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 1 

Supplemental Figure 1. Major phenotypes of FMCD reversed by mTOR inhibitor 2 

rapamycin in FMCD mice. 3 

(A) Representative immunofluorescence images of migration of in utero electroporated neurons. 4 

GFP-positive cells represent mTOR WT (WT), mTOR p.C1483Y (p.C1483Y), and mTOR 5 

p.L2427P (p.L2427P) carrying cortical neurons from vehicle-treated (top) and rapamycin-treated 6 

(bottom) FMCD mice at E18. ** P < 0.01 and *** P < 0.001 (WT-vehicle: n = 9, p.C1483Y-7 

vehicle: n = 9, p.L2427P-vehicle: n = 11, WT-rapamycin: n = 8, p.C1483Y-rapamycin: n = 9, 8 

p.L2427P-rapamycin: n = 5, one-way analysis of variance [ANOVA] with Bonferroni post-hoc 9 

test). Scale bars, 200 um. Mean ± SEM. CP: cortical plate, IZ: intermediate zone, SVZ/VZ: 10 

subventricular/ventricular zone.  11 
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(B) Cumulative graph of the percentages of spontaneous seizures elicited in the mTOR-p.C1483Y 12 

(p.C1483Y) and p.L2427P (p.L2427P) FMCD mice (left) (mTOR-p.C1483Y: n = 24, mTOR-13 

p.L2427P: n = 29).  14 

(C) Representative neocortical electroencephalographic activity of epileptic seizures in FMCD 15 

adult mice (P56-P140). 16 
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Supplemental Figure 2. Aberrant activation of mTOR kinase reversed by mTOR inhibitor 36 

rapamycin in FMCD mice. 37 

(A) Representative immunofluorescence staining of p-S6 (Ser240/244) and p-4E-BPs (Thr37/46) 38 

in GFP-positive cells from vehicle-treated (top) and rapamycin-treated (bottom) FMCD mice at 39 

E18. GFP expressing cells positive for each marker were quantified in the average of two to five 40 

representative cortical regions. *** P < 0.001 (WT-vehicle: n = 9, p.C1483Y-vehicle: n = 9, 41 

p.L2427P-vehicle: n = 11, WT-rapamycin: n = 8, p.C1483Y-rapamycin: n = 9, p.L2427P-42 

rapamycin: n =5, one-way ANOVA with Bonferroni post-hoc test). For p-S6, scale bars = 10 um 43 

and for p-4E-BPs, scale bars = 25 um.  44 

(B) Representative immunofluorescence staining of p-S6 (Ser240/244) and p-4E-BPs (Thr37/46) 45 

in GFP-positive cells from vehicle-treated (top) and rapamycin-treated (bottom) adult FMCD mice 46 

(P56-P140). GFP expressing cells positive for each marker were quantified in the average of two 47 

to five representative cortical regions. *** P < 0.001 (n = 5 in each group, one-way ANOVA with 48 

Bonferroni post-hoc test). Scale bars, 25 um. 49 
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Supplemental Figure 3. Validation of the quality of Ribo-seq and RNA-seq library 60 

preparation in WT, p.C1483Y, and p.L2427P mice. 61 

(A) Schematic diagram depicts the Ribo-seq and RNA-seq. TE was calculated by read count of 62 

RPF normalized by read count of mRNA of each mRNA. 63 

(B) Cell number, embryo number, and amount of RPF and mRNA used for Ribo-seq and RNA-64 

seq library preparation in FMCD mice.  65 

(C) Representative images of library preparation of RPF and mRNA upon gel excision during the 66 

process of size selection. M: marker, WT: WT mice, C: p.C1483Y mice, L: p.L2427P mice.  67 

(D) Mapping distributions of read counts for the assigned classes in the RPF (left) and mRNA 68 

(right) libraries. 69 

(E) Density of RPF (top) and mRNA (bottom) reads near the translation start and stop codons.  70 

(F) Fractions of RPF (top) and mRNA (bottom) reads mapped to each of the three nucleotides in 71 

the codons.  72 

(G) Pearson’s correlation of the RPF (left) and mRNA (right) libraries.  73 

(H) The expression of neuronal markers in GFP-positive cells. Each of the neuronal markers are 74 

shown on the x-axis. The level of expression is presented as Log2(normalized read counts) on the 75 

y-axis. Blue bars represent RPFs of mTOR WT mice; orange bars represent mRNA of WT mice.  76 

(I) Pie chart representing functional classification of mTOR activation-sensitive genes in FMCD 77 

mice. 78 
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Supplemental Figure 4. Translational activation of Adk, IRSp53, and Creb1 in FMCD mice. 84 

Bar graphs showing the fold changes in RPF and mRNA of Adk, IRSp53, and Creb1 in the WT, 85 

p.C1483Y, and p.L2427P mice (n = 3 in each group). Mean ± SD. 86 
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Supplemental Figure 5. The increased expression of ADK, IRSp53, and CREB1 in mTOR 99 

activating mutation-carrying neurons is rescued by the treatment of rapamycin in FMCD 100 

adult mice.  101 

(A) Representative immunofluorescence staining of mTOR activation-sensitive genes (ADK, 102 

IRSp53, and CREB1 [red]) in GFP-positive cells (green) from FMCD adult (P56-P140) mice 103 

treated with vehicle (top) or rapamycin (bottom). Scale bars, 25 um.  104 

(B) Quantification of samples in (A). ADK-, IRSp53-, or CREB1 (red)-positivity among GFP-105 

positive cells in the average of two to five representative cortical regions of FMCD mice. * P <0.05, 106 

** P < 0.01, and *** P < 0.001 (n = 5 in each group, one-way analysis of variance [ANOVA] with 107 

Bonferroni post-hoc test). 108 

(C) Representative immunofluorescence staining of p-S6 (Ser240/244) (red) in FMCD mice (P21). 109 

Scale bar, 50 um.  110 

(D) Quantification of samples in (C). p-S6 (Ser240/244) (red)-positivity among GFP-positive or 111 

GFP-negative cells in the average of two to five representative cortical regions of FMCD mice *** 112 

P < 0.001 (relative to WT, n = 3 in each group, one-way ANOVA with Bonferroni post-hoc test).  113 
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 122 

Supplemental Figure 6. The increased expression of ADK, IRSp53, and CREB1 in mTOR 123 

activating mutation-carrying neurons is rescued by the treatment of rapamycin in FMCD 124 

mice at E18.  125 

(A) Representative immunofluorescence staining of mTOR activation-sensitive genes (ADK, 126 

IRSp53, and CREB1 [red]) in GFP-positive cells from E18 mice expressing mTOR p.C1483Y 127 
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(p.C1483Y) or p.L2427P (p.L2427P) treated with vehicle (left) and rapamycin (right). Scale bars, 128 

25 um.  129 

(B) Quantification of (A). ADK-, IRSp53-, or CREB1 (red)-positivity among GFP-positive cells 130 

in the average of two to five representative cortical regions of FMCD mice. *** P < 0.001 (n = 5 131 

in each group, one-way analysis of variance with Bonferroni post-hoc test). 132 

 133 

 134 

 135 

 136 

 137 

 138 

 139 

 140 

 141 

 142 

 143 

 144 

 145 

 146 

 147 

 148 

 149 

 150 



 
 
 

Page 12 
 
 

  151 

Supplemental Figure 7. The expression of ADK, IRSp53, and CREB1 in brain tissues from 152 

control brain tissues. Representative immunofluorescence staining of translationally up-153 

regulated mTOR targets (ADK, IRSp53, and CREB1 [red]) in NeuN+ (green) cells from the 154 

patient’s brain tissues stained with DAPI (blue). Scale bars, 25 um for ADK and CREB1, 60 um 155 

for IRSp53. Control 2 refers to the postmortem brain tissues of UMB5408 and Control 3 refers to 156 

the unaffected brain region of FCD247. 157 
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Supplemental Figure 8. The aberrant activation of mTOR kinase in cortical neurons from 172 

FMCD patients.  173 
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(A) Representative immunofluorescence staining of mTOR downstream targets p-4E-BPs 174 

(Thr37/46, left) and p-S6 (Ser240/244, right) (red) in NeuN+ (green) cells from FMCD patients. 175 

Scale bars, 25 um. Control 1 refers to the postmortem brain tissues of UMB5309, control 2 refers 176 

to the postmortem brain tissues of UMB5408, and control 3 refers to the unaffected brain region 177 

of FCD247.  178 

(B) Quantification of (A). Representative cortical regions in each FMCD patient were averaged. * 179 

P <0.05, ** P < 0.01, and *** P < 0.001 (one-way analysis of variance with Bonferroni post-hoc 180 

test).  181 
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Supplemental Figure 9. The activation and inhibition of mTOR kinase in C1483Y cells and 198 

in Torin1 cells. Western blot analysis of p-S6 (Ser240/244), a major read-out of mTOR activation, 199 

in C1483Y cells (C1483Y). NIH3T3 cells treated with 200 nM Torin1 for 3 hr (Torin1 3hr) and 200 

NIH3T3 cells treated with 200 nM Torin1 for 14 hr (Torin1 14hr). EZblue staining in whole protein 201 

lysates were used as loading controls. p-S6 levels are presented as relative ratios to that in control 202 

cell lines. *** P < 0.001 (n = 9 in each group, one-way analysis of variance with Bonferroni post-203 

hoc test). Mean ± SD. 204 
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Supplemental Figure 10. Validation of the quality of Ribo-seq and RNA-seq library 214 

preparation.  215 



 
 
 

Page 17 
 
 

(A) Representative images of library preparation of Ribo-seq and RNA-seq upon gel excision 216 

during size selection. M: marker, Con: vehicle-treated NIH3T3 WT cells, C1483Y: C1483Y cells, 217 

Tor: Torin1 3-hr treated NIH3T3 WT cells.  218 

(B) Mapping distributions of read counts for the assigned classes in the RPF (left) and mRNA 219 

(right) reads. CDS: coding sequence, UTR: untranslated region. 220 

(C) Density of RPF (top) and mRNA (bottom) reads near the translation start and stop codons.  221 

(D) Fractions of RPF (top) and mRNA (bottom) reads mapped to each of the three nucleotides in 222 

the codons. Three-nucleotide periodicity reflects the movement of ribosomes along mRNA by 223 

three nucleotides at a time. Control: control cells, Torin1: Torin1 cells, C1483Y: C1483Y cells. 224 

(E) Pearson’s correlation of the RPF (left) and mRNA (right) library replicates. 225 

 226 

 227 

 228 

 229 

 230 

 231 

 232 

 233 

 234 

 235 

 236 

 237 

 238 



 
 
 

Page 18 
 
 

  239 

Supplemental Figure 11. Translational profile of mTOR activation-sensitive genes is distinct 240 

from that of mTOR inhibition-sensitive genes. Box plots showing the log2 ratios of fold changes 241 

(log2[ΔTE]) in the TEs of mRNAs encoding all genes, mTOR inhibition-sensitive genes in Torin1 242 

cells from C1483Y cells (left) and mTOR activation-sensitive genes in C1483Y cells from Torin1 243 

cells (right) relative to control cells. 244 
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Supplemental Figure 12. Protein synthesis rates are not significantly affected by human 257 

MTOR mutations in vitro and in vivo.  258 

(A) Western blot and quantification of protein lysates from control cells (Control), C1483Y cells 259 

(C1483Y), and Torin1 treated cells (Torin1 3 hr and Torin1 14 hr, 200 nM) to measure basal rates 260 

of protein synthesis. EZblue staining in whole protein lysates was used as a loading control. n = 6 261 

in each group. Mean ± SD.  262 

(B) Western blot and quantification of protein lysates from flag-mTOR WT (WT), flag-mTOR 263 

p.C1483Y (p.C1483Y), or flag-mTOR p.L2427P (p.L2427P) overexpressing HEK293T cells to 264 

measure basal rates of protein synthesis. EZblue staining in whole protein lysates was used as a 265 

loading control. n = 3 in each group. Mean ± SD.  266 

(C) Representative immunofluorescence staining of puromycin incorporated proteins in primary 267 

cultured cortical neurons expressing mTOR WT (WT), mTOR p.C1483Y (p.C1483Y), or mTOR 268 

p.L2427P (p.L2427P) with GFP-reporter. The level of puromycin incorporation is presented as 269 

puromycin positivity in GFP-positive cells. n = 3 in each group. Scale bars, 100 um.  270 

(D) Representative immunofluorescence staining of puromycin incorporated proteins in the 271 

cortices of E18 mouse embryos expressing mTOR WT (WT), mTOR p.C1483Y (p.C1483Y), or 272 

mTOR p.L2427P (p.L2427P) mice with GFP reporter. Puromycin incorporation is presented as 273 

puromycin positivity in GFP-positive cells. n = 5 in each group. Scale bars, 30 um.  274 

(E) Representative immunofluorescence staining of puromycin incorporated proteins in HEK293T 275 

cells expressing mTOR WT (WT), mTOR p.C1483Y (p.C1483Y), or mTOR p.L2427P (p.L2427P) 276 

with GFP reporter. The level of puromycin incorporation is presented as puromycin positivity in 277 

GFP-positive cells. n = 3 in each group. Scale bars, 200 um. 278 

* P < 0.05 and *** P < 0.001, one-way ANOVA with Bonferroni post-hoc test 279 
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  280 

Supplemental Figure 13. Enriched functional clusters of mTOR activation-sensitive genes is 281 

distinct from that of mTOR inhibition-sensitive genes. Pie charts represent cluster analysis 282 

results of mTOR activation-sensitive genes in C1483Y cells (135 genes with z-score  1.5, top) 283 

and mTOR inhibition-sensitive genes in Torin1 cells (144 genes with z-score  -1.5, Torin1 284 

down-regulated, bottom). Each functional cluster is significantly enriched in GO terms generated 285 

by the ClueGo app in Cytoscape. The size of the pie corresponds to the number of genes. 286 
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Supplemental Figure 14. Canonical 5′ UTR features of mTOR activation- and inhibition-298 

sensitive genes. Comparison of canonical 5′ UTR features between all genes and subsets whose 299 

TEs were related with mTOR activation-sensitive genes in the FMCD mice and C1483Y cells 300 

(C1483Y) or with mTOR inhibition-sensitive genes in Torin1 cells (Torin1). 301 
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Supplemental Figure 15. 5′ UTR motifs of mTOR inhibition-sensitive genes found in Torin 312 

1 cells.  313 

(A) MEME analysis showing consensus sequences and enrichment values (E-value) of the 314 

pyrimidine-rich translational element (PRTE), A-rich, and GGAGG motifs of mTOR inhibition-315 

sensitive genes found in Torin1 cells.  316 

(B) Diagram illustrating the percentage and number of mTOR inhibition-sensitive genes 317 

containing a PRTE, A-rich, or GGAGG motifs. 318 
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Supplemental Figure 16. The efficient knockdown of eIF4E in FMCD mice.  325 
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(A) Western blot analysis of eIF4E in sheIF4E RNAs expressing Neuro2A cells. sheIF4E#2 was 326 

used for further analysis. Quantification of Western blots relative to empty vector, * P < 0.05, ** 327 

P < 0.01, and *** P < 0.001 (n = 5 in each case, one-way ANOVA with Bonferroni post-hoc test). 328 

Mean ± SD.  329 

(B) Representative images of eIF4E (red) knockdown in GFP-positive cells from P7 FMCD mice 330 

electroporated with shScramble (top) or sheIF4E (bottom) RNA expressing vectors. *** P < 0.001 331 

(n = 5 in each case, one-way ANOVA with Bonferroni post-hoc test). Scale bar = 20 um. Mean ± 332 

SEM. 333 
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  349 

Supplemental Figure 17. The increased expression of ADK, IRSp53, and CREB1 in mTOR 350 

activating mutation-carrying neurons is rescued by the knockdown of eIF4E. Representative 351 

images of ADK, IRSp53, and CREB1 (red) in GFP-positive cells from P21 FMCD mice treated 352 

with shScramble (top) or sheIF4E (bottom). *** P < 0.001 (n = 5 in each case, one-way analysis 353 

of variance [ANOVA] with Bonferroni post-hoc test). Scale bar = 25 um. 354 

 355 



 
 
 

Page 27 
 
 

  356 

Supplemental Figure 18. ADK expression in cortical neurons and astrocytes from FMCD 357 

mice brains.  358 

(A) Representative images of NeuN (green, top) or GFAP (green, bottom) and ADK (red) in GFP-359 

positive cells from adult FMCD model mice (P56-P140).  360 

(B) Quantification of (A). *** P < 0.001 (n = 5 in each case, one-way analysis of variance with 361 

Bonferroni post-hoc test). Scale bar = 25 um. 362 
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 366 

Supplemental Figure 19. The efficient knockdown of ADK in FMCD mice.  367 
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(A) Western blot analysis to show the efficiency of ADK knockdown in N2A cells. shADK #3 368 

was used for further analysis. Quantification of western blot analysis with the loading control α-369 

tubulin relative to empty vector, * P < 0.05 and *** P < 0.001 (n = 7 in each case, one-way 370 

ANOVA with Bonferroni post-hoc test). Mean ± SD.  371 

(B) Representative images of ADK (red) knockdown in GFP-positive cells from P7 FMCD mice 372 

electroporated with shScramble (top) or shADK (bottom) RNA expressing vectors. Quantification 373 

of ADK knockdown. *** P < 0.001 (n = 5 in each case, one-way ANOVA with Bonferroni post-374 

hoc test). Scale bar = 20 um.  375 
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Supplemental Table 4. 402 

Clinical information of FMCD patients and control cases. 403 
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Supplemental Table 5. 419 

mTOR pathway mutations found in FMCD patients 420 

 421 
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Supplemental Table 13. 

Summary of 5′ UTR motifs (E-score) identified in subset of mTOR activation-sensitive genes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 
 

Page 36 
 
 

Supplemental Table 2. (Separate file) 

Log2 ratio of fold changes in the translational efficiencies (TEs) of mTOR p.C1483Y and 

mTOR p.L2427P mice relative to mTOR WT mice with z-score. 

 

Supplemental Table 3. (Separate file) 

mTOR activation-sensitive genes in FMCD mice. 

 

Supplemental Table 6. (Separate file) 

5′ TOP mRNAs and log2 ratio of fold changes in the translational efficiencies (TEs) of mTOR 

p.C1483Y and mTOR p.L2427P mice relative to mTOR WT mice. 

 

Supplemental Table 8. (Separate file) 

Log2 ratios of fold changes in the translational efficiencies (TEs) of C1483Y and Torin1 cells 

relative to control cells with z-score. 

 

Supplemental Table 9. (Separate file) 

5′ TOP mRNAs and log2 ratios of fold changes in the translational efficiencies (TEs) of 

C1483Y cells and Torin1 cells relative to control cells. 

 

Supplemental Table 10. (Separate file) 

Length, GC content, and Gibbs free energy change of 5′ UTRs of mTOR activation- and 

inhibition-sensitive genes in FMCD mice, C1483Y, and Torin 1 cells. 

 

Supplemental Table 11. (Separate file) 
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mTOR activation- and inhibition-sensitive genes with identified 5′ UTRs motifs. 

 

Supplemental Table 14. (Separate file) 

The sequence of 5′ UTRs and motifs in Adk-S, IRSp53, and Creb1 that are deleted in 5′ UTR 

reporter assay. 

 


