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Figure S1. Removal of the CGG repeats from the FMR1 5’ UTR does not affect FMR1 

mRNA or FMRP protein levels (Related to Figure 1)

A. Top: A schematic illustration of the gene editing strategy used to precisely remove CGG 

repeats (yellow) from FMR1 5’ UTR. Location of sgRNA binding site indicated by red line. 

Bottom: PCR showing removal of CGG repeats in gene-edited clone using the primers indicated 

in the schematic (yellow arrows). L: Ladder, P: Parent hESC line, C1: 0CGG-clone1, C2: 0CGG-

clone 2. B. Sanger sequencing showing lack of CGG repeats in the 5’ UTR of the FMR1 gene in 

edited clones and lack of edits in endogenous sequence flanking the CGG repeats. Top: H1-

0CGG, Bottom: H13-0CGG. Red line indicates where CGG repeats were located. C. Normal G-

band karyotype in H1-0CGG (left) and H13-0CGG (right) hESCs. D. Lack of off-target gene 

editing at the top 5 predicted sgRNA binding sites (highlighted region). Left: H1-0CGG, Right: 

H13-0CGG. E. Schematic showing the timeline of the neural differentiation protocol used. F. 

Left: Representative images of H13 and H13-0CGG neurons labeled for the postmitotic neuron 

marker MAP2. Scale bar: 50 μm. Right: Quantification of MAP2+ neurons in 31CGG and 0CGG 

neuronal cultures at 1 week post-plating. n = 6 (3 independent differentiations each from N = 2 

hESC lines). Statistics: two-tailed student’s t-test. G. Western blot showing FMRP levels in 

parental control and isogenic 0CGG hESCS (n=3 technical replicates). H.-I. FMR1 mRNA levels 

in 31CGG and 0CGG hESCs (H) and NPCs (I). n = 3 independent differentiations per line. 

Statistics: two-tailed student’s t-test. *p<0.05 J. Representative Western blots showing FMRP 

levels in H1/H1-0CGG (left) and H13/H13-0CGG (right) NPCs and neurons.  K.-L. Quantification 

of Western blots in G and H. n = 3 technical replicates (hESCs: 3 passages of hESCs; NPCs: 3 

batches of differentiation). Statistics: two-tailed student’s t-test. Error bars indicate SEM in all 

graphs.



Figure S2. FMR1 mRNA localization in 5 week neurons (Related to Figure 1)

Representative confocal images of FMR1 and ACTB mRNA puncta in hESC-derived neurons 

stained for the post-mitotic neuron marker, MAP2, in 5 week neurons. Scale bar: 10 µm.
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Figure S3. Quantification of FMR1 mRNA in 1 and 5 week neurons (Related to Figure 1)

A.-C. Quantification of FMR1 puncta in 1 week (left) and 5 week (right) neurons, showing total 

number of puncta per neuron (A), the number of puncta in the soma of neurons (B), and the 

number of puncta in the nucleus of neurons (C). n = 3 technical replicates from N = 2 isogenic 

hESC lines. Each data point represents the average of > 11 neurons. D. Percentage of neurons 

with at least one FMR1 puncta localized to dendrites in 1 week versus 5 week neurons (related 

to Figure 1F,1G). E.-F. Percentage of cells with at least one FMR1 puncta localized to the soma 

(E) and to the nucleus (F). n = 3 technical replicates from N = 2 isogenic hESC lines. Each data 

point represents the average of > 11 neurons. Statistics: two-tailed student’s t-test. G, H. 

Comparison of FMR1 mRNA puncta in the soma (G) and nucleus (H) in 1 week versus 5 week 

neurons, with all data normalized to 1 week time point. n = 3 technical replicates N = 2 isogenic 

hESC lines. Each data point represents the average of > 11 neurons. Statistics: two-way ANOVA 

***p<0.005. Error bars indicate SEM in all graphs.
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Figure S4. The CGG repeats in human FMR1 5’ UTR affects mRNA localization in mouse 

neurons (Related to Figure 2)

A. A schematic diagram indicating the timing of transfection and analysis of mouse neurons in 

S3B-H. B. Quantification of MAP2+ neurons in primary neuron cultures. Each dot represents 

one field imaged at 20x. n = 15 fields from N = 3 independent neuron isolations (5 fields per 

isolation). Statistics: two-tailed student’s t-test. C. MCP-GFP protein is localized to the cytoplasm 

when co-transfected with a cytoplasmic-targeted MS2 mRNA (top) and localized to the nucleus 

in the absence of MS2 mRNA (bottom). D, E. Representative confocal images of neurons at 6 

days in vitro (DIV) (D) and at 14 DIV (E). F. Comparison of GFP signal along primary dendrites 

at 3 time points. 31CGG and 0CGG neurons were combined into one group for each time point. 

Two-way ANOVA, significant main effect of time in culture, ****p<0.001 G. Left: comparison of 

GFP signal along primary dendrites in 31CGG versus 0CGG conditions at 6 DIV. Right: bar 

graph showing differences in GFP intensity at 70 μm from the soma (indicated by green arrow in 

line graph). Statistics: left: two-way ANOVA, right: Welch’s t-test, *p<0.05 H, I. Comparison of 

GFP signal along primary dendrites in 31CGG versus 0CGG conditions at 10 DIV (H), and 14 

DIV (I) post-transfection. Statistics: two-way ANOVA. Arrows in (H) indicate non-significant 

differences between 31CGG and 0CGG, as determined by Welch’s t-test. For all graphs, n = 13-

19 cells per condition from N = 1 neuron isolation/transfection. Scale bars: 20 μm. Error bars (B, 

F) and shaded areas (G-I) indicate SEM.



0 CGG

C’ Turner 

2004

Andronescu 

2007

C’’

** *

** *

*
*
*

*
*

*

*

*

# of QGRS Found

31 CGG 23

0 CGG 16

A 31 CGG

0 CGG

B’

Turner 

2004

Andronescu 

2007

B’’

*
*

*

***

***

*
*
*

*

*

31 CGG 0 CGG
D

0 20 40 60 80 100 120 140

0

2

4

6

8

10

Distance From Soma (μm)

R
e

la
ti

v
e

 F
lu

o
r.

(N
o

rm
 t

o
 R

e
s
p

e
c
ti

v
e
  
V

e
h

ic
le

)

31 CGG

0CGG

TMPyP4 / R1

✱
✱

✱
✱
✱

0 20 40 60 80 100 120 140

0

2

4

6

8

Distance From Soma (μm)

31 CGG

0CGG

TMPyP4 / R2 ✱
✱
✱
✱

0 20 40 60 80 100 120 140

0

1

2

3

4

Distance From Soma (μm)

31 CGG

0CGG

TMPyP4 / R3

✱
✱

31 CGG

C

B



Figure S5. Predicted secondary structure of FMR1 mRNA with or without 31 CGG repeats 

(Related to Figure 3)

A. Putative G quadruplex structures in the FMR1 5’ UTR (yellow) predicted using QGRS Mapper 

(Kikin et al., 2006). The blue box highlights CGG repeats in the 31 CGG (top) sequence. Red 

boxes highlight the sequence immediately upstream of the CGG repeats, with predicted 

alterations in G4 structure in 0CGG repeats. Table at right indicates the total of number of 

quadruplex forming G-rich sequences (QGRS) in the FMR1 gene with 31 CGG and 0 CGG 

repeats.

B, C. Predicted structure of entire FMR1 mRNA sequence containing 31 CGG (B) or 0 CGG (C) 

repeats using RNAfold software (Lorenz et al., 2011) using the “Turner (2004)” prediction 

settings. B’, C’. Zoom in on 5’ UTR sequence highlighted by red box in B,C, which shows 

detailed predicted changes to the FMR1 mRNA structure when CGG repeats are removed (C’) 

compared to 31 CGG repeats (B’). B’’, C’’. Predicted structure of 5’ UTR using alternative 

prediction settings (“Anronescu 2007”) of 31 CGG (B’’) and 0 CGG (C’’) repeats. Blue arrows 

indicate examples of predicted G-quadruplex structures formed by CGG repeats. Nucleotides 

highlighted by purple and green stars in B’, B’, C’, C’’ correspond to the same nucleotides as 

the colored boxes highlighted in A.

D. Comparison of the fold change in GFP signal in 31CGG-TMPyP4 neurons (Figure 3C) to the 

fold change in GFP signal in 0CGG-TMPyP4 neurons (Figure 3E). Graphs represent each of the 

three batches of primary neurons transfected and treated with TMPyP4. n = 24-26 neurons (R1), 

27-29 neurons (R2), 19-20 neurons (R3). Statistics: mixed effects model (REML), black 

indicates a significant main effect of genotype, purple indicates a significant interaction between 

genotype and distance from soma. **p<0.01, ***p<0.005, ****p<0.001
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Figure S6. Altered cellular stress proteins in 0CGG neurons compared to 31CGG neurons 

(Related to Figure 5, Figure 6, Table S3)

A. ICC images showing expression of GR in hESC-derived neurons at 1 week. Top, 31CGG 

(H1), Middle, H1-0CGG, Bottom, Control: No primary antibody control. Scale bar: 25 µm B. 

Results from Cell Titer GLO assay showing no dramatic changes in cell viability in H9 neurons 

treated with DEX for 1 week (n = 11 technical replicates). C. DEX treatment induces expression 

of PTPN11 gene Top: timeline for DEX treatment. Bottom: Quantification of qRT-PCR data from 

n = 3 batches of differentiation. D. Representative image of the protein arrays used to assay 

cellular stress proteins in Figure 5, S6. E. Proteins on cellular stress arrays that were 

significantly different at baseline between 31 CGG and 0 CGG that were no longer significantly 

different following DEX treatment (“partial rescue”). F. Proteins on cellular stress array that 

showed a significant response in 31 CGG neurons but not 0 CGG neurons. G. Proteins on 

cellular stress array that were significantly different at baseline in 31 CGG and 0 CGG neurons 

but that were not rescued by DEX. H.-J. Quantification of cellular stress proteins in neurons 

treated with DEX for 1 week: Cytochrome C (H), EPAS1 (I), and TXN (J). n = 2-3 independent 

batches of differentiation from N = 2 hESC lines. K. FMRP CLIPseq log2 fold change values 

from Li et al., 2020 for NR3C1 mRNA. Statistics: B: Brown-Forsythe and Welch ANOVA tests 

with Dunnett’s T3 multiple comparisons test; D: 2-way ANOVA *p<0.05 (main effect of 

treatment); E-J: 2-way ANOVA with Tukey’s multiple comparison’s test *p<0.05, **p<0.01, 

***p<0.005. All error bars indicate SEM.
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Figure S7. Assessment of protein levels of FMRP mRNA targets involved in GR 

translocation (Related to Figure 7)

A. FMRP signal in the soma: the same data as in Figure 7D, with each cell line in a separate 

graph. B. FMRP signal in proximal dendrites: the same data as in Figure 7F, with each cell line 

in a separate graph. Statistics (A,B): two-way ANOVA followed by Tukey’s multiple comparison 

test. *p<0.05, **p<0.01, ****p<0.001 C. Schematic illustrating the multiple chaperones involved in 

GR nuclear translocation, highlighting proteins whose mRNAs are published FMRP targets (pink 

star). D. CLIPseq log2 fold change values from Li et al. 2020 for HSP90AA1. E. Schematic 

showing the timing of DEX treatment for the Western blots in F-H. F-H. Western blots of 31CGG 

and 0CGG neurons treated with DEX for GR chaperones KPNB1 (F), HSP90β (G, top), 

DYNC1H1 (G, bottom), IPO7 (H, top), and HSP70 (H, bottom). Left: representative Western 

blots from H13 and H13-0CGG. Right: Quantification of protein levels from Western blots. n = 6-

7 technical replicates from N = 2 isogenic pairs of cells (2-4 independent batches of 

differentiation and DEX treatment per line. Statistics: two-way ANOVA. I. GR signal intensity in 

neurons treated with DEX for 72 hours. Top: Schematic showing the timing of DEX treatment. 

Bottom left: GR signal in the nucleus. Bottom right: GR signal in the soma. Statistics: two-way 

ANOVA followed by Tukey’s multiple comparison test. *p<0.05 J. Western blot of 31CGG and 

0CGG neurons treated with DEX for 1 week for GR chaperone HSP90α. Top: Schematic 

showing the timing of DEX treatment. Middle: Representative Western blots from H13 and H13-

0CGG. Bottom: Quantification of protein levels from Western blots. n = 6 technical replicates 

from N = 2 isogenic pairs of cells (3 independent batches of differentiation and DEX treatment 

per line) Statistics: two-way ANOVA followed by Tukey’s multiple comparison test. **p<0.01, 

****p<0.001. All error bars indicate SEM.
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