical (E) dendrites of Thy1-GFPm labeled pyramidal neurons in WT or cKO
cerebral cortex at P20. Spine density was defined as the number of spines along 10-um secondary dendrites and analyzed with the Imaris Software. t test;
***P < 0.001. Basal (WT: n = 40/5; cKO: n = 45/5); apical (WT: n = 24/5; cKO: n = 28/5); (n, no. of dendrites analyzed/no. of mice analyzed). (Scale bars, 2 pm.) (F)
The protein levels of cTAGE5, p-CamKIl, CamKIl, TrkB, and PSD95 in the WT and cKO cerebral cortex at P20 were analyzed by Western blotting. Three in-
dependent replicates were performed. a-Tub and GAPDH were used as loading control. (G) The mRNA levels of cTAGE5, Cpg15 and c-Fos in the WT and cKO
cerebral cortex at P20 were determined with real-time PCR. f-Actin was used as loading control. n = 4. *P < 0.05; **P < 0.01; ***P < 0.001. (H) The membrane
resistance and membrane capacitance of layer II/lll pyramidal neurons in the motor cortex of WT and cKO mouse at P17-P23. t test; ***P < 0.001. WT: n = 23/3;
cKO: n = 27/3. (n, no. of neurons analyzed/no. of mice analyzed).
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significantly affect the expression of axonal protein (NF-200) in
the P20 cortex and axonal growth in cultured neurons at 4 div.
Taken together, these results show that cTAGES/MEAG plays a
critical role in the outgrowth and maintenance of dendrites.
Furthermore, these impaired dendritic structural features lend
support to the idea that ¢cTAGE5/MEA6 cKO mice display
phenotypes of developmental defects.

In addition to dendrites, we carefully examined the morphol-
ogy of dendritic spines and found that the density of both basal
and apical dendritic spines of pyramidal neurons in the motor
cortex of cKO mouse was substantially lower, compared with
that of WT mouse at both P20 and P14 (Fig. 3 D and E and S/
Appendix, Fig. §9). Consistently, postsynaptic density protein 95
(PSD95) expression levels were dramatically down-regulated in
cKO brains compared with those in WT brains (Fig. 3F).
In addition, levels of phosphorylated CamKII, which is activated in
the calcium signaling pathway, were also significantly reduced in
cKO brains at P20. Moreover, both Cpgl5 and c-fos mRNA levels,
which are markers for neuronal activation (32, 33), were signifi-
cantly down-regulated in cKO brains at P20 compared with WT
brains (Fig. 3G). These results, together with altered neuronal
morphology changes, indicate a down-regulation of neuronal ac-
tivity in cKO brains. This down-regulation was further supported
by electrophysiology assays that revealed that the membrane ca-
pacitance and membrane resistance of layers II/III pyramidal
neurons in the cKO motor cortex were significantly decreased and
increased, respectively, compared with that of WT motor cortices
at P17-P23 (Fig. 3H). Moreover, compared with the controls, the
frequency of mini-excitatory postsynaptic currents (mEPSC) of
layer II/IIT pyramidal neurons in the cKO mouse motor cortex was
significantly lower with no change in the amplitude of mEPSC;
whereas the mini-inhibitory postsynaptic currents (mIPSC) of
these cKO cells was not affected (SI Appendix, Fig. S10).

Transport of Cellular Components in Neuron Is Affected in cTAGE5/
MEA6 cKO Mice. To decipher the molecular mechanisms involved
in cTAGE5/MEA6 cKO-induced defects in dendritic outgrowth
and spine formation, we labeled proteins from three cKO and
three WT P14 brains with tandem mass tag technology and
compared the protein levels using quantitative MS. There were
significant trends in both the up- and down-regulation of some
proteins in cKO brains, especially those related to the ER and
Golgi apparatus structure and function (SI Appendix, Table S1).
In particular, several component proteins of the COPI complex
(COPz1, COPg2, COPa, COPb2, and COPgl), the COPII
complex (SEC31a and SEC16a), as well as VIP36, which shuttles
between the ER and Golgi apparatus to regulate glycoprotein
sorting and trafficking (34), were significantly down-regulated.
Surprisingly, the levels of another essential COPII complex com-
ponent, SAR1, were up-regulated in cKO brains. Taken together,
these results suggest that cTAGES/MEAG is involved in protein
trafficking between the ER and Golgi apparatus in neurons.

ER complexity is significantly higher in dendritic branch
points, where multiple ERES and COPII complexes exist; it is
therefore also a site where forward transport of proteins trans-
port is enriched (7, 35). Moreover, dendritic outgrowth were
shown to be disrupted when ER complexity was down-regulated
by manipulation of CLIMP63, which may affect COPII vesicle
formation and thus forward transport of proteins in the dendritic
branch points (7). Accordingly, we found that cTAGES5/MEAG,
together with SAR1-GTP, were both relatively enriched in the
dendritic branch points of pyramidal neurons (Fig. 44).

To inspect whether ¢TAGE5/MEA6 cKO affects forward
protein transport in neurons, we took advantage of a temperature-
sensitive reporter, GFP-ts045-vesicular stomatitis virus G (VSVG),
which is arrested in the ER at 40 °C and begins to translocate to
the Golgi apparatus at 32 °C (36). WT and cKO primary neurons
infected with adenovirus expressing GFP-ts045-VSVG were cul-

Zhang et al.

tured at 40 °C for 24 h, and then switched to 32 °C for 0, 7, 17, 37,
or 75 min, when these cells were fixed with PFA. At 0 min, 35.7 +
1.4% of GFP-VSVG was localized in the Golgi apparatus (labeled
by GM130) of WT neurons (Fig. 4 A and B), implying that GFP-
VSVG might not be fully arrested in the ER. In contrast, only
14.1 £ 0.8% of GFP-VSVG was localized in the Golgi apparatus of
cKO neurons, indicating that cTAGE5/MEA6 deletion affects the
transport of GFP-VSVG from the ER to the Golgi apparatus (Fig.
4 B and C). However, after switching to 32 °C, GFP-VSVG in WT
neurons began to translocate and accumulate in the Golgi appa-
ratus to form a clear Golgi-like distribution pattern within 7-
37 min, while significantly less GFP-VSVG was translocated to the
Golgi apparatus in cKO neurons and remained in a relatively
evenly distributed pattern during that period (Fig. 4 B and C).
Another obvious difference between WT and cKO neurons was
the overall structure of the Golgi apparatus (Fig. 4B). Compared
with WT neurons cultured at 32 °C at different time points, Golgi
apparatus volume and the number of fragmented Golgi appara-
tuses in cKO neurons were significantly reduced and increased,
respectively (Fig. 4 B and C).

Because primary neurons are sensitive to culture temperature,
to exclude the possibility that the phenotype observed at 40 °C
was due to the secondary effect of stress conditions, WT and
cKO primary neurons infected with adenovirus-expressing GFP-
ts045-VSVG were cultured at 37 °C for 24 h. We found also that
significantly less GFP-VSVG (29.2 + 0.9%) in cKO neurons
accumulated in the Golgi apparatus compared with that in WT
neurons (44.8 + 0.9%) (Fig. 4 D and E). In addition, Golgi
volume was also significantly smaller and number of fragmented
Golgi structures increased significantly in cKO neurons (Fig. 4 D
and E). This fragmentation was also confirmed by immunos-
taining with COPa antibody (Fig. 4F). These results suggest that
c¢TAGES/MEA6 cKO leads to defects in protein transport from
the ER to Golgi apparatus, as well as fragmentation of Golgi
structure in neurons.

Membrane receptors and ion channels are critical for neuronal
function. In addition to the dramatically reduced levels of the
brain-derived neurotrophic factor (BDNF) receptor, TrkB (Fig.
3F), we detected the down-regulation of several other membrane
receptors and ion channels in cKO brains, including sodium- and
chloride-dependent GABA transporter (SLC6AL1), voltage-dependent
calcium channels (CACNG8 and CACNA2D3), and sodium/
potassium-transporting ATPase subunit p1 (ATP1B1) (SI Appendix,
Fig. S11).

Disturbance in forward transport from the ER to the Golgi
apparatus may also affect the lipid supply from the ER and
therefore the lipid composition of neurons (6). We postulated
that cTAGE5/MEA6 cKO may also affect the transport of lipid
components to the cell membrane during neural development,
and resulting in defects in the expansion of the cell membrane, as
well as in dendritic outgrowth. Indeed, when the lipid composi-
tion of the cKO brain at P14 was analyzed by MS, we found that
the levels of many lipid components were significantly down-
regulated, including various species of phosphatidylcholines and
phosphatidylethanolamines (the major lipid components of cell
membrane), Lyso-PE and phosphatidylinositols (the minor com-
ponents of cell membrane), as well as cell membrane raft-
associated lipids including, sphingomyelins and free cholesterols
(Fig. 4 G and H and SI Appendix, Fig. S12) (37-39).

CcTAGE5/MEA6 cKO Leads to the Deregulation of SEC23, SEC31, and
SAR1-GTP Expression in the Brain. Considering the localization of
cTAGES/MEAG in the ERES and the down-regulation of COPII
components (including SEC31a and SECl16a) (SI Appendix,
Table S1) in cKO neurons, the defects in protein transport
from the ER to the Golgi apparatus in these neurons may be due
to defects in the formation of COPII vesicles. We there-
fore immunostained markers associated with COPII vesicles,
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including SEC31a and SEC23a, and found that their intensities
in primary cKO neurons were only 45.2% and 64.9% of their
respective intensities found in WT neurons (Fig. 5 A-C). The
significant down-regulation of SEC31a and SEC23a were con-
firmed by Western blotting results of P20 cKO cerebral cortices
(Fig. 5D). Interestingly, Sec31a mRNA levels in cKO brains were
significantly up-regulated (SI Appendix, Fig. S134), which may be
in response to a feedback loop to compensate for decreased
numbers of COPII vesicles.

Surprisingly, based on the up-regulated SAR1 expression in
cKO brains (SI Appendix, Table S1), we found that the levels of
SAR1-GTP, the activated form of SAR1, were also significantly
enhanced in cKO brains (Fig. SE). Consistently, immunostaining
intensities of both SAR1-GTP and SARI1 in cKO neurons were
also significantly higher than those in WT neurons (Fig. SF and
SI Appendix, Fig. S13B). SAR1 is a critical regulator of COPIL
vesicle formation (17, 18). To verify whether enhanced SAR1-
GTP levels caused defects in dendritic outgrowth and fragmen-
tation of Golgi structures, similar to those caused by cTAGES/
MEAG6 cKO, we expressed SAR1-H79G to increase SAR1-GTP
levels; we detected defects in dendritic outgrowth, including
significant decreases in total dendrite length, in the number of
dendrite branch points, and in dendritic complexity compared
with WT neurons (Fig. 5G and SI Appendix, Fig. S14 A and B). In
addition, SAR1-H79G overexpression also led to significantly
decreased Golgi apparatus volume and increased fragmentation
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Fig. 4. cTAGE5 cKO affects the transport of GFP-
VSVG from the ER to the Golgi apparatus in neu-
ron and lipid composition in brain. (A) Primary neu-
rons at 14 div dissected from around E15.5 WT
cerebral cortex were stained with MAP2, cTAGES5,
and SAR1-GTP antibodies. Insets are enlarged im-
ages of two of the branch points. (B) Primary neu-
rons at 9 div dissected from around E15.5 WT and
cKO cerebral cortex were infected with adenovirus-
expressing temperature-sensitive GFP-ts045-VSVG,
and cultured at 40 °C for 24 h. Then, after the tem-
perature was switched to 32 °C for 0, 7, 17, 37, and
75 min, cells were fixed and stained with GFP and
GM130 antibodies. (C) Quantification analysis of the
percentage of GFP-VSVG localized in the Golgi, Golgi
volume, and number of Golgi fragments at different
time points in B. t test; ***P < 0.001. Indicated No. of
neurons of 4 WT and cKO mice were analyzed. (D)
Primary neurons as in B were cultured at 37 °C for
24 h, then fixed with PFA and stained with GFP,
GM130, and MAP2 antibodies. (E) Quantification
analysis of percentage of GFP-VSVG localized in the
Golgi, Golgi volume, and number of Golgi of neu-
rons in D. t test; ***P < 0.001. Indicated number of
neurons of four WT and cKO mice were analyzed. (F)
CcTAGE5 cKO leads to fragmentation of the Golgi
apparatus in neuron. Primary neurons as those in A
stained with COPa antibody. Nucleus was stained
with DAPI. (G) Heat map results showing the levels
of different lipid components in the cerebral cortex
of P14 WT and cKO mouse. Every single line repre-
sents one subtype of lipid components indicated
by the colorful boxes. GM3, monosialodihexosyl-
gangliosides; LPE, lyso-PE; PC, phosphatidylcholines;
PE, phosphatidylethanolamines; PI, phosphatidyli-
nositols; PS, phosphatidylserines; SL, sulfatides; SM,
sphingomyelins. (H) Levels of cholesterol were sig-
nificantly reduced in P14 cKO cerebral cortex. t test;
*P < 0.05. n = 4. (Scale bars, 5 um in A, B, D, and F.)
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of Golgi structure, mimicking the phenotype found in cTAGES/
MEA6 cKO mice (Fig. SH and SI Appendix, Fig. S14C).

cTAGE5/MEA6 cKO Disturbs the Interaction Between SEC23 and SAR1.
Considering that SEC23 activates SAR1 GTPase activity, and
SAR1-H79G expression enhances SAR1-GTP levels through
alternating the interaction between SAR1 and SEC23, we hy-
pothesized that enhanced SAR1-GTP levels in cKO brains may
be caused by disturbed interactions between SAR1 and SEC23.
Endogenous cTAGES/MEAG6 interactions with SAR1-GTP
and SEC23 were confirmed by colocalization of cTAGES/
MEAG6 and SAR1-GTP, as well with coimmunoprecipitation
(co-IP) of both cTAGES/MEA6 and SEC23 with SAR1-GTP
from brain lysates (Figs. 44 and 64). In addition, significantly
less SEC23 was detected in complexes immunoprecipitated
with SAR1-GTP antibody from cKO brain lysates (Fig. 64).
Moreover, colocalization of SEC23 with both SAR1-GTP and
SARLI in cKO neurons was also significantly reduced (Fig. 6 B
and C). These results indicate that cTAGE5/MEA6 cKO affects
the interaction of SEC23 with SAR1, which leads to persistent
enhanced SAR1-GTP levels and associated defects in COPII
vesicle formation.

Discussion

cTAGES/MEAG has been shown to be important for the secre-
tion of proteins, including collagen, VLDL, and insulin (22-25).
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In the present study, we generated a mouse model with cKO of
c¢TAGES/MEAG to investigate the function of cTAGES/MEAG in
the brain. We showed that cTAGES/MEAG plays a critical role
in the transport of nonsecretory cellular components in neurons
and regulates brain development.
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Fig. 5. cTAGE5 cKO leads to aberrant expression of
COPIl components. (A and B) Primary neurons at
14 div dissected from around E15.5 WT and cKO brains
130 were stained with SEC31a and MAP2 antibodies (A)
or SEC23a and ERGIC53 (B). (C) Quantification rel-
ative staining intensity of SEC31a in A and SEC23a
in B. t test; ***P < 0.001. Indicated number of
~70 neurons from five (for SEC31a) or three (for SEC23a)
WT and cKO mice were analyzed. (Scale bars, 5 pm
in A, 50 ym in B.) (D and E) The protein levels of
SEC31a, SEC23a, and Bip (D) or COPa and SAR1-GTP
(E) in the cerebral cortex of P20 WT and cKO mice
were determined with Western blotting. a-Tub or
GAPDH were used as loading control. Three in-
dependent replicates were performed. (F) Neurons
as those in A and B were stained with SAR1-GTP
and SEC23a antibodies. (Right) Quantification of
relative staining intensity of SAR1-GTP. t test;
***P < 0.001. Indicated number of neurons from
five WT and cKO mice were analyzed. (Scale bars,
10 pm.) (G and H) Primary neurons dissected from
around E15.5 WT mouse brain were transfected
with SAR1-H79G or GFP ¢cDNA at 8 div, fixed at
14 div, and stained with GFP (G) or GFP and
GM130 antibodies (H). (Scale bars, 20 pm in G, 5 pm
in H.) Three WT mice were analyzed. The nucleus
was stained with DAPI.

WT cKO

cTAGE5/MEAG Is Critical for Brain Development. During brain de-
velopment, neurons generate dendrites and axons to construct
neural circuits and networks (1-4). cTAGES/MEAG is expressed
in the mouse brain at different developmental stages and is
highly expressed in neurons. Interestingly, as opposed to other

Fig. 6. cTAGE5 cKO disturbs the interaction be-
tween SEC23 and SART1. (A) Tissue lysates of P20 WT
and cKO mouse cortex were immunoprecipitated
with SAR1-GTP antibody and probed with SEC23,
CcTAGES5, and SAR1-GTP antibodies. The relative lev-
els of interaction between SAR1-GTP and SEC23 was
defined as the level of SEC23 in the immunocomplex,
normalized with the level of SEC23 in the input and
SAR1-GTP in immunocomplex. Paired t test; **P <
0.01. n = 3. (B and C) Representative images of pri-
mary neurons at 14 div, which were dissected from
around E15.5 WT and cKO mouse brains and stained
with SAR1-GTP (B) or SAR1 (C) and SEC23 antibodies.
(Right) Quantification of SAR1-GTP (B) or SAR1 (C)
colocalized with SEC23. The “Surface” function of
Imaris software was used to simulate the distribution
of SEC23 (white SEC23’), and the portion of SAR1-
GTP or SAR1 localized on the SEC23 surface was
determined as colocalized with SEC23. t test; ***P <
0.001. Indicated number of neurons from five (for
SAR1-GTP) and four (for SAR1) WT and cKO mice
were analyzed. (Scale bars, 2 um.)
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tissues, cTAGES/MEAG6 mainly exists as a short splicing isoform
in neurons (Fig. 2) and implies that cTAGE5/MEAG6 may have a
unique function in the brain. cTAGES/MEA6 cKO leads to se-
vere developmental retardation, smaller brain size, and lethality
before P25. Moreover, these mice also exhibit phenotypes of
developmental defects, including abnormal limb-clasping re-
flexes in the tail suspension test, inability to stay on the rotating
rod in the rotarod test, dramatic activation of astrocytes, defects
in dendritic and spine morphology, and decreased electrophysi-
ological activities in the brain (Figs. 1 and 3 and SI Appendix,
Figs. S2, S6, S7, S9, and S10). Interestingly, cTAGE5/MEA6 and
its upstream gene, Mia2, were reported to form a hybrid gene,
Tali, and the hybrid protein TALI plays a role in VLDL secretion
(27, 28). However, Tali is not expressed in the brain (SI Ap-
pendix, Fig. S2C) (28). More importantly, transgenic expression
of human cTAGES5/MEAG largely rescued the phenotypes caused
by ¢cTAGE5/MEA6 cKO in the brain, including developmental
retardation, the dramatic activation of astrocytes, and lethality
(SI Appendix, Figs. S2 and S6). This indicates that cTAGES/
MEAG itself plays an important role in brain development.

c¢TAGE5/MEAG6 Is Critically Involved in the Transport of Cellular
Components and Neuronal Development. cTAGES/MEAG6 has
been shown to be important for the secretion of collagen, VLDL,
and insulin (22-25). Here, we took advantage of a temperature-
sensitive reporter, GFP-ts045-VSVG, to demonstrate that cTAGES/
MEAG6 cKO leads to defects in protein transport from the ER to the
Golgi apparatus and the fragmentation of the Golgi structure in
neurons (Fig. 4). More importantly, we detected down-regulation of
several membrane receptors and ion channels in cKO brain (Fig. 3F
and SI Appendix, Fig. S11). In addition to protein levels, the levels of
lipid rafts where membrane proteins are localized, might be also
affected based on the reduced levels of essential lipid components,
such as sphingomyelins and cholesterol (38, 39) that were found in
cKO brains (Fig. 4 G and H and SI Appendix, Fig. S12). Therefore,
cTAGES/MEAG is involved in not only the transport of secretory
proteins, but also the transport of nonsecretory cellular compo-
nents in neurons.

We hypothesized that these defects in membrane protein
transport and lipid raft assembly would likely result in abnormal
dendrite and spine development. We detected significant ab-
normalities in dendritic outgrowth and spine formation and
maintenance in cKO neurons in vivo. Consistently, the post-
synaptic protein, PSD95, was dramatically down-regulated in
cKO brains (Fig. 3F). In addition, levels of TrkB—the recep-
tor for the neurotropic factors BDNF and NT4/5, which play
important roles in neuronal development (40, 41)—were also
significantly down-regulated (Fig. 3F). Moreover, levels of
phosphorylated CamKII, and mRNA levels of Cpgl5 and c-fos,
markers for neuronal activation (32, 33), were all significantly
reduced in cKO brains (Fig. 3 F and G). Taken together, these
results explain how cTAGES/MEAG plays critical roles in den-
dritic outgrowth and synaptic formation or maintenance in
neurons; they also help to explain the aberrant electrophysio-
logical activities detected in cKO neurons (Fig. 3H and SI Ap-
pendix, Fig. S10).

cTAGE5/MEA6 Plays an Important Role in ER/Golgi Apparatus
Trafficking Through the Regulation of COPIl Complex Formation in
Neurons. COPII—which is composed of a small GTPase
(SAR1) and the COPII coat proteins, SEC23, -24, -13, and -31—
plays a crucial role in transporting ER cargo to the Golgi ap-
paratus (8-10). ER complexity is significantly higher in the
dendritic branch points of neurons, where ERES sites and
COPII complexes are enriched, and is therefore an active area
for forward protein transport (7, 35). Accordingly, we found that
cTAGES/MEAG, together with SAR1-GTP, were both relatively
enriched in the dendritic branch points of neurons (Fig. 44).
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Importantly, we show that cTAGE5/MEA6 cKO in neurons af-
fected the interaction between SAR1 and SEC23. This would
lead to inefficient down-regulation of SAR1 activity by SEC23 and
subsequently persistent elevated levels of SAR1-GTP (Figs. 5 and
6) and, thus, the disruption of the cycling of SAR1 activity. Saito
et al. (25) showed that cTAGES/MEAG interacts with the GEF of
SAR1, SEC12, and regulates collagen transport. However, in
contrast to results from the present study, where significant down-
regulation of SEC31a protein levels and up-regulation of Sec3la
mRNA levels were found (Fig. 5), Saito et al. (25) showed that
cTAGES5/MEA6 knockdown had no effect on SEC31a expression.
This inconsistency may be due to the different cell/systems used
in each study. In addition, cTAGES5/MEA6 may control both
the GEF and GAP of SARI, and act as a key regulator of
SARI activity to adapt to different cellular functions. Interestingly,
cTAGES/MEAG6 expression is also under tight control and trans-
genic expression of hcTAGES/MEAG6 dramatically suppressed
endogenous cTAGES/MEAG protein expression in the brain to
maintain stable total cTAGES/MEAG6 levels (SI Appendix,
Fig. S2).

In addition to the effects of ¢cTAGE5/MEA6 cKO on the
COPII complex, five components of COPI complex—including
COPz1, COPg2, COPa, COPb2, and COPgl—were also signifi-
cantly down-regulated (SI Appendix, Table S1), implying that
cTAGES/MEAG6 may also be important for retrograde transport
from the Golgi apparatus to the ER (42, 43).

cTAGES/MEAG plays an essential role in the development
and maintenance of dendrites and spines, but unexpectedly,
cTAGES/MEAG6 cKO in the brain had no significant effect on the
proliferation and differentiation of NPCs, although cTAGES/
MEAG is also expressed in these cells. In addition, cTAGES/
MEAG is evolutionarily conserved only in vertebrates and not in
yeast, in which the function of COPII vesicles is well conserved
(24, 44, 45). This raises the possibility that cTAGES/MEA6 may
be dispensable for the formation of COPII vesicles at the basal
level but becomes essential when transport of bulk or large
amounts of cargo are needed. The forward transport of proteins
and lipids in neurons during dendritic outgrowth is likely greater
than that of transport in NPCs and might help to explain why
cTAGES/MEAG is essential for neuronal development, but not
NPC development. Similarly, cTAGES/MEAG is also essential
for liver hepatocytes and pancreatic f cells in the bulk transport
of VLDL and insulin, respectively (22, 23).

A point mutation-P521A in cTAGES5/MEAG6 was reported to be
associated with Fahr’s syndrome (46, 47). Fahr’s syndrome, also
known as idiopathic basal ganglion calcification, is a rare domi-
nant inheritance neurological disorder in humans. The patients
showed calcification in brain regions controlling movement, in-
cluding the basal ganglion and cerebral cortex; these patients also
exhibited unsteady gaits and seizures (48-50). However, whether
the P521A point mutation in cTAGES/MEAG is a contributing
factor in the onset of Fahr’s syndrome is still unclear. It should be
noted that the transgenic human ¢cTAGE5/MEAG6 used for rescue
study here contains this P521A mutation and could largely rescue
the developmental defects caused by knockout of cTAGES/Mea6,
indicating that this mutation does not have significant effects, at
least, in young mice. This is consistent with the fact that the av-
erage onset age of Fahr’s syndrome in humans is around 40 y of age.
Therefore, whether the P521A mutation in cTAGES/MEAG has a
causal link with Fahr’s syndrome needs further investigation in
older mice.

In conclusion, as described in Fig. 7, we found that cTAGES/
MEA6 cKO in the brain affects the interaction between
SARI1 and SEC23 in neurons. This would lead to the disruption
of the cycling of SAR1 activity, which is replaced by a persistent
elevated level of SAR1-GTP and, thus, defects in COPII vesicle
formation and transport from the ER to Golgi. This will result in
fragmentation of the Golgi structure and disturb the trafficking
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Fig. 7. Model for the roles of cTAGE5/MEAG in brain development. cTAGES5/
MEAG6 KO in the brain affects the interaction between SAR1 and SEC23 in
neurons. This would lead to the disruption of the cycling of SAR1 activity,
which is replaced by persistent elevated level of SAR1-GTP and, thus, defects
in COPII vesicle formation and transport from the ER to the Golgi. This will
result in fragmentation of the Golgi structure, disturbing the trafficking of
both proteins and lipids in neurons and defects in brain development.

of both proteins and lipids in neurons. These defects not only
affect the transport of materials required for the development
and maintenance of dendrites and spines (plasma membrane
expansion), but also the signaling pathways required for neuro-
nal development. Therefore, cTAGES5/MEAG is critical for brain
development; and when absent, severe phenotypes of develop-
mental retardation will develop.

Materials and Methods

Animals. cTAGE5™ mice, with insertion of two Joxp sites flanking the 11th
exon of cTAGE5 gene, were constructed by Yaqing Wang (22). Nestin-Cre
[B6.Cg(SJL)-TgN(Nes-cre)1KIn)/AJ] transgenic mice were bought from Model
animal research center of Nanjing University. Thy1-GFPm transgenic mice
were generously provided by Yi Zuo, University of California, Santa Cruz, CA.
Human FLAG-cTAGE5 (P521A) transgenic mice were generated by Beijing
Biocytogen through methods of homologous recombination based on CRISPR/
Cas9. The targeting vector contains 5" homologous arm (2 kb), CAG promoter
(CAG-Pr), LoxP-Stop-LoxP element (for conditional expression under the con-
trol of Cre), 3x-FLAG-tagged human cTAGE5 containing P521A point muta-
tion, WPRE-Probe (for Southern blot), poly-A signal (pA), and 3’ homologous
arms (2 kb). sgRNAs were designed in the site of Rosa26 gene on the sixth
Chromosome and the CAG-Pr-loxP-Stop-loxP-cTAGES5-(P521A)-3xFLAG-WPRE-
pA fragments were inserted in mouse Rosa26 site through homologous re-
combination. The experimental procedures on mice were performed based on
the protocols which were approved by the Institutional Animal Care and Use
Committee at the Institute of Genetics and Developmental Biology, Chinese
Academy of Sciences.

Immunostaining. Immunostaining was performed as described previously, with
minor modifications (51). Briefly, the dissected brains were fixed with PFA (4%)
and dehydrated in sucrose (30%), and then sectioned into slices in 40- or
100-pm width. The primary neurons were fixed with PFA (4%) at room tem-
perature or cold methanol at 4 °C for 15 min. The brain slices or primary neurons
were first incubated in the blocking buffer (10% FBS, 5% BSA, 0.3% Triton X-100,
0.01% NaNj3 dissolved in PBS) at room temperature for 1 h, and then incubated in
the primary antibody dissolved in the blocking buffer at 4 °C for overnight, and
finally incubated in the secondary antibody conjugated with Alexa Fluor 488, 568,
or 647 dyes dissolved in the blocking buffer at room temperature for 1 h. The
antibodies used for immunostaining: Bip (ab21685, 1:2,000; Abcam), BrdU
(ab6326, 1:500; Abcam), Caspase3 (ab2302, 1:800; Abcam), COPa (HPA028024,
1:400; Sigma), ERGIC53 (E6782, 1:1,000; Sigma), GFAP (ab7260, 1:1,000; Abcam),
GFP (ab290, 1:1,000; Abcam), GFP (ab13970, 1:1,000; Abcam), GM130 (610822,
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1:1,000; BD), Ki67 (ab15580, 1:1,000; Abcam), MAP2 (ab5392, 1:1,000; Abcam),
CTAGES5/MEA6 (HPA000387, 1:400; Sigma), NeuN (ab104224, 1:1,000; Abcam),
Parvalbumin (ab11427, 1:1,000; Abcam), SAR1 (ab77029, 1:400; Abcam), SAR1-
GTP (26916, 1:200; Neweast), SEC23a (8162s, 1:400; CST), SEC31a (3466s, 1:400;
CST), y-Tubulin (ab11316, 1:1,000; Abcam).

Co-IP and Western Blotting. Co-IP and Western blotting were performed as
described previously with minor modifications (52). In brief, protein lysates of
mouse brain were prepared in the cell lysis buffer [20 mM Tris-HCI (pH 8.0),
50 mM NaCl, 10 mM Hepes (pH 7.4), 0.5% Nonidet P-40, 0.5 mM EDTA
(pH 8.0), Phosphatase Inhibitor Mixture (Roche), Protease Inhibitor Mixture
(Roche), 0.2 mM PMSF]. For Co-IP of endogenous proteins, 2-3 ug of primary
antibodies (SAR1-GTP) was first incubated with Protein A/G agarose beads
(15 pL + 15 pL) at 4 °C for 2 h, and then the agarose beads were incubated in
the 1-mg protein lysates of mouse brain at 4 °C for overnight. After being
washed with cell lysis buffer at least three times, the proteins bound on the
beads were eluted with SDS sample buffer and analyzed through Western
blotting. For Western blotting, the proteins in the brain lysates were sepa-
rated through SDS/PAGE and transferred into the nitrocellulose (NC) mem-
branes. Then, the NC membranes were incubated in the primary antibodies
at 4 °C for overnight and subsequently in the secondary antibodies or heavy-
chain specific secondary antibodies (for the co-IP samples) conjugated with
horseradish peroxidase. Finally, enhanced chemiluminescence substrate
was used to visualize the protein bands in the NC membrane. The anti-
bodies used for Western blotting: Bip (ab21685, 1:5,000; Abcam), COP«
(HPA028024, 1:1,000; Sigma), FLAG (M185, 1:2,000; MBL), GAPDH (2118s,
1:2,000; CST), GFAP (3670s, 1:1,000; CST), cCTAGE5/MEA6 (HPA000387, 1:1,000;
Sigma), NeuN (ab104224, 1:1,000; Abcam), p-CamKll (ab124880, 1:1,000;
Abcam), SAR1-GTP (26916, 1:1,000; Neweast), SEC23a (8162s, 1:1,000; CST),
SEC31a (3466s, 1:1,000; CST), TrkB (4603s, 1:1,000; CST), a-Tubulin (3873s,
1:2,000; CST).

Quantitative MS. The protein sample preparation of brain tissues for MS
analysis and protocols of the MS analysis were performed as described pre-
viously with some modifications (53, 54). Three WT and cKO mouse brains at
P14 were dissected and lysed in the lysis buffer [0.4 M sucrose, 50 mM 3-(N-
morpholino) propanesulfonic acid (pH 7.0), 10 mM NacCl, 5 mM EDTA, and
0.5 mM PMSF]. The protein samples were digested with the filter-aided
sample preparation method, in which the 100 pg lysates of mouse brain
were reduced with 10 mM DTT at 37 °C for 1 h, and alkylated with 55 mM
iodoacetamide. After digested with sequencing grade trypsin, the collected
peptides of three biological replicates of the WT and cKO mouse brain were
labeled with 6-plex TMT (Tandem Mass Tag; Thermo Fisher Scientific) and the
labeling reaction was inactivated by addition of 5% hydroxylamine. The la-
beled samples were mixed together with equal ratios of these six samples and
fractionated with reversed-phase (RP)-high performance liquid chroma-
tography (HPLC). The fractioned peptides were resuspended in 0.1% formic
acid (FA) and analyzed with a LTQ Orbitrap Elite mass spectrometer. For
data analysis, raw mass spectrometric files were analyzed with the soft-
ware MaxQuant (55), in which the Mus musculus (including canonical and
isoforms) proteome sequence database used was downloaded from Uni-
prot. The MS proteomics data have been deposited to the Proteo-
meXchange Consortium via the PRIDE partner repository with the dataset
identifier PXD010386 (56).

RNA Extraction and Real-Time PCR. RNA extraction from the brain tissue and
real-time PCR were performed as described previously (51, 57). Briefly, 1 mL
TRIZOL was used to dissolve the brain tissues and 200 pL chloroform was
subsequently added. After precipitation with isopropanol and washed with
70% (vol/ivol) cold ethanol, the mRNA was collected and reversely tran-
scribed into cDNA by using the reverse transcriptase (Promega). A 2x SYBR
Green PCR mixture (Bio-Rad) was used to perform real-time PCR and ana-
lyzed with Bio-Rad C1000 Thermal Cycler. The primers used in PCR are listed
in SI Appendix, Table S2.

Imaging and Data Analysis. The images of mouse body and brain were taken
by Canon camera, and confocal images were achieved through Zeiss
LSM700 confocal microscopy. The images of neurospheres were achieved
through Nikon fluorescence microscopy. All of the images were analyzed
with software of Photoshop, ImagelJ, or Imaris as described previously (51),
and the process of digitalization of the data are described in S/ Appendix,
Supplemental Methods and Materials. For the quantification analysis, which
was not performed blinded to the experimental condition, t test (Kolmogorov—
Smirnov test for the Sholl analysis) or one-way ANOVA followed by Tukey’
multiple comparison test were used through GraphPad Prism or Excel
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software to analyze where there was significant difference, and the signif-
icant difference was indicated as *P < 0.05, **P < 0.01, and ***P < 0.001.

Other methods and materials are shown in S/ Appendix, Supplemental
Methods and Materials.
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