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SUMMARY

The human genome has many short tandem repeats, yet the normal functions of these repeats are
unclear. The 5" untranslated region (UTR) of the fragile X messenger ribonucleoprotein 1 (FMRI)
gene contains polymorphic CGG repeats, the length of which has differing effects on FMR1
expression and human health, including the neurodevelopmental disorder fragile X syndrome.

We deleted the CGG repeats in the FMR1 gene (OCGG) in human stem cells and examined

the effects on differentiated neurons. 0CGG neurons have altered subcellular localization of
FMRI mRNA and protein, and differential expression of cellular stress proteins compared with
neurons with normal repeats (31CGG). In addition, 0CGG neurons have altered responses to
glucocorticoid receptor (GR) activation, including FMRI mRNA localization, GR chaperone
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HSP90a. expression, GR localization, and cellular stress protein levels. Therefore, the CGG
repeats in the FMRI gene are important for the homeostatic responses of neurons to stress signals.

In brief

Sirois et al. investigated the function of normal CGG repeats in the 5 UTR of the FMR1 gene
in human neurons and showed that neurons without CGG repeats have altered FMMR1 mMRNA
localization and responses to cellular stress, providing evidence for a function of nonpathogenic

CGG repeats in FMR1.
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INTRODUCTION

Roughly 3% of the human genome is made up of short tandem repeats (STRs) of 2—-7

base pairs, which are intrinsically unstable and highly polymorphic.! To date, more than 50
repeat expansion disorders are known to be caused by expansion of STRs beyond a specific
copy number threshold.2=> In addition, increasing evidence suggests that even repeat length
polymorphisms below the disease threshold are correlated with human health, including

r abundance in the human genome, STRs
may have important roles in cellular functions® that have been largely uncharacterized. One
particular type of STR is trinucleotide CGG repeats, which have been identified at more
than 6,000 sites in the human genome.1? Approximately 93% of these sites are polymorphic,

osteoarthritis and cancer.5-8 However, given thei
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and 30% of those polymorphic sites are located in the 5" untranslated region (5" UTR)
of genes.19 Despite the importance of the 5° UTR region in regulating processes such
as MRNA translation,11 and evidence that 5° UTR genetic variants can have deleterious
effects,1213 the normal function of these CGG repeats in most genes remains unknown.

The human Fragile X messenger ribonucleoprotein 1 (FMRI) gene contains a5” UTR
polymorphic CGG repeat with a modal number of 30 CGG repeats.1* While CGG repeats
in the FMR1 gene are conserved in mammals, humans and other great apes have the
highest CGG repeats (mean = 30), while other non-human primates (mean = 20) and
non-primate mammals (mean = 8) have shorter CGG repeats (Table S1).1° Expansion

of FMR1 CGG repeats above 200 copies leads to silencing of the FMR1 gene and

fragile X syndrome (FXS), the most prevalent inherited neurodevelopmental disorder that
is characterized by intellectual disability.1® Repeats between 55 and 199 CGGs increase
FMRI mRNA expression, but decrease the levels of the protein product (FMRP), and result
in neuropsychiatric manifestations, fragile X tremor and ataxia syndrome, or fragile X-
associated primary ovarian insufficiency with incomplete penetrance.1® Repeat sizes above
40, but below 55, have been associated with conditions including parkinsonism,17-19 while
repeat sizes below 26 are associated with cancer risk.20-22 More recently, several studies
have also revealed a correlation between shortened CGG repeat length (<24 repeats), health
in later life, and long-term parenting stress.23:24 Specifically, individuals with long-term
parenting stress and shorter CGG repeats had poorer health outcomes in areas including
physical limitations, cognitive functioning, and mental health symptoms.23:24 Therefore,
FMR1 CGG repeat polymorphism has significant effects on human health.

Despite these correlations, the functional significance of normal (30-31) CGG repeats

in the human FMRI gene is unclear. Expression of FMR15" UTR luciferase reporters

in vitro shows that both low and high numbers of CGG repeats negatively affected

protein translation, but not transcription, compared with the modal number of 30 CGGs.2°
Decreased expression of multiple FMMRZ mRNA isoforms was observed in luteinized
granulosa cells isolated from individuals with fewer than 26 CGG repeats.25 Repeat-
associated non-AUG translation from reporter constructs containing normal length repeats
helps to control basal and activity-dependent synthesis of FMRP.27 The addition of 24 CGG
repeats into the 5" UTR of non-CGG repeat-containing mRNA can promote its localization
to dendrites in primary rat neurons.28 However, direct evidence for functions of a normal
number of CGG repeats in the endogenous FMRI gene is lacking.

To interrogate the function of normal length CGG repeats in FMR1, we generated isogenic
CGG-deficient human embryonic stem cell (hESC) lines in which the CGG repeats have
been precisely removed (0CGG) from the parental hESCs (31CGG). Removal of CGG
repeats leads to an increased abundance of FMRI mRNA, but a decreased abundance

of FMRP protein in dendrites of hESC-derived neurons, with a concomitant decreased
abundance of FMRP in the soma. Further, we observe altered expression levels of several
cellular stress proteins in neurons, suggesting that these 0CGG neurons may have altered
homeostatic response to stress, a feature suggested by human population studies.23:24 In fact,
treatment of 0CGG neurons with the glucocorticoid receptor (GR) agonist dexamethasone
(DEX) led to differential responses compared with 31CGG neurons, including cellular stress
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protein levels, FMR1 and FMRP subcellular localization, and the distribution of GR in the
soma and nucleus. DEX-treated 0CGG neurons had a decreased abundance of HSP90a,, a
chaperone protein required for high-affinity steroid binding activity of GR. Our data unveil
arole for the CGG repeats in the FMR1 5" UTR in ensuring the correct localization of both
FMRI mRNA and protein in developing human neurons, and that this correct localization is
important for GR signaling and homeostatic response to cellular stress signals. Our findings
not only shed light on understanding the function of polymorphic CGG repeats in the FMR1
gene, but also have important implications for designing FXS gene therapy strategies that
may remove the entire CGG repeat expansion to reactivate the FAMR1 gene.29:30

Removal of CGG repeats from the FMR1 5" UTR leads to increased localization of FMR1
MRNA in dendrites of immature human neurons

The 5" UTR region of mMRNAs typically contains important regulatory elements,! including
a translation initiation codon, upstream open reading frames, and protein binding sites.31-33
To investigate the function of the FAMRI CGG repeats, we used CRISPR-mediated gene
editing to generate two pairs of isogenic male hESC lines in which only the CGG repeats
were removed (H1-0CGG and H13-0CGG) from the parental H1 and H13 lines3* that
have 31 CGG repeats (Figure S1A; Table S2). Sanger sequencing confirmed removal of the
CGG repeats without off-target cutting, and both 0CGG hESC lines were karyotypically
normal (Figures S1B-S1D). Both 0CGG and isogenic control hESC lines consistently
differentiated into dorsal forebrain neural progenitor cells (NPCs) and immature excitatory
neurons (Figure S1F).35 No significant differences in either FMMRZ mRNA or FMRP protein
levels were detected between 0CGG cells and their respective isogenic controls at the

hESC (Figures S1G-S1L), NPC (Figures S1G-S1L), or neuron stages (Figures 1A and

1B), indicating that removal of the CGG repeats from the 5" UTR does not affect FMR1
expression during early neurogenesis.

The 5" UTR, including the CGG repeats, can modulate the subcellular localization of
mRNA within neurons.28:36-38 We thus tested the hypothesis that removal of the CGG
repeats from FMRI would alter the localization of FMRZI mMRNA. We compared the
localization of FMR1 mRNA in 0CGG and control neurons using single-molecule mRNA
fluorescence /n situ hybridization (FISH) combined with immunofluorescence of dendritic
protein MAP2 in neurons differentiated for 1 week (immature neurons) (Figure 1C) and 5
weeks (mature neurons) (Figure S2). No significant differences were detected in the total
number of FMRZ mRNA puncta per neuron between 0CGG and control neurons (Figure
S3A), consistent with our gPCR data (Figure 1A). While there were no differences in

the number of FMR1 puncta in the soma (Figure S3B) or nucleus (Figure S3C) between
0CGG and control neurons, 0CGG neurons had significantly more FMRI puncta in their
dendrites at 1 week (Figure 1D), but not at 5 weeks (Figure 1E) of differentiation. We
next compared the proportion of neurons that contained any FARZ mRNA puncta in each
cellular compartment. Interestingly, while virtually all neurons contained FMRI mRNA
puncta in the soma and nucleus at both ages (Figures S3E and S3F), more 0CGG immature
neurons (1 week) contained FAMMRZ mRNA in their dendrites than did the control neurons
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(Figure 1F). At 5 weeks, more than 80% of neurons across all genotypes had dendritic
FMRI mRNA puncta (Figures 1G and S3D), and there was an overall increase in FMR1
mMRNA puncta throughout the neuron in both genotypes with age (Figures 1H, 11, S3G, and
S3H). Therefore, removal of CGG repeats in the FMR15" UTR leads to increased dendritic
localization of FMRI mRNA in immature neurons.

The human FMR1 5" UTR leads to CGG repeat-mediated differences in dendritic mRNA
localization of reporter transcripts in mouse neurons

To validate that the CGG repeats in FMRZ mRNA are responsible for the differences in
dendritic FAMRI mRNA localization that we observed by FISH, we created MS2 reporters3®
containing the human FMR15” UTR and exon 1 sequence (Figure 2A), with either normal
repeats (FMRI-MS2-31CGG) or no repeats (FMR1-MS2-0CGG). We co-transfected mouse
neurons at 4 days /n vitro (DIV) with the MS2 reporter, together with a vector expressing a
nucleus-targeted fusion protein of GFP and MS2 binding protein (GFP-MCP) for monitoring
MS2 containing mRNA transcripts in the cytosol, and a vector expressing synapsin |
promoter-driven mCherry for the visualization of transfected neurons (SynZ-mCherry)
(Figures 2A and S4A-S4C). The GFP intensity in the primary dendrites of mCherry*
neurons was higher at 10 and 14 DIV compared with 6 DIV (Figures S4D-S4F), consistent
with our observation that FMR1 mRNA puncta in dendrites increased during neuronal
maturation (Figure 1D). In addition, FMR1-MS2-0CGG transfected neurons showed higher
dendritic GFP intensity compared with FMRI-MS2-31CGG reporter transfected neurons

at DIV6 (Figure S4G), but not at DIV 10 or 14 (Figures S4H and S41). We, therefore,

chose DIV 7 to investigate whether CGG repeats affect mMRNA localization in immature
neurons. Indeed, we observe both greater GFP intensities throughout the length of the
primary dendrite and higher levels of total GFP signal in the dendrites of FMRI-MS2-
0CGG compared with FMR1-MS2-31CGG transfected neurons (Figures 2B—2E). These
results were not due to differences in dendritic length between the two conditions (7= 86-94
cells from A= 3 isolations; p= 0.0815), in overall cellular GFP signal (7= 29-31 cells

from A= 3 isolations; p= 0.7383), or in the cellular composition of the primary neuron
cultures (Figure S4B). Taken together, our findings in both mouse and human neurons
suggest that the CGG repeats in the 5" UTR of FMR1 play an important role in controlling
the localization of FMRI mRNA in immature neurons, and that removal of these repeats
may result in the premature localization of FAJRZ mRNA to dendrites.

Localization of mRNA with normal number of CGG repeats is mediated by G-quadruplexes

The CGG repeats in the 5° UTR of FMR1 form secondary structures, including hairpins
and G-quadruplexes (GQs),%0-42 the latter of which can mediate mMRNA localization to
neurites.#3-45 Secondary structure prediction using QGRS Mapper*® (Figure S5A) and
RNAfold4’ (Figures S5B and S5C) indicated that the deletion of CGG repeats leads to

the absence of multiple GQs in the 5" UTR of the FMRI gene. To test the contribution

of GQ secondary structure on FMRI mRNA localization, we used TMPyP4, a cationic
porphyrin that destabilizes DNA and RNA GQs (Figures 3A and 3B).48-51 Treatment of
FMR1-MS2-31CGG-transfected neurons with TMPyP4 dramatically increases GFP-MCP
signal in primary dendrites compared with vehicle (Figures 3C and 3D). In contrast,
TMPyP4 only had a modest effect on FMR1-MS2-0CGG neurons (Figures 3E and 3F), and
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the effect of TMPyP4 on FMR1-MS2-31CGG neurons was greater than the FMR1-MS2-
0CGG neurons (Figure S5D). Hence, our results suggest that the retention of FMRI mRNA
to the soma or nucleus in early neuronal development may be mediated by the GQ structure
formed by the CGG repeats in its 5" UTR.

CGG repeat-dependent effects of GR activation on FMR1 mRNA localization

Individuals with fewer FMR1 CGG repeats (<24) exhibit poorer health outcomes in
response to certain types of chronic life stress.23:24 During stressful events, corticosteroids
are released from the hypothalamus, leading to the activation of both the fast and slow
modes of the stress response system.52 The GR is involved in both stress responses,

and regulates stress termination.52 To determine whether the CGG repeat-mediated FMR1
MRNA localization is sensitive to cellular stress signals, we treated primary hippocampal
neurons transfected with FMR1-MS2 reporters with the GR agonist DEX (Figure 4A).

We found that DEX treatment had opposite effects on reporter mRNA localization in
FMRI1-MS2-31CGG compared with FMRI-MS2-0CGG neurons (Figure 4B): 31CGG
repeat RNA had increased localization to dendrites after DEX treatment (Figures 4C and
4D), while 0CGG RNA had decreased localization to dendrites after DEX (Figures 4E and
4F). Therefore, our data support a connection between CGG repeat-mediated FMMRI mMRNA
localization and GR activation.

Removal of CGG repeats from the FMR1 5" UTR leads to altered cellular stress and
response to GR activation

Mislocalization of mMRNA within neurons is detrimental to important cellular processes,
such as axon guidance,>3 local mRNA translation and protein synthesis,>* long-term
potentiation,>* and dendritic morphogenesis.>® Further, mRNA localization has been linked
to cellular stress in non-neuronal cell types.56 We, therefore, tested whether the treatment
of human 0CGG neurons with DEX impacted cellular stress. We first confirmed that
hESC-derived neurons express GR (Figure S6A) and that long-term treatment with various
doses of DEX did not have significant effects on viability (Figure S6B). We selected a
concentration of DEX (1 uM) that activates the high-affinity GR, but not the low-affinity
mineralocorticoid receptor®’ and has been previously used on human neural cultures.>859
The treatment of immature neurons with 1 uM DEX for 24 h upregulated mRNA levels of
PTPN11, a previously reported DEX response gene,®0:61 in both control and 0CGG neurons
(Figure S6C), confirming GR activation. Because our earlier results in hESC-derived
neurons were consistent across both hESC lines examined (Figures 1 and S1-S3), we
combined these two lines in subsequent analyses.

Because stress or GR signaling affects multiple cellular stress pathways,52-84 we analyzed
26 different cellular stress proteins in DEX-treated neurons using protein arrays (Figures
5A and S6D; Table S3). Differences in cellular stress proteins were already apparent at

the baseline (VEH) level, with six proteins showing significantly lower levels and seven
proteins showing significantly higher levels in 0CGG neurons compared with control
neurons (31CGG-VEH vs. 0CGG-VEH) (Figures 5B-5E, S6E, and S6G). Interestingly,
among the 13 proteins differentially expressed in 0CGG neurons at baseline, the expression
of four proteins (cytochrome ¢, EPAS1 (HIF2a.), phosphorylated p38a/MAPK14, and
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thioredoxin [TXN]) returned to control levels after DEX treatment (significant difference

in 0CGG-DEX vs. 0CGG-VEH, no difference in 0CGG-DEX vs. 31CGG-VEH) (Figures
5B-5E). The expression of an additional five proteins (ADAMTS1, BCL2, CA9, COX2, and
phosphorylated HSPB1) was partially rescued by DEX (no significant difference in 0CGG-
DEX vs. 31CGG-VEH) (Figure S6E). Interestingly, phospho-TP53 was partially rescued

in 0CGG neurons, but also significantly increased by DEX treatment in control neurons.
FABP1 was differentially expressed in response to DEX in control neurons, but not in
CGG-deficient neurons, whereas HIF1a was significantly increased in DEX-treated control
neurons compared with DEX-treated CGG-deficient neurons (Figure S6F). Three proteins
that were altered at baseline (CDKN1A/p21, CDKN1B/p27, and phospho-JNK/MAPKS) did
not respond to DEX in either genotype (Figure S6G). Therefore, out of 26 stress proteins
analyzed by arrays, 15 proteins were affected by either CGG repeats or by DEX treatment
(see Table S3). Additionally, examination of cytochrome ¢, EPAS1, and TXN levels in
neurons treated with DEX for 1 week showed that longer DEX treatment had a similar
effect as 24 h treatment, with all three proteins partially or fully returning to control levels
after DEX treatment (Figures S6H-S6J). These data support a potential role of FMR1 CGG
repeats in regulating the cellular stress of neurons in response to GR activation.

FMRP is involved in mitochondrial function during neuronal development,55:66 and several
mitochondrial stress proteins were altered in 0CGG neurons (cytochrome ¢, TXN, cyclo-
oxygenase 2). This led us to measure adenosine triphosphate (ATP) levels in control

and CGG-deficient neurons in response to DEX. We observed that cellular ATP levels
decreased in control neurons but increased in 0CGG neurons, in response to DEX (Figure
5F) (31CGG-DEX vs. 0CGG-DEX). Taken together, these results indicate that the removal
of the CGG repeats from the FMR15" UTR affects cellular stress pathways and leads to
differential responses to GR activation.

Removal of CGG repeats from the FMR1 5" UTR affects GR subcellular localization after
DEX treatment

Altered response to GR activation can result from multiple mechanisms, including
downregulation of the transcriptionally active GR alpha isoform (GRa), upregulation of
non-transcriptionally active GR isoforms (GRB, GRy, and GR-A), or impaired GR nuclear
translocation.87-89 We first tested the hypothesis that 0CGG neurons had altered levels of
GR mRNA (NR3CI) or protein, which could be responsible for the altered DEX response.
No differences in total NR3CI mRNA or GR protein levels were detected between 0CGG
and control neurons at baseline or after DEX treatment (Figures 6A—6C).

GR is predominantly localized to the cytosol when not bound by a ligand, but rapidly
translocates to the nucleus following binding by its agonists cortisol or DEX, where it
regulates transcription, before eventually being exported back into the cytosol.”? Shuttling of
GR between the nucleus and cytoplasm, and the balance between nuclear import and export,
ultimately determine its subcellular localization.”! We hypothesized that GR localization or
translocation may be altered in 0CGG neurons. Therefore, we assessed the localization of
GR in the nucleus and soma of human neurons treated with vehicle or DEX for 30 min
(Figures 6D and 6E). Although baseline levels of GR in the soma and nucleus did not differ
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between control and 0CGG neurons (Figures 6F and 6G), 0CGG neurons had more GR in
the nucleus after DEX treatment, whereas control neurons showed no difference (Figure 6F).
Conversely, DEX-treated 0CGG neurons had lower GR levels in the soma compared with
DEX-treated control neurons (Figure 6G). These results indicate an increased nuclear GR
localization after DEX treatment in 0OCGG neurons, providing potential mechanistic insight
into the altered stress response of these neurons.

Removal of CGG repeats from the FMR1 5" UTR leads to altered FMRP localization and
decreased levels of GR chaperone protein HSP90a after DEX treatment

FMRP is an RNA binding protein that binds to many mRNAs in human neurons, thereby
affecting their translation and function.35:66.72 The mRNA encoding GR, NR3C1, is
predicted to be an FMRP target in human neurons (Figure S6K),3° as well as in mouse and
human brain tissue.”3-75 We reasoned that the altered GR localization after DEX treatment
could be a result of aberrant FMRP protein localization resulting from mislocalization of
FMRI mRNA, because total levels of FMRP are not significantly different between 0CGG
and control neurons at baseline or after DEX treatment (Figure 7A). We, thus, defined

the subcellular localization of FMRP in human neurons at baseline and after acute DEX
treatment (Figures 7B and 7C). There were no differences in the amount of nuclear FMRP in
any of the conditions examined (Figure 7D). Interestingly, 0OCGG neurons had significantly
less FMRP in the soma (Figures 7E and S7A) and in proximal dendrites (Figures 7F and
S7B) compared with control neurons, opposite to the localization of human FMR1 MS2
reporters (Figure 2). Additionally, in response to DEX, FMRP localization did not change
in control neurons, but was significantly increased in the soma of 0CGG neurons (Figures
7E and S7A) (0CGG-VEH vs. 0CGG DEX). Therefore, the removal of CGG repeats from
FMR] affects the localization of both FAMRZ mRNA and its protein product FMRP at
baseline, and in response to GR activation.

As GR mRNA or protein levels (Figures 6A and 6B) did not differ at baseline or in response
to DEX between 0CGG and control neurons, we hypothesized that the differential response
to GR activation in 0CGG neurons is due to misregulation of FMRP targets involved in

GR response, and examined other FMRP targets that could be mediating this difference.

GR translocation is a highly regulated, multi-stage process involving numerous chaperone
proteins that stabilize the structure of GR before and after ligand binding, followed by the
formation of additional protein complexes that allow GR to be imported into the nucleus
through the nuclear pore complex.”®:77 Interestingly, many of the proteins involved in this
process are mRNA targets of FMRP (Figure S7C).35.74.75.78 \We quantified the levels of six
proteins known to be involved in GR translocation and that are, except for HSP70, FMRP
targets (Figures S7C and S7D). There were no significant differences between 0CGG and
control neurons in the levels of importin 1 (KPNB1),”® HSP90B (HSP90AB1),80 dynein
cytoplasmic heavy chain 1 (DYNC1H1),81 importin 7 (IPO7),”® or HSP7082 at baseline or
in response to DEX (Figures STE-S7H). There were also no baseline expression differences
in HSP90a (HSP90AA189:82 (Figure 7H) (31CGG-VEH vs. 0CGG-VEH). However, DEX
treatment significantly decreased HSP90a levels in 0CGG neurons, but not control neurons
(Figure 7H) (0 CGG-VEH vs. 0 CGG DEX; 31 CGG-VEH vs. 31 CGG-DEX). 0CGG
neurons exposed to 7-day DEX treatments also exhibited decreased HSP90a levels, but
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instead had decreased GR levels in the nucleus (Figures S71 and S7J), which may indicate
that less GR can be activated by additional DEX exposure due to the decreased levels of
HSP90a chaperone. Therefore, FMRI CGG repeats have a significant effect on the levels of
GR chaperone HSP90a. in response to DEX.

Based on our findings, we propose the following model: In immature neurons, FMR1
mRNA translation mainly occurs in the soma, and then FMRP protein is transported into
dendrites. Normal length CGG repeats in the FAMMR15" UTR may ensure the correct
localization of FMRI mRNA and, therefore, FMRP protein,83 which is important for
temporal and spatial regulation of specific FMRP mRNA targets (such as H#SPI0AAII
HSP90a). Regulation of HSP90a levels, in turn, allows for proper shuttling of GR into and
out of the nucleus in response to events that trigger GR activation, such as environmental
stress. In the absence of CGG repeats, FMRI mRNA is prematurely localized to dendrites,
decreasing FMRP protein production and expression of proteins in cellular stress pathways.
Upon GR activation, 0CGG neurons fail to export FMRZ mRNA to dendrites, leading to
increased FMRP protein in the soma where it represses translation of its mMRNA target
HSPIOAA1. Decreases in HSP90a lead to increased retention of GR in the nucleus,
contributing to the difference in response to DEX treatment in 0CGG neurons. This model
may help to explain the observation that patients with shorter CGG repeats in the FMR1
gene have adverse effects of long-term life stress compared with individuals with normal
range CGG repeat lengths.

DISCUSSION

The function of STRs in the human genome remains largely unknown, despite their
abundance and disease association.1=49 Here, we used human stem cell-derived neurons

and mouse primary neurons to demonstrate that the CGG repeats in the FMRI gene are
important for temporal and spatial localization of FAMRI mRNA and protein, which in turn
is important in the homeostatic response of neurons to cellular stress signals. Our study
provides direct evidence for a role of normal length CGG repeats in the FMR1 gene in
neurons. Our results not only improve our understanding of the FMMRI gene in normal
development, but also provide critical insight for designing CRISPR-based gene therapy
approaches for FXS, in which the expanded CGG repeats are removed or contracted in order
to reactivate the FAMRI gene.29.30.84

Removal of CGG repeats from the FAR15" UTR did not affect levels of FMRI mRNA or
protein in hESCs, NPCs, or immature neurons. These results are consistent with normal
FMRI mRNA or protein levels in rare patients lacking CGG repeats due to de novo
deletions within the 5° UTR,85-87 but are inconsistent with studies examining the effects

of FMR1 CGG repeat length on translation using luciferase reporters.2> The discrepancy
could be due to differences in methodology, use of different cell types, or maturation state of
the neurons.

Since CGG repeats or 5° UTR sequences in other genes affect mMRNA localization,28.:36-38:45
we hypothesized that removal of CGG repeats causes mislocalization of FAMRI mRNA.
Mislocalization of MRNA within neurons can negatively affect cellular processes such as

Cell Rep. Author manuscript; available in PMC 2024 July 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sirois et al.

Page 10

axon guidance,>3 local mRNA translation and protein synthesis,>* long-term potentiation,>*
and dendritic morphogenesis.®> Here, FMRI transcripts preferentially localized to dendrites
in the absence of CGG repeats in hESC-derived immature neurons, as well as mouse
neurons expressing the human FMMR15" UTR. The FMRP protein level was decreased

in the soma and proximal dendrites in human neurons lacking CGG repeats. Although 3’
UTRs are known to regulate mRNA localization, 5 UTRs can also modulate, and are
sometimes necessary for, the correct subcellular localization of some mRNAs in neurons.36-
38 |n addition, the differences between our results and published studies further support

the complexity of regulation for FAMRI mRNA. Muslimov et al.28 showed that 24 CGG
repeats added to the 5" UTR of the ACTAZ mRNA promoted its localization to the dendrites
of rat sympathetic neurons as compared with the addition of 24 CCC repeats. Rodriguez

et al.?” constructed a reporter containing both the 5" UTR and 3" UTR regions of the

FMR1 transcript with either 0CGG or 20CGG repeats and showed that both exhibited
similar levels of dendritic localization in primary rat hippocampal neurons. The results of
these studies suggest that the length of CGG repeat, the 3" UTR of FMRZ, and the cell

type may influence the localization of FAMMRI mRNA. We, therefore, believe that published
findings and our own are complimentary and illustrate that mRNA localization is highly
gene and context specific. Our results suggest that the CGG repeats in the 5 UTR of FMRI
play a role in the proper localization of FAMMRZ mRNA and protein during early neuronal
development.

The development-dependent mislocalization of FAMRZI mRNA in 0CGG neurons suggests
that the 5" UTR is only one of multiple mechanisms by which developing neurons control
the localization of FMRI mRNA transcripts. Neurons may employ developmental stage-
specific mechanisms to localize FAMRI mRNA, with the 5" UTR being more important in
immature neurons and less important later in development. Alternatively, removal of the
CGG repeats could affect the splicing of FAMMRI mRNA,88 leading to increased production
of mRNA transcripts that are exported to dendrites during early neuronal development,
similar to the brain-derived neurotrophic factor (BDNF) gene.36:89 Future studies should
also evaluate the role of candidate mRNA binding proteins®-90:9 in the transport and
splicing of 0CGG versus control FAMRI mRNA in both immature and mature neurons.
Additionally, mislocalization of FAMRZ mRNA in older 0CGG neurons may still occur, but
require specific stimuli, such as electrical or chemical stimulation,®2 or exposure to specific
environmental stressors.

One mechanism by which the CGG repeats in the 5 UTR may modulate the localization

of FMR1 mRNA is through the GQs formed by the CGG repeats. FMRP binds to GQs

in its target MRNAs,%3:94 and at least one other neuronal mRNA is dependent upon GQs
inits 5" UTR for proper dendritic localization.#> Treatment of neurons with TMPyP4, a
compound that destabilizes the GQs formed by the FMRI CGG repeats,?>-97 increases the
dendritic export of control length CGG repeats, indicating that the structure formed by the
CGG repeats is likely important for its localization. However, since TMPyP4 destabilizes
many mRNA GQs,49-%0 future studies should replicate these findings using an approach that
specifically targets the FMRI CGG repeats.

Cell Rep. Author manuscript; available in PMC 2024 July 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sirois et al.

Page 11

The function of the CGG repeats in the FMR15" UTR warrants investigation, given

their connection with multiple facets of human health.17-22 The molecular biology of

the CGG repeats in the FMR15 UTR is established in the context of the premutation
(>55 repeats) and full mutation (>200 repeats),16:98.99 yet few studies have examined the
cellular and molecular function of these repeats in the low (6-23 repeats), normal (24-40
repeats), or gray zone (41-54 repeats) ranges.22:27:2891.95 Fr1p7 CGG repeat length is
correlated with long-term health outcomes in individuals with higher life stress, including
associations with cognitive functioning, depression, anxiety, and balance.23:24 To model
the potential interaction between FAMRI CGG repeat length and life stress in vitro, we
tried to mimic the events that occur following life stress in vivo by treating neurons with
DEX at a concentration known to activate GR, but not the mineralocorticoid receptor,

for a sustained period. This approach has been successfully applied to in vitro models of
post-traumatic stress disorder,100-101 and several studies have shown an association between
GR102 or cortisol103.104 and FXS. Interestingly, stress or DEX treatment differentially
affected the localization of FMR1-MS2RNA containing no CGG repeats compared with
normal repeats, indicating a connection between FMRI mRNA localization, CGG repeats,
and GR activation. Our results also establish a link between normal length FMR1 CGG
repeats, and cellular stress response, as CGG-deficient neurons exhibit changes in multiple
cellular stress proteins at baseline and in response to DEX treatment.

How does mislocalization of FMRI mRNA lead to altered GR localization? FMRP binds
hundreds of target mMRNASs in neuronal cells, many of which have been implicated in cellular
stress,32:65.66.74.105 Although FA/RI mRNA and protein tend to be localized to similar
compartments in neurons, mGIuR activation in rat hippocampal neurons decreases the levels
of FMRP protein, but not mRNA, in synapses,®? suggesting that their localization can be
uncoupled in response to certain stimuli. Although it is unclear how GR activation changes
dendritic FMRI mRNA localization, potential mechanisms that can be explored include
altered formation of RNA or stress granules,106 binding of GR to FMRI mRNA directly,107
or modulation of local protein synthesis by GR via its regulation of BDNF.108-110

Based on our findings, we propose that the mislocalization of FMRP protein in 0CGG
neurons causes misregulation of at least some FMRP target mMRNAs involved in GR
signaling. This model is supported by our finding that DEX treatment decreased total levels
of HSP90a (encoded by HSPIOAAI), which is required for GR nuclear translocation and is
one of the key factors that regulates GR chromatin binding in the nucleus.111.112 Qur results
showing decreased GR in the cytoplasm of DEX-treated 0CGG neurons is consistent with
findings in human podocytes with short hairpin RNA knockdown of HSP90.113 We believe
that increased FMRP in the soma of 0CGG neurons in response to DEX leads to increased
binding of FMRP to HSP90AAI mRNA and its subsequent translational repression.

In summary, we demonstrate that CGG repeats in the 5" UTR of FAM/RZ at normal, non-
disease-associated lengths, regulate FMR1 localization, cellular stress responses, and GR
signaling during early neuronal development. Our results suggest potential mechanisms

by which FMR1 CGG repeat length polymorphism in the low, normal, and gray zones
could lead to the clinically-relevant differences seen across individuals in the context of
life stress. Given the ever-increasing number of polymorphic repeats in non-coding regions
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and disease-associated repeat expansion genes being identified, our results also highlight the
importance of studying the molecular biology and function of repeats, both in the normal
and disease contexts.

Limitations of the study

This study is not without limitations. Human neuron studies were performed in
predominantly excitatory neurons; therefore, whether localization of endogenous FMRI
mMRNA in stem cell-derived inhibitory neurons behaves similarly is not known. This study
only used male hESC lines, since they only have one copy of the FMR1 gene. Future studies
should examine the consequences of removing CGG repeats from either one or both copies
of FMR1 in neurons derived from female hPSC lines. Future studies should explore how
GR activation via DEX leads to the altered subcellular localization of FMRZ mRNA and
protein in 0CGG neurons, which remains unclear based on the findings presented here. The
correlation between low CGG repeat lengths and response to chronic life stress led us to
assess how 0CGG neurons may respond to cellular stress signals. We acknowledge that it is
not possible to model life stress in a dish. Therefore, we studied one molecular aspect of life
stress, GR activation, and whether it had any relevance to CGG repeats in FMR1. Finally, we
do not know whether there are functional outcomes of the transient FMR1 mislocalization
phenotype caused by removal of CGG repeats, so further characterization of neurons lacking
FMR1 CGG repeats is needed to determine whether short-term mislocalization of FMR1
MRNA and protein has long-term consequences.

STARXMETHODS
RESOURCES AVAILABILITY

Lead contact—*Further information and requests for resources and reagents should
be directed to and will be fulfilled by the Lead Contact, Prof. Xinyu Zhao
(xinyu.zhao@wisc.edu).

Materials availability

. All unique reagents generated in this study are available from the lead contact.
Plasmids generated in this study have been deposited to Addgene. Human 0CGG
hESC lines generated in this study have been deposited to WiCell.

Data and code availability

. All data reported in this paper will be shared by the lead contact upon request.
Protein array data have been reported in Table S3.

. This paper does not report original code.
. Any additional information required to reanalyze the data reported in this paper

is available from the lead contact upon reasonable request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Generation of 0CGG hESC lines—H1-0CGG and H13-0CGG hESC lines were
generated using CRISPR/Cas9-based genome editing using published methods.114 Briefly,
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dissociated single hESCs were electroporated with lentiCRISPRv1 (Addgene #49535)117
containing sgRNA and donor plasmid. Donor plasmids were constructed by modifying

the OCT4-2A-eGFP-PGK-Puro plasmid (Addgene #31938)115 resulting in FMR15 UTR
donor plasmids containing either 31CGG or 0CGG. Cells were selected with 0.5 ug/mL of
puromycin 24-72 h post electroporation. Approximately 2 weeks later, colonies were picked
for expansion and screening. Primers spanning the CGG repeat within the 5"UTR of the
FMR1 gene were used to screen colonies by conventional PCR. Putative positive colonies
were then sequenced by Sanger sequencing to confirm homology-directed repair. To confirm
a lack of off-target effects from genome editing, primers were designed to sequence the

top 5 predicted off-target sites (Benchling) by PCR and Sanger sequencing. hESCs were
also karyotyped (WiCell, Madison, WI) to confirm a lack of large insertions or deletions.
Finally, all hESC lines were confirmed mycoplasma negative at several passages during the
experiments (WiCell, Madison, WI). See Table S2 for primer and RNA sequences.

Neuronal differentiation—hESCs were differentiated into forebrain glutamatergic
neurons using a published protocol.3° Briefly, 5 days after passaging hESCs were
maintained in neural induction medium (NIM) containing dual SMAD and Whnt inhibitors
(XLSB) for 10 days until neuroepithelium formed, at which point cells were passaged at
high density using TrypLE Express onto Matrigel-coated plates in neural stem cell (NSC)
media containing ROCK inhibitor. Cells were kept in NSC media for 7 days, at which

point neural rosettes formed. Neural progenitor cells (NPCs) were harvested for analysis

or plated for terminal differentiation onto Matrigel-coated plastic dishes or polyornithine/
laminin-coated coverslips in NSC media containing ROCK inhibitor and Compound E. The
next day, half the media was replaced with neural differentiation medium (NDM) containing
Compound E. Half media changes (NDM only) were performed every 3—-4 days thereafter.

Mouse husbandry and isolation of mouse hippocampal neurons—We performed
all procedures involving live mice in accordance with the NIH Guide for the Care and

Use of Laboratory Animals and the protocols approved by the University of Wisconsin-
Madison Animal Care and Use Committee. The C57BL/6J mice (JAX stock #000664) were
purchased from Jackson Laboratory and maintained in house. Mice were housed in groups
and maintained on a 12-h light/dark cycle with food and water available ad /ibitum. Mouse
hippocampal neurons were isolated from WT PO neonate mice and were grown as dispersed
cultures as described previously.6%.118

METHOD DETAILS

CGG repeat analysis—Genomic DNA (gDNA) was isolated from H1 and H13 hESCs
as follows: Cells were incubated in lysis buffer (100 mM NaCl, 10 nM Tris HCI, 25 mM
EDTA, and 0.5% SDS) and Proteinase K (20 mg/mL) at 55°C overnight. Phase separation
of gDNA was achieved by adding phenol, vortexing, and collecting aqueous layer, followed
by adding chloroform, vortexing, collection of aqueous layer, and precipitation with 100%
ethanol. gDNA quality was confirmed by NanoDrop (260:280 value > 1.89). CGG repeat
analysis of gDNA (50-100 ng/pL) was performed by Rush University Medical Center
Molecular Diagnostics Laboratory using a published protocol 119
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qRT-PCR—RNA was isolated from cells using the Direct-zol RNA microprep kit (Zymo).
Reverse transcription was carried out on 500 ng of RNA using the Prime Script RT kit
(Takara). To quantify mRNA levels using real-time PCR, first-strand cDNA was amplified
with gene-specific primers and universal SYBR Green PCR Supermix (Bio-Rad, #172-
5124) using the Step-1 Real-Time PCR System (Applied Biosystems). GAPDH was used as
a housekeeping gene for quantification. See Table S2 for primer sequences.

Western Blotting—Cell lysates were prepared by lysing cells on ice in cold RIPA

buffer containing protease inhibitors for 30 min (50 mM Tris HCI, 150 mM NacCl, 1%
NP-40, 0.5% SDC, 0.1% SDS) followed by centrifugation. Protein concentration was
determined using the Bradford Assay (Bio-Rad). 50 ug of protein was loaded per lane.
Western blots were run using Mini-PROTEAN TGX gels (4-20%, Bio-Rad) followed by
standard transfer onto nitrocellulose membranes. Membranes were blocked in 5% milk in
TBS-T for 1 h at room temperature, followed by incubation in blocking buffer containing
primary antibodies overnight at 4°C. Membranes were washed, incubated in blocking buffer
containing secondary antibodies for 1 h at room temperature, washed again, then imaged
using the LI-COR Odyssey imaging system. IRDye secondary antibodies were used at a
concentration of 1:10,000 (LI-COR). Western blots were quantified using Image Studio Lite
(LI-COR).

Primary antibodies and dilutions

Marker Antibody information Application

FMRP ThermoFisher MA5-15499 (mouse) ~ WB (1:1000; Figure S1)
FMRP Millipore-Sigma MAB2160 (mouse)  WB (1:1000; Figure S1; Figure 7A)
FMRP Santa Cruz sc101048 (mouse) ICC (1:100; Figure 7C)
GAPDH ThermoFisher TAB1001 (rabbit) WB (1:5000)

GAPDH ThermoFisher MA5-15738 (mouse) ~ WB (1:5000)

TUJl Biolegend 802001 (rabbit) ICC (1:10000)

MAP2 Sigma M1406 (mouse) ICC (1:500)

GFAP Agilent Z0334 (rabbit) ICC (1:1000)
Glucocorticoid Receptor (GR)  Cell Signaling 3660 (rabbit) ICC (1:100)
Glucocorticoid Receptor (GR)  Proteintech 24050-1-AP (rabbit) WB (1:5000)
DYNC1H1 Proteintech 12345-1-AP (rabbit) WB (1:1000)

HSP90 Proteintech 13171-1-AP (rabbit) WB (1:5000)
HSP90AB1 Proteintech 11405-1-AP (rabbit) WB (1:5000)

KPNB1 Proteintech 10077-1-AP (rabbit) WB (1:2000)

IPO7 Proteintech 28289-1-AP (rabbit) WB (1:1000)

HSP70 Proteintech 10995-1-AP (rabbit) WB (1:5000)
Cytochrome ¢ Proteintech 10993-1-AP (rabbit) WB (1:1000)

EPAS1 (HIF2a) Proteintech 26422—1-AP (rabbit) WB (1:1000)

TXN Proteintech 14999-1-AP (rabbit) WB (1:2000)
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ICC—NPCs were plated onto poly-ornithine and laminin-coated glass coverslips at a
density of 100,000 cells/coverslip, or onto 8 well glass chamber slides (Nunc Lab-Tek 11,
ThermoFisher Scientific) at a density of 150,000 cells/well. Neurons were fixed in 4% PFA
for 10 min at room temperature, blocked and permeabilized in blocking buffer (5% NGS and
0.2% Triton X-100 in PBS), then incubated in blocking buffer containing primary antibodies
overnight at 4°C. Cells were then washed 3 x 5 min, incubated in blocking buffer containing
secondary antibodies for 1 h at room temperature, washed 2 x 5 min, then incubated with
DAPI or Hoechst for 5 min at room temperature. Following another wash (1 x 5 min),

cells were mounted using PVA-DABCO. Slides were allowed to dry overnight at room
temperature, protected from light, then were stored at 4°C until imaging.

RNA FISH plus Immunocytochemistry (ICC)—NPCs were plated onto poly-ornithine
and laminin-coated glass coverslips at a density of 75,000 cells/coverslip. RNA FISH was
performed with the ViewRNA ISH Cell Assay (ThermoFisher) using commercially available
probes for FMR1 and ACTB mRNAs (ThermoFisher). The manufacturer’s protocol was
followed with the following modification: protease digest (Step 4) was omitted (i.e.,
hybridization with probes (Step 5) occurred immediately following permeabilization (Step
3)). Following the label probe hybridization and wash steps (Steps 11 and 12), neurons
were incubated in blocking buffer (5% NGS in PBS-T) for 1 h at room temperature,

then incubated in blocking buffer containing primary antibody (mouse anti-MAP2, M1406,
Sigma, 1:500) overnight at 4°C. Coverslips were washed then incubated in blocking buffer
containing secondary antibody (Alexa Fluor 568 Goat Anti-Mouse, Invitrogen, 1:500) for 1
h at room temperature. Coverslips were washed briefly, incubated with DAPI for 5 min at
room temperature, washed again, then mounted onto glass slides using PVA-DABCO.

Confocal Microscopy & image analysis (RNA FISH)—Confocal z series were
acquired with a 60x oil immersion objective (NA 1.4) on an A1R-HD (Nikon) system.
Images were acquired at 2048 x 2048 resolution at 1/8 frames per second, 0.15 um interval.
Eight to ten randomly chosen areas were imaged per coverslip and three coverslips were
imaged per cell line. Images were analyzed using Fiji (ImageJ) software.120 z series images
were reconstructed using the 3D Viewer Plugin. For each cell analyzed, 360° rotation
images were recorded for each channel, as well as each combination of channels (red/
green, green/blue, etc.). Total FAMMRZI mRNA puncta colocalizing with MAP2 staining were
manually counted for each neuron, followed by quantification of puncta within the nucleus,
soma, and in the neuronal processes.

Human FMR1 5" UTR MS2 reporter system—Phage-ubc-nls-ha-tdMCP-gfp (MCP-
GFP) plasmid was obtained from Addgene (Addgene #40649).116 The MS2-FMR1 plasmids
were constructed by replacing the CMV promoter of phage-cmv-cfp-24xMS2 (Addgene
#40651)116 with EFSns promoter, and replacing ECFP with human FMR15" UTR and

exon 1 containing either 31 CGG or 0 CGG repeats. Human FMR1 insertions were
generated from cDNA that was amplified from H1 hESCs. pcDNA3 plasmid co-transfected
with MCP-GFP served as a Nuclear localization positive control, and unmodified phage-
cmv-cfp-24xMS2 (Addgene #40651) plasmid co-transfected with MCP-GFP served as a
Cytoplasmic localization positive control (Figure S4).
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Primary hippocampal neuron culture and transfection for MS2 experiments—
Mouse hippocampal neurons were transfected as described previously.65118 Briefly, neurons
were transfected with plasmids using Lipofectamine 2000 (Thermo Fisher Scientific)) on
DIV 4 as they were undergoing dendritic morphogenesis. 1JuM TMPyP4 (Sigma 613560),
1uM dexamethasone (DEX; Sigma D4902), or vehicle (DMSQ) were added to the cultures
24 h prior to transfection, then added to transfected neurons 6 h after transfection. Neurons
were fixed with 4% paraformaldehyde at 72 h after transfection, unless started otherwise
(Figure S4), then stained for MAP2 using the ICC protocol described above.

MS2 quantification—MS2 transfected-neurons were imaged on a Zeiss Apotome
microscope with 20x objective. Intensity quantification of MS2-GFP in neurites was done
using Fiji/ImageJ.120 For the time course (Figure S4), 13-16 neurons were imaged across
two coverslips (1 batch). For all other experiments, 3 independent experiments were
performed (18-30 neurons per batch). Only Map2+/Syn-mCherry+/MS2-GFP+ cells were
chosen for analysis. Syn-mCherry was used for dendrite tracing using the SNT plugin in
Fiji.121 GFP fluorescence intensity in traced primary dendrites was measured every 0.4 um
using the Plot Profile function in SNT using the following settings (Shape: None.; Radius:
0; Integration Metric: N/A; with Spatially calibrated distances selected). Background
subtraction was performed by averaging the fluorescence intensity of 2—3 traced dendrites
of Map2+/Syn-mCherry-/MS2-GFP- cells. Because TMPyP4-treated cells had increased
GFP fluorescence overall (MS2+ and MS2-), sections of dendrites overlapping with other
cells were omitted from analysis. Fluorescence intensity was quantified by examining the
fluorescence intensity value at 10 um intervals along the dendrite. The average intensity
at each interval across primary dendrites was calculated for each neuron. Additionally, we
quantified the total fluorescence intensity in primary dendrites by normalizing the total
GFP signal in each dendrite (after background subtraction) to its total length [Z(intensity
measurements along length of dendrite) + dendritic length in um]. The number of MAP2+
cells and total number of nuclei per field (Figure S4B) was quantified in 5 fields per
condition using the Cell Counter plugin in Fiji/lmageJ. Representative high-resolution
maximum intensity projection images shown in figures were acquired on the Nikon A1R-
HD confocal microscope as described above using 60x immersion objective and 0.3 pm
z-interval distance.

Dendritic length quantification—Dendritic length of lentivirus- Syn-mCherry infected
primary hippocampal neurons was measured using published methods.55105 Briefly,
morphological analysis of neurons that were positive for both Syn-mCherry and MS2-GFP
was carried out using Neurolucida software (MBF Biosciences) using the same cells and
images as "MS2 Quantification" (above).

RNA structure prediction—RNA structure of the human FMRI gene with 31

CGG repeats or 0 CGG repeats was predicted using RNA fold with default

parameters (http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi)*” and GQRS
Mapper (https://bioinformatics.ramapo.edu/QGRS/index.php).#6 FMRI mRNA sequence
was accessed using Ensembl genome browser (https://www.ensembl.org).122 Ensembl
transcript ENST00000370475.9 (FMR1-205) was used for RNA structure prediction.

Cell Rep. Author manuscript; available in PMC 2024 July 12.


http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi
https://bioinformatics.ramapo.edu/QGRS/index.php
https://www.ensembl.org/

1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnue Joyiny

Sirois et al.

Page 17

Expression of cellular stress proteins—NPCs were plated for terminal differentiation
as described above, then treated with vehicle (DMSO) or 1 uM DEX starting 2 days after
plating (Day 18). 24 h after treatment, cells were harvested in PBS, pelleted, and stored

at —80°C until needed. Cellular stress proteins were analyzed using the Human Cell Stress
Proteome Profiler Array (R&D Systems ARY018) according to manufacturer’s instructions.
Briefly, cell pellets were lysed in Lysis Buffer 6 (R&D Systems) containing 10 pg/mL

each of aprotinin (Sigma A6279), leupeptin (Tocris 1167), and pepstatin (Tocris 1190) for
30 min at 4°C, centrifuged, and the supernatant collected. Bradford Assay was used to
determine the total protein concentration, as described above. Membranes were blocked
with Array Buffer 6 (R&D Systems) for 1 h at room temperature. During this time, cell
lysates (400 pg of total protein) were incubated with Array Buffer 4 (R&D Systems) and
Detection Antibody Cocktail (R&D Systems) for 1 h at room temperature. Membranes were
then incubated with protein lysates on a shaker overnight at 4°C, washed 3 x 10 min with
1x Wash Buffer (R&D Systems) at room temperature, incubated with Streptavidin-HRP
diluted in Array Buffer 6 for 30 min at room temperature, then again washed 3 x 10 min.

To image membranes, Chemi Reagent Mix was added to each membrane for 1 min, then
membranes were imaged on the c600 Phosphorimaging System (Azure Biosystems). A list
of the cellular stress markers included on the assay can be found below. Array images were
quantified using densitometry on Fiji/ImageJ software. Each protein array contained n=2
technical replicates for each protein/antibody, which were averaged for each sample.

Proteins included on human cellular stress array

ADAMTS1 EPAS1 (HIF2a) Phosphorylated-p38a (MAPK14)
(T180/Y182)

BCL2 Phosphoylated-HSPB1 (HSP27) (S78/S82) Phosphorylated-p53 (TP53) (S46)

CA9 HSPD1 (HSP60) PON1

CITED2 HSPA1A (HSP70) PON2

COX2 IDO1 PON3

Cytochrome ¢ (CYCS)  Phosphorylated-Pan JNK (MAPKS8) (T183/Y185)  TXN (Thioredoxin)

DKK4 NFKB1 (NFxB) SIRT2

FABP1 CDKNI1A (p21/CIP1) SOD2

HIF1A (HIF1a) CDKN1B (p27)

To examine the expression of cellular stress proteins following 1 week of DEX treatment,
NPCs were plated for terminal differentiation at Day 16 onto Matrigel-coated plates, then
treated with 1 uM DEX on Days 22, 25, and 28. Neurons were harvested at Day 29 by
removing media, then collected in 1 mL PBS, centrifuged, supernatant removed, and cell
pellets stored at —80°C until lysate preparation. Expression of Cytochrome ¢, EPAS1, and
TXN were then assessed by Western Blot as described above (see Western Blotting).

Cell viability and ATP levels—ATP levels were measured using the Cell Titer GLO

2.0 assay (Promega) according to manufacturer’s instructions and our publication.®® Briefly,
NPCs were plated for terminal differentiation as described above onto Matrigel-coated

96 well tissue culture plates (25,000 cells/well). Cells were treated with vehicle or 1
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UM DEX at Day 18 (same as for Cell Stress Array above) for 24 h. Cells were placed

at room temperature to equilibrate for 30 min, then Cell Titer Glo reagent was added

equal to the volume of medium in each well. The plate was placed on an orbital shaker

for 2 min to induce cell lysis, then incubated, protected from light, for 10 min at room
temperature. Luminescence was recorded using the pre-programmed CellTiter-GLO settings
on a GloMax plate reader (Promega).

Microscopy & image analysis (GR localization)—NPCs were plated for terminal
differentiation onto glass chamber slides as described above. Four days after plating for
terminal differentiation (Day 19), cells were treated with vehicle or 1 uM DEX for 30

min (Figure 6) or for 72 h (Figure S71) prior to fixation (4% PFA for 10 min). ICC

was performed as described above for GR and MAP2. Slides were imaged on the Nikon
ECLIPSE Ti2-E widefield fluorescence microscope, equipped with a Multi-wavelength
LED Light Engine. Multiplane 2048x2048 images were obtained using 100x oil immersion
objective (NA 1.45) with 0.3 um Z-interval. 10 to 19 images (different fields within each
well) were acquired for each replicate. MAP2 and Hoechst channels were used to define
soma and nuclear compartments, respectively, and fluorescence intensity of GR in each
compartment was measured in ImageJ after subtracting background pixel intensity. 1 to

3 neurons were quantified in each image. For GR representative images shown in Figure
6E, single plane images were acquired with a 100x oil immersion objective using the A1R
system as described above.

Microscopy & image analysis (FMRP localization)—NPCs were plated for terminal
differentiation onto glass chamber slides as described above. Four days after plating for
terminal differentiation (Day 19), cells were treated with vehicle or 1 pM DEX for 30 min
prior to fixation (4% PFA for 10 min). ICC was performed as described above for FMRP
and TUJ1. Confocal z series were acquired with a 60x oil immersion objective (NA 1.4)

on a Nikon A1R-HD system. Images were acquired at 1024x1024 resolution at 1/8 frames
per second, 0.15 pm interval. Eight to eleven randomly chosen areas were imaged for each
replicate (2 separate batches of differentiation and treatment). TUJ1 and Hoechst channels
were used to define soma, nucleus, and dendrites, and fluorescence intensity of FMRP in
each compartment was measured in ImageJ after subtracting background pixel intensity. 1 to
3 neurons were quantified in each image. FMRP signal in proximal dendrites was quantified
using SNT plugin (see MS2 quantification section above).

Characterization of hESC cultures—NPCs were plated for terminal differentiation
onto poly-o/laminin-coated 96 well imaging plates (CellVis, P96-1.5P) at a density of
25,000 cells per well. Neurons were fixed at 1 week post-plating and ICC for MAP2 and
GFAP was performed using the same ICC procedure as above with the following exception:
instead of mounting in PVA-DABCO, neurons were kept in PBS and immediately imaged
on the Nano (Molecular Devices) high content imaging system using a 20x objective. The
number of cells in each field was manually quantified using the Cell Counter plugin in
Fiji/ImageJ. For each condition, 4-6 wells (technical replicates) were imaged, and 2-3 fields
were quantified per well.
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Digital droplet PCR (ddPCR)—DEX-treated neurons were harvested in Trizol and RNA
was isolated using the Direct-zol RNA Micro Prep Kit (Zymo). cDNA was synthesized from
500 ng of RNA using the Prime Script RT kit (Takara). Digital droplet PCR was performed
using a published method!23 using the Bio-Rad QX200 system. Gene-specific primers/
probes were obtained from IDT and used at 20x. PCR reaction mixture (consisting of
ddPCR Super Mix for Probes (no dUTP), gene of interest primer/probe, housekeeping gene
(7BP) primer/probe, and 1 ng/uL cDNA template) was partitioned into 10,000 to 20,000
droplets, then parallel PCR amplification carried out on the Bio-Rad C1000. PCR signals
were quantified using QX Manager software (Bio-Rad), and thresholds were manually
adjusted for each reaction. Two-color PCR reaction was utilized to normalize gene of
interest expression to the housekeeping gene 7BP prior to comparison between conditions.

ddPCR assays

Gene Symbol Dye-Quencher method (probe)  Assay

PTPNI11 FAM/ZEN/IBFQ Hs.PT.58.39503117
NR3C1 FAM/ZEN/IBFQ Hs.PT.58.27480377
7BP (housekeeping) HEX/ZEN/IBFQ Hs.PT.58v.39858774

QUANTIFICATION AND STATISTICAL ANALYSIS

Data collection timing and blinding—Data collection was carried out for a
predetermined period of time, as dictated by literature or core facility-based standards.
All cell counting, tracing, quantification and behavioral analyses were performed by
experimenters who were blind to the identity and treatments of the samples.

Statistical analysis—Power analysis was used to pre-determine sample sizes, and our
sample sizes are similar to those reported in publications (see citations within each
procedure). Data distribution was assumed to be normal but this was not formally tested.
Statistical comparisons were performed using Prism software (GraphPad). For data with
equal variances, student’s t-tests were used for comparisons of two conditions, and one-way
or two-way ANOVA was used for comparisons across multiple conditions and/or variables.
Multiple comparisons correction was done using Sidak’s or Tukey’s post-hoc test. For
data that was normalized and/or that did not have equal variances, t test with Welch’s
correction was used for comparisons of two conditions, and Brown-Forsythe and Welch
ANOVA tests were used for comparisons across multiple conditions/variables. Multiple
comparisons correction was done using Games-Howell post-hoc test. Any outliers were
identified using ROUT method (Q = 1%) and removed from analysis. Probabilities of p <
0.05 were considered as significant.

Graphs/plots for all figures were generated using Prism. Schematic drawings were created
using Power Point or BioRender. Predicted RNA structures were generated using RNAFold.
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Highlights

The normal CGG repeats in the 5° UTR of human FMRI regulate FMR1
MRNA localization

0CGG human neurons have altered expression levels of stress and metabolic
proteins

DEX-treated 0CGG neurons have reduced GR chaperone HSP90a levels and
altered GR translocation

FMRI CGG repeats are important for homeostatic responses to cellular stress
in neurons
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Figure 1. Removal of CGG repeats promotes localization of FMR1 mRNA to dendrites of early
post-mitotic neurons
(A and B) FMR1 mRNA levels (A) and FMRP protein levels (B) in hESC-derived neurons

at 1 week of differentiation. See Figure S1J for representative blot images. 7= 3 independent
batches of differentiation per line.

(c) Representative confocal images showing FMRI and ACTB mRNA puncta in hESC-
derived neurons stained for post-mitotic neuron marker, MAP2 (red). Blue, nuclear staining
using DAPI. Scale bar, 10 pm.

Cell Rep. Author manuscript; available in PMC 2024 July 12.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Sirois et al.

Page 30

(D and E) Quantification of the number of FAMRI mRNA puncta in the dendrites of neurons.
n= 3 technical replicates from a single batch of neurons for /=2 isogenic hESC lines.
Each data point represents the average of =11 neurons.

(F and G) Percentage of neurons containing at least 1 FAJRZ mRNA puncta in their
dendrites at 1 week (F) and at 5 weeks (G).

(H and 1) Comparison of total FARI mRNA puncta (H) and dendritic FMR1 mRNA puncta
(1) in 1 week versus 5 week neurons, with all data normalized to the 1-week time point. n

= 3 technical replicates from a single batch of neurons for /=2 isogenic hESC lines. Each
data point represents the average of =11 neurons. Error bars indicate SEM. (A, B, and D-G):
two-tailed Student’s t test *p < 0.05. (H and 1) Two-way ANOVA, significant main effect of
time; ***p < 0.005, ****p < 0.001.
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Figure 2. Expression of the human FMR15” UTR in mouse neurons recapitulates CGG repeat-
mediated differences in dendritic mMRNA localization

(A) Schematic illustration of transfection of primary mouse hippocampal neurons with MS2
and Syn1-mCherry constructs and timing of experiments.

(B and C) Representative confocal images of MS2-transfected neurons at 20x magnification
(B) and 60x magnification (C). Scale bars, 25 um (B), 20 um (C). Green, MS2-reporter; red,
Synapsin-mCherry reporter; white, MAP2 (post-mitotic neuron label; blue, nuclear staining
using Hoechst.
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(D) Quantification the GFP fluorescence intensity along the length of primary dendrites of
GFP*/mCherry*/MAP2* neurons. Shaded area indicates SEM.

(E) Summation of the fluorescence intensity in primary dendrites, normalized for dendritic
length. Each data point represents single neurons. Data in D and E are from NV=3
independent neuronal isolations/biological replicates (R1-R3; 22—29 neurons per replicate).
Values were normalized to 31 CGG condition for each batch of neurons. (D) Two-way
ANOVA, significant main effect of genotype ****p < 0.001. (E) Welch’s t test ****p <
0.001.
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Figure 3. Localization of mMRNA with normal length CGG repeats is mediated by GQs
(A) Schematic illustration of the timing of primary mouse hippocampal neuron transfection

and TMPyP4 treatment.
(B) Representative confocal images of MS2-transfected neurons treated with VEH (left)
or TMPyP4 (right) at 60x magnification. Scale bar, 20 um. Green, MS2-reporter; red,
Synapsin-mCherry reporter; white, MAP2 (postmitotic neuron marker).
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(C and E) Quantification the GFP fluorescence intensity along the length of primary
dendrites of GFP*/mCherry*/MAP2* neurons transfected with 31 CGG (C) or 0 CGG (E)
plasmids. Shaded area indicates SEM.

(D and F) Summation of the fluorescence intensity in primary dendrites, normalized for
dendritic length in 31 CGG (D) or 0 CGG (F) transfected neurons. Each data point
represents single neurons (R1-R3). Data in (C-F) are from /=3 independent neuronal
isolations/biological replicates (18—-29 neurons per replicate). Values were normalized to
vehicle (VEH) condition for each batch of neurons. (C and E) Two-way ANOVA, significant
main effect of treatment ****p < 0.001. (D and F) Welch’s t test; *p < 0.05; ****p < 0.001.
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Figure 4. CGG repeat-dependent effects of GR activation on FMR1 mRNA localization
(A) Schematic illustration of the timing of primary mouse hippocampal neuron transfection

and DEX treatment.

(B) Representative maximum intensity confocal images of MS2-transfected neurons treated
with VEH (left) or DEX (right). Scale bar, 20 um. Green, MS2-reporter; red, Synapsin-
mCherry reporter; white, MAP2 (postmitotic neuron marker).
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(C and E) Quantification the GFP fluorescence intensity along the length of primary
dendrites of GFP*/mCherry*/MAP2* neurons transfected with 31 CGG (C) or 0 CGG (E)
plasmids. Shaded area indicates SEM.

(D and F) Summation of the fluorescence intensity in primary dendrites, normalized for
dendritic length in 31 CGG (D) or 0 CGG (F) transfected neurons. Each data point
represents single neurons (R1-R3). Data in (C-F) are from /=3 independent neuronal
isolations/biological replicates (19-30 neurons per replicate). Values were normalized to
vehicle (VEH) condition for each batch of neurons. (C and E) Two-way ANOVA, significant
min effect of treatment *p < 0.05, **p < 0.01. (D and F) Welch’s t test; *p < 0.05; ***p <
0.005.
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Figure 5. Removal of CGG repeats from the FMR1 5’ UTR leads to altered cellular stress and
response to GR activation

(A) Schematic showing the timing of DEX treatment in hESC-derived neurons.

(B-E) Quantification of total protein levels in VEH-treated versus DEX-treated neurons:
cytochrome ¢ (B), EPASL1 (C), phosphorylated-MAPK14 (D), and TXN (E). Data are from »n
=5 independent neuronal differentiations from /=2 cell lines.

(F) ATP levels in DEX-treated neurons. (Left) H1 and H1-0CGG. (Right) H13 and H13-
0CGG. Data shown are from 1 = 3 independent neuronal differentiations per line. DEX data
point for each batch of cells was normalized to matched VEH control. Error bars indicate
SEM. (B-F) Two-way ANOVA with Tukey’s multiple comparison’s test; *p < 0.05, **p <
0.01, ***p< 0.005, ****p< 0.001.
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Figure 6. Removal of CGG repeats from the FMR1 5’ UTR affects GR subcellular localization
after DEX treatment

(A) Schematic showing the timing of DEX treatment in hESC-derived neurons.

(B) gRT-PCR data showing NR3CI mRNA levels in H13 and H13-0CGG neurons. n=3
independent differentiations. Error bars indicate SEM.

(C) GR protein levels in DEX-treated hESC-derived neurons. (Left) Representative western
blot images from H1 and H13 neurons. (Right) Quantification of GR protein levels. 7= 5-6
independent batches of differentiation from /= 2 cell lines. Data shown are normalized to
31 CGG-VEH condition. Error bars indicate SEM.
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(D) Schematic showing the timing of acute DEX treatment of hESC-derived neurons.

(E) Representative confocal images of the GR receptor expression in MAP2* neurons. Scale
bars, 5 um. Arrowheads demonstrate differences in soma GR signal in DEX-treated 31CGG
and 0CGG neurons. Magenta, GR; green, MAP2 (postmitotic neuron marker); blue, nuclear
staining using Hoechst.

(F and G) Quantification of GR fluorescent signal in nucleus (F) and soma (G). n=111-125
individual neurons from N/ =2 cell lines. (B and C) Two-way ANOVA. (F) Brown-Forsythe
and Welch ANOVA test followed by Games-Howell’s multiple comparison’s test, ****p <
0.001. (G) One-way ANOVA followed by Tukey’s multiple comparison’s test, *p < 0.05.
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Figure 7. Removal of CGG repeats from the FMR15” UTR leads to decreased levels of GR
chaperone protein HSP90a following DEX treatment

(A) Total FMRP levels in neurons treated with DEX for 24 h. (Top left) A schematic
diagram showing the timeline for DEX treatment. (Bottom left) Representative western blots
from H13 and H13-0CGG neurons treated with DEX. (Right) Quantification of FMRP
protein levels from Western blots. /7= 7 technical replicates from A/ =2 isogenic pairs of
cells (three independent batches of differentiation and DEX treatment per line). Error bars
indicate SEM.

(B) Schematic showing the timing of DEX treatment in hESC-derived neurons.
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(C) Representative confocal images showing FMRP localization in TUJ1* (green) neurons.
(Left) 31 CGG. (Right) 0 CGG. Blue, nuclear staining using Hoechst. Scale bar, 5 pm.
(D-F) Quantification of FMRP signal in the nucleus (D), soma (E), and proximal dendrites
(first 10 pm proximal to soma, F). Data shown in (F) are normalized to 31 CGG-VEH
condition. (D and E) n= 48-57 neurons from N/= 2 cell lines. (F) 7= 44-60 neurons from N
=2 cell lines.

(G) Schematic illustrating the role of chaperone protein HSP90a in GR nuclear
translocation.

(H) HSP90a protein levels in DEX-treated hESC-derived neurons. (Left) Representative
western blots from H1 and H13 neurons treated with DEX. (Right) Quantification of GR
protein levels. 7= 7 independent batches of differentiation from A= 2 cell lines. Error
bars indicate SEM. (A, D-F, and H) Two-way ANOVA followed by Tukey’s multiple
comparison’s test, *p < 0.05, **p < 0.01, ****p < 0.001.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-FMRP Thermo Fisher Scientific Cat# MA5-15499; RRID: AB_10979450
Anti-FMRP Millipore-Sigma Cat# MAB2016; RRID: AB_2283007
Anti-FMRP Santa Cruz Biotechnology ~ Cat# sc-101048; RRID: AB_1122951
Anti-GAPDH Thermo Fisher Scientific Cat# TAB1001; RRID: AB_10709707
Anti-GAPDH Thermo Fisher Scientific Cat# MA5-15738; RRID: AB_10977387
Anti-TUJ1 Biolegend Cat# 802001; RRID: AB_2564645
Anti-MAP2 Sigma-Aldrich Cat# M1406; RRID: AB_477171
Anti-GFAP Agilent Cat# Z0334; RRID: AB_10013382
Anti-Glucocorticoid Receptor Cell Signaling Cat# 3660; RRID: AB_11179215

Anti-DYNC1H1
Anti-HSP90
Anti-HSP90AB1
Anti-KPNB1
Anti-IPO7
HSP70
Cytochrome ¢
EPAS1 (HIF2a)
TXN

Proteintech
Proteintech
Proteintech
Proteintech
Proteintech
Proteintech
Proteintech
Proteintech

Proteintech

Cat# 12345-1-AP; RRID: AB_2261765
Cat# 13171-1-AP; RRID: AB_2120924

Cat# 11405-1-AP; RRID: AB_2121207
Cat# 10077-1-AP; RRID: AB_2133977
Cat# 28289-1-AP; RRID: AB_2881106

Cat# 10995-1-AP; RRID: AB_2264230
Cat# 10993-1-AP; RRID: AB_2090467
Cat# 26422-1-AP; RRID: AB_2880510

Cat# 14999-1-AP; RRID: AB_2272597

Chemicals, peptides, and recombinant proteins

Dexamethasone

TMPyP4

DMEM/F12

Neurobasal

Knockout Serum Replacement (KOSR)
Antibiotic-Antimycotic

Dispase Il

Collagenase, Type IV
StemPro™ Accutase

TrypLE Express Enzyme

0.5% Trypsin

B-27 (without vitamin A)

B-27

Glutamax

L-glutamine

Laminin Mouse Protein, Natural
MEM NEAA

SB431542

Sigma-Aldrich

Sigma-Aldrich

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific

Biogems
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D4902; CAS 50-02-2
Cat# 613560; CAS 36951-72-1
Cat# 11330032

Cat# 21103049

Cat# 10828028

Cat # 15240062

Cat# 17105041

Cat# 17104019

Cat# A1110501

Cat# 12605010

Cat# 15400054

Cat# 12587020

Cat# 17504044

Cat# 35050061

Cat# 25030081

Cat# 23017015

Cat# 11140050

Cat# 3014193



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Sirois et al. Page 43
REAGENT or RESOURCE SOURCE IDENTIFIER
Puromycin InvivoGen Cat# ant-pr-1
LDN-193189 Selleck Chemicals Cat# S2618; CAS: 1062368-24-4
XAV 939 Tocris Cat# 3748; CAS: 284028-89-3
Y-27632 Tocris Cat# 1254; CAS:129830-38-2
Matrigel Corning Cat# 354248
Glucose Dot Scientific Cat# DSG32040
Recombinant Human/Murine/Rat BDNF Peprotech Cat# 450-02
Recombinant Human GDNF Peprotech Cat# 450-10
DMEM, High Glucose Sigma-Aldrich Cat# D5796
L-ascorbic acid Sigma-Aldrich Cat# A8960; CAS: 1713265-25-8
Cyclic AMP (cAMP) Sigma-Aldrich Cat# D0260; CAS: 241-059-4
y-Secretase Inhibitor XXI, Compound E Sigma-Aldrich Cat# 565790; CAS: 209986-17-4
2-mercapto-ethanol Sigma-Aldrich Cat# M6250; CAS: 60-24-2
Dimethyl sulfoxide (DMSO) Sigma-Aldrich Cat# D2650; CAS: 67-68-5
Poly-L-ornithine Sigma-Aldrich Cat# P4638; CAS: 27378-49-0
Lipofectamine 2000 Thermo Fisher Scientific Cat# 11668027
Aprotinin Sigma-Aldrich Cat# A6279; CAS: 9087-70-1
Leupeptin Tocris Cat# 1167; CAS: 103476-89-7
Pepstatin Tocris Cat# 1190; CAS: 26305-03-3
DAPI (4°, 6-diamidine-2’-phenylindole dihydrochloride) Millipore Sigma Cat# 10236276001; CAS 28718-90-3

Hoechst 33342

Thermo Fisher Scientific

Cat# 62249; CAS 23491-53-3

Critical commercial assays

CellTiter-Glo® 2.0 Cell Viability Assay
ViewRNA ISH Cell Assay

Human Cell Stress Proteome Profiler Array Kit

Promega
Thermo Fisher Scientific

R & D Systems

Cat# G9242
Cat# QVC0001
Cat# ARY018

Experimental models: Cell lines

H9 (WA09)
H1 (WA01)
H13 (WA13)
H1-0CGG
H13-0CGG

WiCell
WiCell
WiCell
This paper
This paper

RRID: CVCL_9773
RRID: CVCL_9771
RRID: CVCL_9774
N/A
N/A

Experimental models: Organisms/strains

Mouse: C57BL/6J

Jackson Laboratory

RRID: IMSR_JAX:000664

Oligonucleotides

Primers for Cloning Cas9/sgRNA and Donor Vectors for Genome

Editing
Primers for Screening Gene Edited Clones

Primers for CRISPR Off-Target Analysis
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REAGENT or RESOURCE SOURCE IDENTIFIER

Primers for gRT-PCR This manuscript See Table S2
PTPN11PrimeTime qPCR Assay for ddPCR IDT Cat# Hs.PT.58.39503117
NR3CI1 PrimeTime qPCR Assay for ddPCR IDT Cat# Hs.PT.58.27480377
TBPPrimeTime gPCR Assay for ddPCR IDT Cat# Hs.PT.58v.39858774

Recombinant DNA

pLentiCRISPRv1
pLentiCRISPRv1-49535-sgFmrl_CGG5-2
OCT4-2A-eGFP-PGK-Puro
pDonor-FMRI-dCGGO
pDonor-FMR1-CGG-BsmBlI
pLV-SynI-mCherry
p40651-EFSNS-FMR1_e1-24xms2
p40651-EFSNS-FMR1_e1ACGG-24xms2
P40651- phage-cmv-cfp-24xMS2
p40649-phage-ubc-nls-ha-tdMCP-gfp

Lietal. 2020.114

This manuscript
Hockemeyeret al., 2011115
This manuscript

This manuscript

This manuscript

This manuscript

This manuscript

Wuet al. 2012116

Wiet al. 2012116

RRID: Addgene #49535
N/A
RRID: Addgene #31938
N/A
N/A
N/A
N/A
N/A
RRID: Addgene_40651
RRID: Addgene_40649

Software and algorithms

Prism (v10)

Benchling

Fiji

SNT (plugin)

NIS-Elements

ImageStudio (v5.2)

Neurolucida

RNA Fold

QGRS Mapper

QX Manager

BioRender

GraphPad
Benchling
National Institute of

Health

National Institute of
Health

Nikon

Li-Cor

MBF Biosciences

Vienna RNA Web Services

Ramapo College of New
Jersey

Bio-Rad

BioRender

https://www.graphpad.com;
RRID: SCR_002798

https://www.benchling.com/;
RRID: SCR_013955

https://imagej.net/software/fiji/;
RRID: SCR_002285

https://imagej.net/plugins/snt/

https://www.nikoninstruments.com/
Products/Software;
RRID: SCR_014329

https://www.licor.com/bio/products/
software/image_studio/;
RRID: SCR_015795

http://www.mbfbioscience.com/
neurolucida;
RRID:SCR_001775

http://rna.tbi.univie.ac.at/cgi-hin/
RNAWebSuite/RNAfold.cgi;
RRID:SCR_008550

https://bioinformatics.ramapo.edu/
QGRS/index.php

https://www.bio-rad.com/en-us/life-
science/digital-pcr/gx-software;
RRID: SCR_019707

http://biorender.com/;
RRID: SCR_018361
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