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SUMMARY

Fragile X messenger ribonucleoprotein 1 protein (FMRP) deficiency leads to fragile X syndrome
(FXS), an autism spectrum disorder. The role of FMRP in prenatal human brain development
remains unclear. Here we show that FMRP is important for human and macaque prenatal brain
development. Both FMRP-deficient neurons in human fetal cortical slices and FXS patient stem
cell-derived neurons exhibit mitochondrial dysfunctions and hyperexcitability. Using multiomics
analyses, we have identified both FMRP-bound mRNAs and FMRP-interacting proteins in human
neurons and unveiled a previously unknown role of FMRP in regulating essential genes during
human prenatal development. We demonstrate that FMRP interaction with CNOT1 maintains the
levels of receptor for activated C kinase 1 (RACK1), a species-specific FMRP target. Genetic
reduction of RACK1 leads to both mitochondrial dysfunctions and hyperexcitability, resembling
FXS neurons. Finally, enhancing mitochondrial functions rescues deficits of FMRP-deficient
cortical neurons during prenatal development, demonstrating targeting mitochondrial dysfunction
as a potential treatment.
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Shen et al demonstrate that FMRP is critical for prenatal human brain development through
regulating mitochondrial functions. They discovered that FMRP interacts with other proteins to
regulate genes important for neuronal development. They show that enhancing mitochondrial
functions rescues hyperexcitability of human fragile X syndrome patient derived neurons.
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INTRODUCTION

Mitochondrial deficits are associated with both psychiatric and neurodevelopmental
disorders (NDD), including autism spectrum disorders (ASD)1-3. However, how
mitochondrial functions are regulated during human brain development and how their
dysregulation contributes to NDD are unknown. Fragile X messenger ribonucleoprotein 1
protein (FMRP) is a brain-enriched RNA binding protein, and its deficiency leads to fragile
X syndrome (FXS). FXS is the most common heritable cause of intellectual disability,
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impacting 1 in 4,000 males and 1 in 6,000 females and is also the most common single-gene
cause of ASD*-8. Despite extensive effort, how FMRP deficiency impairs neurodevelopment
remains unclear. We have previously demonstrated that FMRP deficiency causes reduced
mitochondrial fusion leading to mitochondrial fragmentation in mouse neurons, and that
enhancing mitochondrial fusion rescues behavioral deficits of Fm7r1 knockout mice’, which
have been confirmed by subsequent studies®-13. However, unsuccessful FXS clinical trials4
and differences between human and animal genetics!® underscore the importance of
investigation of human-specific FMRP targets for understanding FXS and ASD, disorders
affecting higher brain functions!®. Whether mitochondrial dysfunction plays a role in human
FXS, and whether this dysfunction is evident during early prenatal development, remains
unknown.

FMREP is expressed in both neural progenitor cells and neurons of the mammalian
neocortex from prenatal development to adults!’-18. Studies using animal models and
transcriptomics analysis of postmortem human cortical tissue have shown that the levels

of FMR1I mRNA and FMRP protein increase significantly after birth and continues to
adulthood!8.19, supporting a well-known role of FMRP in promoting neuronal maturation
and synaptogenesis during postnatal brain development!7:20, On the other hand, studies
have shown that FMRP deficiency also affects mouse cortical development including radial
glial differentiation, neuronal morphogenesis, and cortical neuron distribution!®21, Studies
using human pluripotent stem cell (hPSC) derived neurons have demonstrated that FMRP-
deficient human neurons exhibit altered neuronal production, impaired morphogenesis, and
hyper excitabilityl6:22, suggesting that FMRP plays important roles in human prenatal
development. However, how FMRP deficiency affects human prenatal brain development
remains unknown.

Genome-wide binding studies have identified a large number of FMRP-bound mRNAs in
juvenile mouse brains and postmortem adult human brains, as well as immature neural
progenitors and neurons'’. We have shown that FMRP has cell type-specific targets and its
deficiency can lead to both increased and decreased protein and mRNA levels23.24, A major
question that remains is how FMRP exerts cell type and target specificity. It is hypothesized
that FMRP may act through interacting with its protein co-factorsl’. However, no study to
date has identified FMRP-interacting proteins in human neurons.

Here, we tested the hypothesis that FMRP maintains neuronal mitochondrial functions
during human prenatal development through regulating essential genes and that targeting
mitochondria can correct neuronal deficits. We show that FMRP is critical for human
prenatal brain development and that this role is conserved in macaques. Both FXS
patient stem cell-derived neurons and FMRP-deficient neurons in human fetal cortical
slices exhibit impaired mitochondrial functions and hyperexcitability. Using crosslink
immunoprecipitation followed by either transcriptomic or proteomic analyses, we have
identified both FMRP-bound mRNAs and FMRP-interacting proteins in human neurons and
unveiled a previously unknown role of FMRP in regulating essential genes during human
prenatal development. Many of these genes have been associated with ASD and NDD25,
We further demonstrate that FMRP interaction with CNOT1 maintains the expression
levels of receptor for activated C kinase 1 (RACK1), a human-specific FMRP target.
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RACK1 knockdown leads to both mitochondrial dysfunctions and hyperexcitability in
human neurons, resembling FXS neurons. Finally, we screened mitochondrial enhancing
compounds that could rescue deficits of human FXS neurons and showed that leflunomide,
an FDA-approved drug for rheumatoid arthritis, rescues hyperexcitability phenotypes of
FXS human neurons /n7 vitro and ex vivo. Our data unveil a role of FMRP in human prenatal
brain development and demonstrate targeting mitochondrial dysfunction as a potential
treatment.

Human FMRP-deficient developing neurons exhibit mitochondrial deficits and
hyperexcitability

To investigate whether FMRP deficiency affects neuronal mitochondria during human
cortical development, we generated organotypic slices from postmortem mid-fetal human
cortical tissue (postconceptional weeks 14-17) and infected slices lentivirus (LV) to knock
down FMR1 (LV-s#FMR1-mCherry)22 and to target mitochondria (LV-syn-mitoGFP)’
(Figures 1A-B, Figures SIA-S1B, Table S1) We observed that the proximal dendrites

of LV-shFMR1-infected neurons had more fragmented mitochondria (reduced aspect ratio,
Figures 1C and 1D) and reduced amount (area, Figure 1E) of mitochondria, as well as
increased oxidative stress, measured by the levels of oxidative stress products nitrotyrosine
(NT, Figures 1F and 1G) and 8-oxoguanine (8-oxoG, Figure S1D-S1E), compared

to controls. In addition, we observed similarly altered mitochondrial morphology and
dysfunction in LV-shFMRI-infected neurons in mid-fetal cortical slices of rhesus macaque
(Figure S1C, Figures 1H-1L), suggesting that FMRP regulation of mitochondrial function
is conserved in primates. Whole-cell recordings showed that LV-sAFMRI-infected neurons
exhibited significantly more positive resting membrane potential (RMP, Figures 1M-10)
and increased input resistance (R, Figure 1P), suggesting an increased excitability of
LV-shFMR1 infected neurons. Taken together, our data show that FMRP deficiency leads to
mitochondrial deficits and hyper excitability in human neurons during prenatal development.

To determine whether FMRP deficiency affects mitochondrial functions in human FXS
neurons, we generated new FXS patient-derived induced pluripotent stem cells (iPSCs) from
a published FXS patient (FXS-1, or FXS)26 (Figures S2A-S2C). These FXS iPSCs and
healthy control (Ctrl-1, or Ctrl) iPSCs?” were readily differentiated into dorsal forebrain
excitatory neurons using an established method24. We differentiated this FXS and additional
FXS lines?426, as well as a FMRI gene deleted (KO) line2* and their controls’ into

dorsal forebrain neurons for 4 weeks (Figure 2A, Figures S2D-S2F). We observed that
mitochondria in FMRP-deficient neurons had reduced aspect ratio (Figures 2B and 2C,
Figures S2G and S2H), reduced total area (Figure 2D), elevated oxidative stress levels
(Figure 2E, Figures S21 and S2J), and reduced mitochondrial membrane potential (MMP,
Figures 2F-2G) compared to Ctrl neurons. To further assess mitochondrial function,

we measured cellular ATP levels, as well as NAD and NADH levels, in the presence

of carbonyl cyanide4-(trifluoromethoxy)phenylhydrazone (FCCP). FCCP decouples ATP
production from the mitochondrial electron transport chain leading to reduced ATP
production and is widely used to study mitochondrial functions?®. Although the baseline
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levels of either ATP or NAD and NADH were not significantly different between FXS

and control neurons (p=0.8), control neurons exhibited reduced ATP levels and reduced
NAD and NADH levels, in response to FCCP, whereas FXS neurons failed to respond to
FCCP treatment (Figure S2K-S2L). Furthermore, FXS neurons exhibited hyperexcitability
measured using multielectrode arrays (MEAS) (Figures 2H-M, Figures S2M-S2N, Table
S2), a physiological phenotype reported previously in FXS iPSC-derived neurons22:29,
Therefore, FMRP deficiency leads to mitochondrial deficits and hyperexcitability in
developing human neurons.

FMRP regulates genes critical for neuronal development in humans

We then assessed genes that regulate mitochondrial biogenesis and dynamics, and found
that human FXS neurons had reduced levels of mitochondrial biogenesis gene PPARGCIA
(Peroxisome proliferator-activated receptor gamma coactivator 1-alpha or PGC-1-alpha)

and mitochondrial fusion genes (MFN1) (Mitofusion 1) and OPA1, but increased levels

of mitochondrial fission gene ~/S1, compared to controls (Figure S20). However,

none of them have been identified as FMRP-bound targets in human neural progenitor

cells (NPCs) or immature (1-week differentiation) neurons in our published crosslinking-
immunoprecipitation followed by next generation sequencing (CLIP-seq) study24. To
understand how FMRP deficiency leads to these widespread changes in mitochondrial genes
and functions in mature human neurons during prenatal development, we differentiated three
hPSC lines with endogenous FLAG tagged FMRP24 and their isogenic controls (parental
PSC lines without FLAG tag) (Table S1) to neurons for 8 weeks and performed CLIP-seq
using our published protocol?* (Figure 3A). We identified 36 high confidence FMRP-bound
MRNAs in human mature neurons (Table S3).

Gene set enrichment analysis3%:31 showed that FMRP-bound mRNAs were enriched

in pathways involved in early developmental processes including cellular component
morphogenesis, cell morphogenesis involved in neuron differentiation, cytoskeletal protein
binding, microtubule binding, axon guidance, and neuron projection (Figure 3B, Figure
S3A). We compared to published sets of ASD and NDD risk genes32-3% and found that
FMRP targets exhibited significant enrichment for both ASD32 and NDD33 risk gene sets
(ASD odds ratio for enrichment =21.7, Bonferroni-adjusted £=3.7e-4; NDD OR=17.0,
Pygj=3.1e-08; Figure 3C; Table S3). Additionally, FMRP targets exhibited significant
enrichment in neuronal-associated modules3® with reduced, but not elevated, expression
in the ASD brain (M4: OR=10.6, Padj=1.2e-03; M10: OR=5.7, Py4j=0.12, M16 OR:=9.2,
Pydj=2.3€-03) (Figure 3D; Table S3).

We compared our FMRP targets in human mature neurons with our previously identified
FMRP targets in human NPCs and immature (1-week differentiation) neurons?* and

found that mRNAs of 7 genes (DPYSLZ2, HSP90AAIL, HSPIOABI, RACKI, RPL4,
TUBBZA, and ZNF91) were bound by FMRP only in mature human neurons (Figure S3B),
suggesting that these genes may play critical roles in more mature human neurons. We

then further compared our mature neuron targets with published FMRP targets in juvenile
mouse forebrain37:38 and adult mouse hippocampal CA1 neurons3®. Four FMRP targets,
HSPI90AA1, RACK1, RPL4and ZNF91, are specific to mature human neurons (Figure 3E).

Neuron. Author manuscript; available in PMC 2024 December 20.
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We performed RNA immunoprecipitation followed by quantitative PCR (RNA IP-gPCR)
on independent collections of human FLAG-FMRP neurons. FLAG antibody pulled down
HSPI90AA1, RACK1, RPL4, and ZNF91 mRNA in FLAG-FMRP neurons, but not from
isogenic control neurons (Figure S3C-F). Then, using an antibody against FMRP22, we
found that FMRP bound RACKZ and HSPIOAAI mRNAs but not RPL4 or ZNF91 mRNAs
in human midfetal cortical tissue (Figure 3F, Figure S3G-J). On the other hand, none of
these mRNAs showed significant enrichment in FMRP RNA-IP in either macaque or mouse
brain tissue, whereas positive control MAP1B mRNAZ2 showed enrichment (Figure S3K).
Therefore, FMRP binds a subset of mMRNAs in human mature neurons and some of these
targets are specific to human mature neurons and exhibit species specificity.

Reduced RACK1 levels leads to mitochondrial deficits and hyperexcitability

We next determined which FMRP targets are directly involved in mitochondrial dysfunction
and hyperexcitability. Because FMRP deficiency affects gene expression levels in both
directions?3, we proposed two models. In Model 1, an FMRP target (Target X) exhibits
reduced expression levels in FXS and therefore knocking down of Target X in healthy
neurons should lead to both neuronal hyperexcitability and mitochondrial deficits. In Model
2, Target X exhibits increased expression levels in FXS, therefore knockdown of Target

X should lead to both neuronal hypo-excitability and mitochondrial deficits. We selected

12 targets involved in cellular pathways affecting mitochondrial functions and found

that knocking down of 8 targets individually (A7P58, DYNCI1H1, KIF5C, HSP90AAL,
SPTAN1, CRMPI, CLTC, and RACKI) led to neuronal hyperexcitability, knocking down
of 1 target (MAP2) led to hypoexcitability, and knocking down of the other 3 genes
(HSP90AB1, SPTBN1, and PRPF8) exhibited no consistent effect (Figures S4, Table S4).
The protein expression levels of CRMP1, PRPF8, and RACKJ1 protein levels were lower,
whereas ATP5B protein levels were higher, while the other 8 proteins showed no significant
changes in FXS neurons compared to Ctrl neurons (Figures S4). Therefore, CRMP1 and
RACK1 were the two FMRP targets whose expression levels were reduced in FXS neurons
and their knockdown in Ctrl neurons led to hyperexcitability, thus fitting our Model 1.

We further confirmed that both mRNA and protein levels of RACK1 were significantly
reduced in FXS neurons and FMRP-deficient neurons in ex vivo human fetal cortical

slices, compared to controls (Figures 4A-4D, S5A). In addition, knockdown of RACK,
but not CRMP1, DYNC1H1, or SPTBNI, led to significantly reduced MMP in human PSC-
differentiated neurons (Figures 4F and 4G, Figure S5B-S5C). Therefore, FMRP maintains
the expression levels of RACK1, a human mature neuron-specific target of FMRP, and
RACKU1 deficiency leads to both mitochondrial dysfunctions and neuronal hyperexcitability
resembling FXS neurons.

RACK1 is a scaffolding protein with emerging roles in regulating multiple cellular functions
including cellular metabolism and stress responses*®. Reduced RACK1 levels have been
found in neurodegeneration!. The levels of RACKZ mRNA are significantly higher in
prenatal brain compared to the postnatal period?, especially in the medial frontal cortex
(MFC)42 implicated in both FXS and ASD*3. However, the function of RACK1 in human
cortical development remains unclear. We observed that neurons with RACKI knockdown
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(shRACK1) exhibited reduced expression of genes important for mitochondrial biogenesis
(PPARGCI1AIPGC1la) and fusion (MFNI), compared to controls (Figures S5D-S5J). In
addition, neurons with RACK1 knockdown exhibited reduced aspect ratio and reduced total
mitochondrial area, without significant effect on NT levels (Figure 4H-K), but reduced
responses to FCCP treatment on ATP production and NAD/NADH levels compared with
controls (sANC) (Figure SSK-S5L). Furthermore, RACKI knockdown led to increased
hyperexcitability in hPSC differentiated neurons (Figures 4L—4P). Therefore, knocking
down RACKI in control neurons recapitulates the phenotypes of FXS neurons.

We then expressed exogenous RACK1 using LV (Figure S5M). LV-RACK1-infected FXS
neurons (RACK1-BFP+) exhibited increased MMP and reduced hyperexcitability compared
to adjacent non-infected neurons in the same dish (LV-RACKZ1-BFP-) or control LV (LV-
BFP)-infected neurons (Ctrl-BFP+) (Figure 4Q-4W). These data demonstrate that RACK1
is necessary for proper mitochondrial function and excitability of developing human neurons
and reduced RACKT1 levels contribute to the deficits of FXS neurons.

FMRP interacts with CNOT1 and regulates RACK1 mRNA levels

Although FMRP is known to be a translational repressor, its deficiency also affects mMRNA
expression, either directly or indirectlyl”. How FMRP directly regulates mRNA levels of

its targets is unclear. We performed co-immunoprecipitation (Co-1P) followed by mass
spectroscopy of neurons differentiated from FMRP-FLAG hPSCs24 and identified 56 FMRP
interactors (Table S5). These FMRP interactors are enriched for proteins involved in
regulation of translation, stress granule assembly, and metabolism of RNA (Figure 5A),

as well as high association to FXS pathology (Figure S6A).

FMREP targets (CLIP) and FMRP interactors (Co-1P) demonstrated strong enrichments for
genes with “falling” trajectories (lower expression in postnatal than prenatal development2®)
(CLIP: OR=3.2, pag~4.3e-03; Co-IP: OR=2.2, pq~=0.0495; FET; Table S3 and Table S6).
This contrasts with FMRP targets in adult human brains* and juvenile mouse brains®7,
which instead preferentially show “rising” trajectories (higher expression in postnatal than
prenatal development) (mouse rising OR=1.6, P,4j=9.4e-09, falling OR=0.97, P,gj=1; human
rising OR=1.4, Pgj=1.1e-12, falling OR=1.0, Pqj=1; Table S3 and Table S6). “Falling”
genes are enriched for highly constrained genes which are intolerant to loss-of-function
mutations (haploinsufficient)?, and so are thought to drive critical functions in prenatal
development (Figures 5B-5C). In line with this pattern, both our FMRP targets and FMRP
interactors also demonstrated substantial enrichment for highly sequence-constrained genes,
with 20 of the 36 CLIP targets (55.6%), and 28 of the 56 Co-IP interactors (50%) reported
to have a probability of loss-of-function intolerance (pL1) score* > 0.995 (CLIP: OR=15.8,
Padj=2.3e-13, median pLI for all targets = 0.998; Co-IP: OR=11.5, P,qj=4.7e-16, median pLI
for all interactors = 0.996; FET; Tables S5).

We then performed agglomerative hierarchical clustering and compared correlation between
FMREP targets (CLIP) genes with FMRP interactors (Co-IP) genes based on their dynamic
expression patterns in the human MFC from early fetal to late midfetal development?®.
(Figure S6B). Surprisingly, although FMRP positively regulates RACK1 mRNA and protein
levels (Figures 4A-4D, Figure S5A), the expression levels of FAMMRI exhibited no correlation
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with RACKI. On the other hand, the mRNAs of 31 FMRP interactors exhibited positive
correlation with RACK, among which were CNOT1 implicated in ASD*® and 10 genes
whose protein products interact with CNOT1 (“CNOT1 interactors”) (Figure S6C). Both
CNOT1 and CNOT?7 are core components of CCR4-NOT RNA regulatory protein complex
known for carrying out mRNA decay*’. Hence, our data indicate that FMRP has an essential
and previously unknown role in prenatal human brain development. The positive correlation
between RACKI and CNOT1, both essential genes for humans (PLI=1.0)%5, suggest that
CNOT1 may regulate RACK1 expression.

Our hypothesis is that during embryonic development, FMRP’s interaction with CNOT1 is
important in maintaining the expression of essential genes for neuronal development, such as
RACK1 (Figure 5D). We performed Co-IP on HEK?293 cells transfected with FLAG-FMRP
and confirmed that FLAG-FMRP pulled down endogenous CNOT1 protein (Figure S6D).
We then confirmed that endogenous FMRP directly interacts with endogenous CNOT1
protein in human neurons (Figure 5E). In addition, using proximity ligation assays (PLAS),
which allows for the detection of protein-protein interactions 77 sitt/8, we confirmed that
CNOT1 and FMRP proteins indeed interact in human neurons (Figure 5F) and CNOT1
bound RACKZ mRNA in human mid-fetal cortical tissue (Figures 5G). Down-regulation

of CNOT1, but not CNOT7, diminished binding of FMRP to RACKZ mRNA (Figure 5H).
In addition, knocking down either FMRP or CNOT1 also diminished binding of CNOT1

to RACKI mRNA (Figure 51). Furthermore, RACKZ mRNA had a reduced half-life (T1/,)
in both FMRP-deficient cells (2.62 h) and CNOT1-deficient cells (3.07 h) compared to
control cells (5.22 h; Figure 5J). Hence, both FMRP and CNOT1 maintain RFACKZ mRNA
stability. The CANOT1 mRNA levels did not show significant change in FXS neurons (Figure
S6E). CNOT1 knockdown had no significant effect on MMP or sensitivity to FCCP in ATP
production (Figure S6F-S6G). Hence, our data suggest that FMRP and CNOT?1 facilitate
each other’s binding to RACKZ mRNA and the binding by both FMRP and CNOT1
maintains the stability of RACKZ mRNAs in developing human neurons.

Mitochondrial protector corrects hyperexcitability of FMRP-deficient human neurons

We next investigated whether enhancing mitochondrial functions could rescue deficits of
human FXS human. We first assessed 17 FDA-approved drugs and natural products that
could potentially enhance mitochondrial functions, as well as M1, the MFN1 and MFN2
activator we tested on Fmr1-KO mouse neurons’. Noticeably, 12 of 18 mitochondrial
protectors, but not M1, restored MMP deficits in FXS neurons after a 24-hour of treatment
(Table S7). We then selected several compounds based on their efficacy, safety, and
accessibility. Only leflunomide showed consistent elevation of MMP and reduction of
hyperexcitability in FXS neurons (Table S7).

Leflunomide (LEF) is an anti-inflammatory drug approved to treat rheumatoid arthritis*®.
Although its mechanisms of action remain unclear, leflunomide has been shown to activate
MFN1 and MFNZ gene expression in mammalian cells59-52, |eflunomide had no significant
effect on mRNA levels or protein levels of RACK1 and CNOT1 in control or FXS neurons
(Figure 6A, Table S7, Figure STA-S7H). In addition, leflunomide did not significantly
affect interaction between FMRP and CNOT1 (Figure S71-S7K), nor FMRP binding
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to RACKI mRNA (Figure S7L). Furthermore, leflunomide did not show toxicity nor a
significant effect on mitochondrial shape, amount, or cellular NT levels in human neurons
(P>0.05). We then treated FXS neurons and observed that leflunomide treatment rescued
mitochondrial shape (Figures 6B and 6C) and amount (Figure 6D), without significant
effects on neuronal oxidative stress (Figure 6E). Leflunomide treatment also rescued reduced
MMP levels in FXS neurons, without significant effect on control neurons (Figure 6F—61). In
addition, leflunomide increased the levels of PPARGC1A and MFN2 mRNA levels in FXS
neurons (Figure STM-S7Q). Furthermore, leflunomide also rescued the responses of FXS
neurons to FCCP (Figure S7TR-S7S). Finally, leflunomide treatment significantly alleviated
hyperexcitability of FXS neurons assessed at 4, 5, and 6 weeks post-plating (Figures 6J-6P;
Figure STT-S7AB).

We then treated human fetal cortical slices with FMRP knockdown (shFMRI) (Figure 7A).
We observed that leflunomide had no significant effect on control (sA#NC) neurons but led
to increased mitochondrial amount and reduced oxidative stress levels, without significant
effect on mitochondrial shape, in FMRP-deficient (s#FMR1) human neurons in the cortical
tissue (Figures 7B-71). In addition, leflunomide significantly increased resting membrane
potential and reduced input resistance of FMRP-deficient neurons in human fetal cortex
(Figures 7J-7L). Therefore, our data support that enhancing mitochondrial functions may
correct neuronal deficits resulting from FMRP deficiency in human neurons.

DISCUSSION

We have demonstrated that FMRP is essential for maintaining mitochondrial functions
during human prenatal development by regulating genes whose expression is highest
during the early prenatal periods of neurodevelopment (e.g. RACKI) and whose loss of
function contributes to neurodevelopmental disorders, including ASD?°. Since neurons
rely on mitochondria over glycolysis for energy, even minor reductions in mitochondrial
function can have significant and profound implications. However, a direct link between
mitochondrial deficits and autism is largely lacking®3. Studies from our and other
laboratories have demonstrated mitochondrial dysfunctions in animal models of FXS8-12,
Here, we provide evidence for a significant role of FMRP in mitochondrial functions in
developing human neurons and highlight the importance of species-specific mechanisms.

FMRP protein and mRNA are expressed in the mammalian neocortex from prenatal
development to adulthood with increased levels after birth into adulthood?-19, supporting
the role of FMRP in neuronal maturation and synaptic plasticity in postnatal brains?-20,
Limited studies have investigated FMRP function in mouse cortical development18.21,

Our data show that FMRP targeted genes are not only are enriched with genes

implicated in ASD17:24.37-3944 bt also exhibit convergence during human mid-fetal brain
development2>43, Although hPSC-differentiated neurons provide important model systems
for studying human brain development!8, they cannot fully represent the complex, three-
dimensional structure of the developing human brain. Our use of ex vivo brain slices from
human fetal cortex provide a much-needed missing link between cell culture and /n vivo
brains. Importantly, our results from ex vivo brain slices show that such function of FMRP is
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conserved in rhesus macaque, providing a basis for future studies using non-human primate
models for FXS and ASD research.

FXS clinical trials based on mouse studies have not yielded effective treatment4.
Advancements in genomics have identified gene expression signatures that are unique

to humans and nonhuman primates?®. Identification of human-specific FMRP targets and
investigation of their functional significance are critical for understanding FXS and ASD,
disorders affecting higher brain functions!®, however such investigation is scarce®*. We
have identified RACKI as a FMRP mRNA target in human PSC-differentiated mature
neurons and midfetal cortical brain tissue, which has not been previously identified in either
postmortem adult human brains** or human PSC differentiated immature brain organoids®®,
suggesting that RACK1 is a developmental stage specific target of FMRP. RACK1 is a
protein that has seven conserved tryptophan-aspartate repeat domains®®. These proteins have
diverse functions but share a common role in serving as hubs for protein-protein interactions
for cellular signaling events®. Although originally identified as an anchoring protein for
protein kinase C, RACK1 has been shown to regulate many cellular processes, including
protein translation, localization, trafficking, and activation?. Although RACK1 has been
implicated in metabolism in cancer cells®’, the role of RACK1 in mitochondrial functions

in neurons had not been assessed. Our data demonstrate that RACK1 is important for
maintaining mitochondrial functions and reduced RACK1 expression is likely one of the
reasons for mitochondrial deficits found in human FXS neurons. Since FMRP does not

bind RACKI mRNA in either midfetal macaque or neonate mouse cortical tissues, FMRP
regulation of RACK1 is species-specific. It would be interesting and important to investigate
in the future whether RACK1 may contribute to species differences of FMRP functions.

We have shown that FMRP has cell type-specific targets24 and that FMRP deficiency can
lead to upregulation of some genes but down regulation of other genes?3:24. It remains
unclear how FMRP exerts cell type and target specificity and whether protein interactors

of FMRP may facilitate these functions!’. Our Co-IP identification of FMRP interacting
proteins unveiled the interaction between FMRP and CNOT1, the core scaffold protein

of the CCR4-NOT RNA regulatory complex. An unexpected observation is that CNOT1
knockdown led to reduced RACKI mRNA stability, because CCR4-NOT complex is known
to activate mMRNA decay?’. Like RACK1, CNOT1 is also an essential gene for humans
(pL1=1.0)%. It is possible that CNOT1 acts independently of CCR4-NOT complex and
maintains mMRNA stability in specific cell types and during specific developmental stages, a
function that should be further investigated in future studies.

Since our initial report on mitochondrial fusion deficits in FMRP-deficient mouse neurons’,
subsequent studies have provided additional evidence and mechanisms for mitochondrial
dysfunction in neurons and astrocytes of FXS mouse models®-13:58-60 \While these studies
provide strong evidence for important roles of FMRP in regulating mitochondrial functions,
supporting the initial observations made in Drosophila dFmrI mutants! and Fmri-KO
mice’, they have also revealed the complexity of mitochondrial regulation and cell type-,
developmental stage-, and assay specific-functions of FMRP. For example, we have shown
increased mitochondrial fragmentation in both F77777-KO mouse’ and FXS human neurons,
which are supported by several studies!213.62 However, Bulow et al observed larger surface
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area of mitochondria in the dendrites and longer mitochondria in axon initial segment of
FmrI-KO mouse neurons in an activity-deprived model for studying homeostatic plasticity®.
The main function of mitochondria is the production of ATP. Although reduced ATP levels
have been found in the brains of juvenile (postnatal day 21, or P21) and 12-month-old FmrI-
KO micel® and in cultured FmrI-KO neonatal hippocampal neurons!2, ATP levels are not
significantly changed in young (P10) FmrI-KO mouse brains®. Since we did not observe
significant differences in ATP levels between FXS and control human neurons, we further
investigated mitochondrial functions in FXS neurons by assessing cellular ATP levels as
well as NAD and NADH levels respond to the mitochondrial decoupler FCCP. FXS neurons
failed to show reduced ATP levels in response to FCCP, whereas control neurons responded
readily. It is possible that FXS neurons may have increased proton leak, as previously found
in Fmr1-KO mouse neurons and human fibroblasts11:12, Therefore, FXS neurons were not
sensitive to mitochondrial decoupler FCCP treatment. Because human neurons are sensitive
to high concentrations of FCCP, it is not possible to test whether FXS neurons may respond
to increased amount of decoupling. The fact that RACK1-deficient human neurons also lost
sensitivity to FCCP further supports the role of RACKL1 in mediating FMRP regulation

of mitochondrial functions in human neurons. It will be interesting to determine whether
inhibitors of proton leak may correct FXS human neurons as they did in mouse neurons!1:12,
Although both mouse and human neurons exhibit mitochondrial fragmentation, the reduced
mitochondrial amount and reduced PPARGCI1A expression levels seem to be unique to
human FXS neurons and it will be important to further investigate this difference in future
studies.

The most consistent phenotype of FMRP-deficient neurons in both mice and humans is
reduced MMP7:8.12.62 MMP is critical for ATP production and mitochondrial functions,
thus making this parameter a functional readout of mitochondrial state28. Fortunately,
MMP assays are readily adaptable to high content imaging. To our surprise, M1 was not
among the 12 compounds that enhanced MMP in human FXS neurons. This differential
response between mouse and human neurons underscores the importance of studying
human models for brain disordersl4. Only leflunomide corrected both mitochondrial

and neuronal excitability deficits of FXS neurons. Leflunomide was initially developed
as an anti-inflammatory drug and has been approved to treat rheumatoid arthritis*®,
Although the mechanisms of actions are not fully clear, leflunomide has been shown to
inhibit dihydroorotate dehydrogenase (DHODH), an inner mitochondrial membrane enzyme
catalyzing de novo synthesis of pyrimidines*. In a chemical screen for transcriptional
activators for the MFNZ2in Hela cells, leflunomide was identified as the top compound
that can activate MFNI and MFNZ2 gene expression and repress DRPI gene expression,
without significant effect on PPARGCI1A gene expression®C. Leflunomide can increase
mitochondrial fusion in several mammalian cell lines®®-52, but none of the cells were
neurons. The effect of leflunomide on mitochondrial fusion in Hela cells occurs through
the inhibition of DHODH and depends on MFN1/2%0. We found that leflunomide
increased PPARGCIA and MFN2mRNA levels, and leflunomide increased the amount
of mitochondria in FXS neurons with only trend increase in mitochondria aspect ratio
(p=0.09) in FMRP deficient neurons in human cortical tissue. These observations suggest
that leflunomide may have more significant effect on mitochondrial production in human
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neurons compared to Hela cells and mouse neurons. Our data suggest that action of
leflunomide is likely independent of FMRP-RACK regulation because leflunomide had

no significant effect on FMRP-CNOT1 interaction, FMRP binding of RACKI mRNA, or
CNOT1 or RACK1 expression levels in FXS or control neurons. It has also been shown that
leflunomide may modify intracellular calcium signaling®3 and altered mitochondrial calcium
homeostasis has been found in FMRP-deficient neurons®2. How leflunomide increases
PPARGCIA expression and whether inhibition of DHODH is involved in its rescue effect on
FXS neurons will be an interesting future investigation.

In summary, we have demonstrated that FMRP deficiency leads to mitochondrial
dysfunction and hyperexcitability in human neurons and that enhancing mitochondrial
functions rescues FXS associated deficits. FMRP-regulated targets are highly enriched
with genes implicated in ASD17:37-39.44 a5 corroborated by this study. We propose that
mitochondrial protector compounds may be promising therapeutics for human FXS and
potentially ASD individuals.

STAR*METHODS
RESOURCE 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—Request for resources and reagents should be directed to the lead
contact.

Data and code availability

. Data reported in this paper are available from the lead contact upon reasonable
request.
. Raw and processed ChlP-seq data are deposited to Gene Expression Omnibus

(GEO: GSE217284). This paper does not report original codes.

. Any additional information required to reanalyze the data reported in this paper
is available from the lead contact upon reasonable request.

EXPERIMENTAL MODEL DETAILS

Human and macaque tissue—All work was performed according to NIH guidelines
for the acquisition and distribution of human tissue for bio-medical research purposes

and with approval by the Human Investigation Committees and Institutional Ethics
Committees of each institute from which samples were obtained. De-identified postmortem
human brain specimens (14 to 17 PCW) were obtained from the Birth Defects Research
Laboratory (BDRL) at the University of Washington with ethics board approval and
maternal written consent. This study was performed in accordance with ethical and

legal guidelines of the University of Wisconsin-Madison Institutional Review Board.
Appropriate informed consent was obtained and all available non-identifying information
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was recorded for each specimen. Tissue was handled in accordance with ethical

guidelines and regulations for the research use of human brain tissue set forth by the

NIH (http://bioethics.od.nih.gov/humantissue.html) and the WMA Declaration of Helsinki
(http://Amww.wma.net/en/30publications/10policies/b3/index.html). All experiments using
non-human primates (91, 101 and 111 PCD) were carried out in accordance with a protocol
approved by University of Wisconsin’s Institutional Animal Care and Use Committee and
NIH guidelines. All clinical histories, tissue specimens, and histological sections were
evaluated to assess for signs of disease, injury, and gross anatomical and histological
alterations. No obvious signs of neuropathological alterations were observed in any of the
macaque specimens analyzed in this study.

See also Table S1. Cell lines and animal models used in this study.

Ex vivo fetal organotypic slice cultures, viral infection, and chemical
treatment—These procedures were performed as described?2:64, Cortical walls from
human and macaque brains at mid-gestation were dissected in Hibernate E solution
(ThermoFisher, #A1247601) supplemented with 1X B27 (ThermoFisher 17504044), 1X
Glutamax (ThermoFisher 35050061), and 1 X Penicillin-Streptomycin (ThermoFisher
15140122). Tissue was then imbedded in 3.2% low melting point agarose (American
Bioanalytical) in PBS and sectioned in a Leica VT1200 S Vibrating blade microtome. After,
they were transferred into ice-chilled artificial cerebrospinal fluid (ACSF; 125 mM NacCl,
2.5 mM KClI, 1.25 mM NaH2P0O4, 1.0 mM MgCI2, 2.0 mM CaCl2, 25 mM NaHCO3,

25 mM dextrose, bubbled with 95% 02/5% CO2). 300 um slices were transferred to 0.4

um pore size, PET track-etched membrane, cell culture inserts (Falcon #353090; #353180)
in BrainPhysTM Neuronal Medium (Stem Cell Technologies, #05790) supplemented with
N2 (1:100), BDNF (25ng/mL), and B27 (1:50) as described®4. At 1 day after plating or

1 day of in vitro culture (DIV1), 10 pl lentivirus (LV) (LV-shFMRI-EFla-mCherry or
LV-shNC-EF1la-mCherry, LV-hSyn-Mito-GFP) were added to 500 ul of culture medium per
well. At DIV11, slices were collected for patch clamp recording or fixation for analysis. For
drug treatment, 12.5 uM Leflunomide (Sigma-Aldrich, PHR1378) or DMSO as vehicle was
administered on DIV 10 for 24 hours, prior to patch clamp recording or fixation for analysis.

Generation and culturing of a new human pluripotent stem cell line

from FXS patient—The FXS patient (FX08) iPSC line (FXS or FXS-1) was

generated from previously published FXS skin fibroblasts?® using Sendai non-integrating
methods?’. Briefly, reprogramming of fibroblasts was done using the Cytotune 2.0 kit
(ThermosScientific, Catalog #A16517) following the manufacturer’s protocol. Cells were
cultured on irradiated mouse embryonic fibroblasts (MEF) feeder layers (WiCell) with a
daily change of hESC medium consisting of DMEM/F12 (Thermo Fisher Scientific), 20%
knockout serum replacement (KSR, Thermo Fisher Scientific), 0.1 mM 2-mercaptoethanol
(Sigma-Aldrich), 1x L-Glutamine (Thermo Fisher Scientific), and 6 ng/ml FGF-2 (Waisman
Biomanufacturing Center). Individual reprogrammed colonies were picked and plated onto
Matrigel for expansion and banking. iPSCs were stored in liquid N2. G-banding was
performed by WiCell Cytogenetics Services (Madison, WI), as described previously24:65,
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Human PSC lines, maintenance, and neural differentiation—In addition to the
new FXS (FXS-1) line (see above), we used several other human PSC lines, including three
control iPSC lines: WC031i-5907—6 (Ctrl or Ctrl-1), WC032i-6007-1 (Ctrl-3)2’, GM00498—
4 (Ctrl-2)24, two other FXS iPSC lines”: WC005i-FX11-7 (FXS-2) and WC007i-FX13-2
(FXS-3)26, FMR1 gene knockout (H1-KO)24 and isogenic control (WAO1 or H1) human
embryonic stem cell (hESC) lines®, H9 hESC (WA09) line®6, and our published FLAG

tag knock-in human PSC lines (H1-FLAG, H13-FLAG, and GM1-FLAG)?4 and their
corresponding isogenic controls (H1, H13 or WA13, and GM00498-4)24.66_ (see new

Table S1 for details). The above human PSC lines can be obtained through WiCell (https://
www.wicell.org/), with appropriate MTA.

Before starting differentiation, hPSCs were thawed onto MEF feeder plates in hESC

media containing 2x FGF and 10 pM ROCK inhibitor (Y-27632 dihydrochloride, Tocris).
Cells were passaged every seven days onto new MEF plates using collagenase (1mg/ml

in DMEM/F12) at a ratio of 1:3 to 1:6. Neural differentiation of human PSCs was

carried out using our previously published dual SMAD inhibition-based protocol”+22:24.65,
Briefly, neural differentiation was induced 5 days after passaging of hPSCs onto MEFs

by switching from hESC medium to neural induction medium (NIM) consisting of DMEM/
F12:Neurobasal 1:1, 1x N2, 1x L-Glutamine, 1x Anti-Anti (GIBCO), 10 uM SB432542
(Biogems), 100 nM LDN193189 (Selleck), and 5 pM XAV-939 (Selleck). Cells were
cultured in NIM for 9 days with a daily medium change, with small molecules added

fresh daily. Cells were then dissociated with TrypLE Express (Gibco) and re-plated 1:1
onto Matrigel-coated plates in neural progenitor cell (NPC) medium (Neurobasal medium,
1x L-glutamine,(Thermo Fisher Scientific), 1x N2, 0.5x B27 without vitamin A (Thermo
Fisher Scientific), 1x Anti-Anti) supplemented with 10 uM ROCK inhibitor. Cells were
maintained for 6 days with daily change of NPC medium, during which they transition
from neuroepithelia to neural progenitors (NPCs) and reorganize into neural rosettes. At
this stage NPCs were dissociated with Accutase (Thermo Fisher Scientific), frozen in NPC
freeze medium (90% FBS, 10% DMSO), and stored in liquid N2. For experiments, NPCs
were thawed onto Matrigel-coated plates in NPC medium plus 10 uM ROCK inhibitor
such that surviving NPCs would be confluent after thaw. NPCs were either maintained in
NPC medium for one day, or infected with LV expressing ShRNA-BFP in NPC medium,
then plated for experiments the following day (48 hours after thawing) onto either Matrigel-
coated plastic plates or poly-L-ornithine and laminin-coated (poly-o/laminin) specialty
plates (see information in subsequent sections). For all experiments, NPCs were plated at
low density in NPC medium containing 10 pM ROCK inhibitor and 0.2 uM +y-Secretase
Inhibitor XXI1, Compound E (Calbiochem). The next day, plated cells were switched to
neuron differentiation medium (NDM; Neurobasal medium, 1x GlutaMAX (Thermo Fisher
Scientific), 1x Anti-anti, 1x N2, 0.5x B27 without vitamin A, 0.3% glucose, 20 ng/ml BDNF
(Peprotech), 20 ng/ml GDNF (Peprotech), 500 ng/ml cAMP (Millipore-Sigma), 200 uM
ascorbic acid (Millipore-Sigma)), supplemented with 0.2 uM Compound E. Post-mitotic
neurons were maintained in NDM, with half media changes performed twice weekly.

All drug treatments were performed by adding NDM containing candidate mitochondria
compounds or vehicle 24 hours prior to collection, recording, or live cell assays. For
mitochondria morphology experiments, neurons were infected with LV expressing MitoGFP
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(LV-hSyn-mitoGFP) at 3 weeks of differentiation and analyzed one week later (4 weeks of
differentiation). For shCNOT1 experiments, cells were infected with LV expressing shNC or
shCNOT1 48 hours after plating for terminal differentiation, instead of at the NPC stage due
to improve cell viability. For RACK1 rescue experiments, neurons were infected with LV
-BFP or LV -RACKZ1-BFP virus at 3.5 weeks after plating to be consistent with the timing of
leflunomide experiments.

See also Table S1. Cell lines and animal models used in this study.

Mouse husbandry and Isolation of mouse astrocytes—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 libitum. Mouse
astrocytes were isolated from the telencephalon of newborn wild-type C57BL/6J mice using
a published protocol”-2267, Briefly, PO-P3 mouse forebrain were dissected and digested
with trypsin for 5 min, cells were then dissociated by harsh trituration to avoid growing of
neurons and plated onto T25 flasks in DMEM supplemented with 10% FBS. The isolated
cells were plated in T25 flasks and cultured in a 37°C, 5% CQO2 incubator until cells reached
confluence. The flasks were then shaken at 100 rotations/min for 2 days at 37°C to shake off
proliferating cells and neurons. The media were changed. The cells were passaged a total of
three times before the astrocytes were used for coculture experiment with human neurons.

METHOD DETAILS

Histological and neuronal morphology analysis of cultured fetal organotypic
slices—Fetal organotypic brain slices were fixed in fixative (Sakura, Tissue-Tek VIP
Fixative) for 24 hours. Organotypic slices were cryoprotected in sucrose 30%, embedded

in OCT, and sectioned using cryostat at 40 um. For immunostaining, tissue sections were
pre-blocked with TBS++ (TBS containing 3% goat or donkey serum and 0.2% Triton
X-100) for 1 h at room temperature, followed by incubation with primary antibodies diluted
in TBS++ overnight in 4 °C. After washing 3 times, secondary antibodies were incubated

1 h at room temperature. All sections were counterstained with a nuclear counter stain,
DAPI (4’, 6-diamidine-2’-phenylindole dihydrochloride, 1:2000, Roche Applied Science,
Indianapolis, IN). After staining, autofluorescence eliminator reagent (Millipore, 2160)
was used to reduce autofluorescence according to the manufacturer’s instructions. Sections
were mounted and maintained at =20 °C in the dark until analysis. The signal intensity

of nitrotyrosine of mCherry positive cells was quantified using Image J software as
previously described”-22, The z-stack images (1 um interval for intensity quantification,

0.1 um interval for mitochondrial morphology analysis) were acquired using a Nikon Al
confocal microscope. At least fifty mCherry positive cells were randomly selected from 2-3
cortical sections in each individual sample and the fluorescent intensity of nitrotyrosine
was measured after subtracting background pixel intensity in the same image using

Image J software (NIH). Mitochondrial morphological parameters including mitochondrial
aspect ratio, area were analyzed using ImageJ (RRID:SCR_003070) with mitochondrial
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morphology plug-in as previously described’. Approximately thirty neurons were analyzed
for each group in each experiment. Samples from at least three individual biological samples
were analyzed for experimental condition except as specified.

Whole cell recording of human fetal organotypic slices—Slices were transferred
to a recording chamber (Warner Inc.), and whole-cell patch-clamp recordings of human
neurons were performed as described?2:68, Briefly, the recording was made using a
Multipatch 700B amplifier, digitized with a Digidata 1440A, and acquired using pClamp
10 (Axon Instruments, Molecular Devices, CA). The extracellular solution contained (in
mM): 119 NaCl, 5 KCl, 1.3 MgCls, 2 CaCl,, 20 glucose, and 20 HEPES at pH = 7.4. Only
neurons showing red fluorescence were picked for recording. Series resistance was typically
within 10-30 MQ. To evaluate the neuronal intrinsic excitability, currents were injected
into neurons in current clamp mode. The resting membrane potential was measured, and
the input resistance was calculated. The pipette solution for this experiment contained the
following (in mM): 140 K-gluconate, 7.5 KCI, 10 HEPES-K, 0.5 EGTA-K, 4 Mg-ATP, and
0.3 Li-GTP, pH=7.2.

Measurement of mitochondrial membrane potential (MMP)—MMP analyses were
performed as described with minor modifications’. Briefly, NPCs were plated onto poly-o/
laminin-coated 96 well imaging plates (CellVis, P96-1.5P; 25,000 cells per well) using

the procedures described above. The mitochondrial membrane potential in human neurons
was determined by JC-10 Mitochondrial Membrane Potential Assay Kit (Abcam), following
the manufacturer’s protocol. Briefly, neurons were stained with 1x JC-10 dye in Buffer

A solution added directly to NDM for 30 min at 37 °C. After adding Buffer B, neurons
were imaged using either the Operetta (Perkin-Elmer) or Nano (Molecular Devices) high
content imaging system with a 20x objective (96 well plates) in 20% oxygen and 5% CO,
at 37°C. For each well, a tile of 16 (Nano) or 20 (Operetta) individual fields were imaged
Cells were also incubated with NucBlue Live Cell Stain (Life Technologies) or SYTO™
Deep Red (for shRNA experiments) nuclear stain, which was added to Buffer A prior to
incubation. The mitochondrial membrane potential was assessed by quantifying the ratio

of the intensity of red fluorescence (emission wavelength 590 nm) to green fluorescence
(emission wavelength 520 nm) using Columbus (Perkin-Elmer) or MetaXpress (Molecular
Devices) by establishing pipelines for batch analysis of images. Briefly, device-specific
software was used to establish a mask of the nucleus and cell body based on nuclear dye
and green JC10 channel, then this mask was used by the software for fluorescence intensity
quantification. Pipelines were established to eliminate dead cells or occasional non-neuronal
cells based on nucleus intensity and size, and to eliminate border objects from analysis.

All images were also manually checked to exclude any images that were unusable (out of
focus, large aggregates of cell bodies, presence of large debris). Only fields with similar
cell density were compared to eliminate density as a potential confounding variable, which
was achieved by establishing a cutoff for minimum and maximum number of total cells per
image (100-300 identified objects). For drug treatments, cells were imaged 24 hours after
addition of the compound or vehicle 4 weeks after plating for terminal differentiation.

See also Table S7, related to Figure 6. Assessment of mitochondrial protecting compounds.
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Microelectrode array (MEA) analysis—MEA analyses of human neurons were
performed as described?2. Briefly, NPCs were seeded onto poly-o/laminin-coated 96 well
Cytoview MEA plates (Axion Biosystems) at a density of 50,000 cells per well using

the procedures described above. One week after plating, 10,000 primary mouse astrocytes
resuspended in NDM + 10% FBS were added per well of the MEA plate. FBS was removed
48 hours later by replacing medium with standard NDM. MEA recordings occurred starting
one week after the addition of astrocytes and were performed weekly, on the same day and
always at a minimum of 24 hours after media changes. Half NDM changes were performed
twice weekly. Extracellular recordings were performed in a Maestro Pro MEA system preset
at 37°C and 5% CO», equipped with AxIS Navigator software (Axion Biosystems) using

a bandwidth filter for 200 Hz to 3 kHz cutoff frequencies. Each plate was acclimatized

for 5 min in the Maestro Instrument and recorded for 15 min for quantification. Spike
detection was performed using an adaptive threshold set to 6 times the standard deviation
of the estimated noise on each electrode. MEA analysis was performed using the Axion
Biosystems Neural Metrics Tool and Metric Plotting Tool. An electrode was considered
active at a threshold of 5 spikes/min. Sample sizes for each treatment are indicated in figure
legends or in Table S1. Wells with < 25% active electrodes were not included in the data
analysis. Single-electrode and network bursts were determined using the default parameters
in AxIS Navigator. Single-electrode bursts were defined as a minimum of 5 spikes and a
maximum interspike interval (1SI) of 100 ms. Network bursts were defined as a minimum
of 50 spikes, maximum ISl of 100 ms, and minimum of 35% participating electrodes. Mean
firing rate was estimated with a 10s detection window. Synchrony was calculated using a
20 ms window size. For drug treatments, cells were recorded for 15 minutes to establish
baseline, then candidate mitochondria compound or vehicle diluted in NDM was added

to the MEA plate. Cells were recorded 24 hours after addition of the compound for 15
minutes, then immediately had media replaced to stop drug treatment. Drug treatments were
performed 3, 4, and 5 weeks after the addition of astrocytes.

See also Table S2. Related to Figure 2. MEA analysis of neurons.

See also Table S4. Related to Figure 4 and Figure S5. Effect of knocking down FMRP
targets on MEA.

Immunocytochemistry and morphology analysis of cultured human neurons—
Immunocytochemical analysis of cultured human neurons were carried as described?2:24,
Neurons cultured on coated glass coverslips or glass 8-well chamber slides (Nunc Lab-Tek
I1, Thermo Fisher Scientific; 200,000 cells per well) were fixed with 4% PFA for 15

minutes at room temperature and then washed twice with PBS. Neurons were blocked

with TBS++ (TBS containing 3% goat or donkey serum and 0.2% Triton X-100) for

1 h at room temperature. Primary antibodies were diluted in TBS++ and incubated

overnight at 4 °C. Samples were washed three times with TBS and incubated with Alexa
Fluor-conjugated secondary antibodies (Thermo Fisher Scientific) diluted in TBS++ for 60
minutes at room temperature. After 3 washes with PBS, neurons were counterstained with

a nuclear counter stain, DAPI (4’, 6-diamidine-2’-phenylindole dihydrochloride, 1:2000,
Roche Applied Science, Indianapolis, IN) and coverslipped in DAVCO-PVA. The z-stack
images with 0.1 um interval were acquired using a 60X oil objective on a Nikon Al confocal
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microscope. The Morphology of mitochondria in proximal neurites was analyzed using
ImageJ (RRID: SCR_003070) with mitochondrial morphology plug-in. 3D reconstruction
of mitochondria was performed using Bitplane IMARIS 8.0.3D image analysis software
(Oxford Instruments, Concord, MA). Samples from at least three individual differentiations
were analyzed for experimental condition for human neurons.

CLIP-seq and analysis—The CLIP-seq was carried out as described?4. This procedure
was modified from eCLIP59, Briefly, FMRP-FLAG (H1-FLAG, H13-FLAG, GM1-FLAG)
and isogenic control (H1, H13, GM1) hPSCs were differentiated into neurons using dual
SMAD method. 1 week after neuronal differentiation, mouse forebrain primary astrocytes
were added to neurons. At 8-week of differentiation, neurons were crosslinked with 254-nm
UV-C followed by cell lysis and partial digestion of RNAs. FMR1-bound RNAs were
isolated by immunoprecipitation, dephosphorylated, and ligated to a dye-labeled 3" adapter.
Samples were then resolved using SDS-PAGE and transferred to nitrocellulose membranes.
FMR1-bound RNAs were visualized and size selected by cutting the membranes. Size-
selected RNAs were purified by Proteinase K digestion and ethanol precipitation. The
purified RNAs from IP and size-matched input were converted to cDNAs followed by
circularization of the cDNAs. cDNA libraries were constructed from the cDNAs by PCR
amplification, and libraries were sequenced using Illumina HiSeq 2500.

The demultiplexed FASTQ files were first quality filtered using fastq_quality_filter

of FASTX Toolkit (v0.0.14) with parameters “-g25 -p80”. Adapter sequences

were then removed from reads using cutadapt (v1.7.1) with parameters “-n 3 -e
0.1-05-q6-m 20 -a AGATCGGAAGAGCACACG”. PCR duplicates were

removed using fastx_collapser of FASTX Toolkit. Finally 5’ adapter sequences

were trimmed from reads using fastx_trimmer of FASTX Toolkit with parameters

“-f 13 -1 94”. Processed reads were mapped to the genome indices (generated

by STAR from sequence file, GRCh38.primary_assembly.genome.fa, and annotation

file, gencode.v27.chr_patch_hapl_scaff.basic.annotation.gtf, from GENCODE Release
27) using STAR (v2.5.3a) with parameters “STAR --runMode alignReads --

runThreadN 8 --genomeLoad LoadAndKeep --genomeDir $genome --readFilesIn $file
--outSAMunmapped None --outFilterMultimapNmax 1 --outFilterMultimapScoreRange

1 --outFilterMismatchNmax 2 --outFilterMismatchNoverLmax 0.1 --alignintronMin

20 --alignintronMax 1000000 -alignSJDBoverhangMin 1 --outFilterintronMotifs
RemoveNoncanonicalUnannotated --outSAMtype SAM --quantMode GeneCounts
--outFileNamePrefix $file_ --outSAMattributes All --outFilterType BySJout --
outSAMattrRGline ID:foo --alignEndsType EndToEnd”. Number of reads uniquely mapped
to each gene were counted by STAR using the above parameter “--quantMode GeneCounts”.
Only reads mapped to the forward strand were counted. The CLIP-seq data were analyzed
using CLIPper5®. CLIPper pipeline was adapted from the ENCODE eCLIP-seq processing
pipeline v2.0. The peaks with fold change > 2 and p values <0.05 were used to define
CLIPper lists of FMRL1 target genes and 36 genes were identified for further validation.

See also Table S3, related to Figure 3. FMRP CLIP target and Gene set enrichment analyses
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Co-Immunoprecipitation Mass Spectroscopy and analysis (Co-IP-MS)—Co-IP
was performed followed by LC-MS. Briefly, HI-FMR1-FLAG hESCs were differentiated
into neurons using dual SMAD method. At 4 weeks of differentiation, neurons were
crosslinked with 0.1 mM DSS in phosphate-buffered saline (20mM sodium phosphate,
150mM NaCl, pH8.0) for 30 minutes at room temperature. Crosslinking was stopped by
adding Tris solution (final concentration of 20mM Tris) and incubating for 15 minutes at
room temperature, followed by cell lysis in RIPA buffer (50 mM Tris, 150 mM NacCl, 5
mM EDTA, 0.1% SDS, 0.5% sodium deoxycholate, 1% Tween 20, pH 7.5). A replicate
experiment without crosslinking reagent DSS was included as comparison. A monoclonal
antibody against FLAG was first coupled with Dynabeads using the Dynabeads® Antibody
Coupling Kit (Life technologies) following the manufacturer’s protocol. The antibody-
coupled beads were then incubated with total protein lysate at 4 °C for 2 hours. After

the fourth stringent wash with RIPA buffer, the immunoprecipitations were eluted with the
Elution buffer (60 mM Glycine-HCI, 0.5% (w/v) SDS, pH 2.0). A quarter of the elution
samples were subjected to silver staining to check the co-1P quality and the rest was
subjected to mass spectrometry analysis conducted by the Mass Spectrometry Facility in
UW-Madison Biotechnology Center. FMRP interactors were selected based on enrichment
ratio (DSS crosslinked vs non-crosslinked) = 1.2.

See also Table S5, related to Figure 5. FMRP interactors identified using co-IP.

See also Table S6, related to Figure 5. FMRP_CLIP_ColP-trajectory overlap.

Bioinformatics analysis—Enrichment analysis was performed on the lists of CLIP-

seq genes and FMRP_colP genes individually using Metascape (https://metascape.org/gp/
index.html#/main/stepl) and gProfiler (https:/biit.cs.ut.ee/gprofiler/gost). Metascape
performed pathway and process enrichment analysis using ontology data resources
including: KEGG Pathway, GO Biological Processes, Reactome Gene Sets, Canonical
Pathways, CORUM, WikiPathways and PANTHER Pathway. A hypergeometric test was
performed using all of the genes in the background and the default settings were applied for
Metascape to select enrichment terms (p-value < 0.01, minimum count of 3, enrichment
factor > 1.5); the enrichment factor is the ratio between the observed counts and the

counts expected by chance. In addition, Metascape provided enrichments from data resource
ontologies like Transcription Factor Targets, DisGeNET, Cell Type Signatures, COVID. The
gProfiler data resource utilized Gene Ontology data resources (GO Molecular Function, GO
Cellular Component, GO Biological Process), biological pathways (KEGG, Reactome, and
WikiPathways), regulatory motifs in DNA (TRANSFAC, miRTarBase), protein databases
(Human Protein Atlas and CORUM), and human phenotype ontology (HP). The statistical
domain scope only included the annotated genes and the significance threshold was the
g:SCS (Set Counts and Sizes) threshold.

Correlation Analysis was performed using Medial Frontal Cortex (MFC) Reads per
kilobase of transcript per Million reads mapped (RPKM) counts data from development
PsychENCODE (BrainSpan) for developmental periods 2 to 7 (early fetal to late fetal
development)19. Pairwise Pearson correlation (r) between the list of CLIP-seq genes
with FMRP-colP genes was calculated to construct a correlation matrix to relate genes
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with one another based on their expression dynamic patterns across the human samples.
ComplexHeatmap - Bioconductor package in R was used to construct heatmaps and
perform agglomerative hierarchical clustering. We used the dendrogram provided from the
clustering to group FMRP_colP genes together and CLIP-seq genes together based on their
correlations. The gene set overlaps were calculated by UpsetR package .

Comparison of FMRP targets and interactors with human developmental and
disease risk-associated genes—Gene set enrichment analyses were run using two-
sided Fisher’s exact tests to compare FMRP CLIP targets and Co-IP interactors to sets

of genes associated with ASD and NDD risk, to genes defined by their direction of
expression change across human cortical development, and to genes with strong sequence
constraint in the human population. Enrichment P-values were adjusted using Bonferroni
correction for the number of tests performed within each of the following comparisons:
CLIP targets versus ASD and NDD risk genes identified by exome sequencing32:33:3° (6
tests), CLIP targets versus 6 co-expression modules with significantly differential expression
in ASD and control cortex36 (6 tests), CLIP targets and ColP interactors versus genes

with falling, non-transitional, and rising expression profiles in developing human cortex2>(6
tests), CLIP targets and ColP interactors versus highly constrained genes*® (pLI score >
0.995; 2 tests). Background gene sets used for tests of ASD and NDD risk genes consisted
of all protein-coding genes assessed for genetic variation by exome sequencing from each
reference publication. Background gene sets used for co-expression modules and expression
trajectories consisted of all genes meeting minimum expression level thresholds in the
corresponding study. Background gene set used for test of constrained genes consisted of all
genes with an estimated pLI score from Lek and colleagues*®. We additionally compared
FMRP targets as defined by studies of postnatal human?* and mouse3” tissue to genes with
falling, non-transitional, and rising expression profiles in developing human cortex, using

a background of all genes meeting minimum expression criteria in Werling et al?>, and
correcting for 6 tests (2 data sets, 3 trajectories).

Production of lentivirus (LV)—LV production was performed as described
previously”-2271 with modification. Briefly, lentiviral DNA was co-transfected with
packaging plasmids pMDL, REV and pCMV-Vsvg into HEK293T cells using PEI method.
The viral transfer vector DNA and packaging plasmid DNA were transfected into 5x15

cm dishes of cultured HEK293T cells using the PEI. The medium containing LV was
collected at 48 and 72 hours post-transfection, pooled, filtered through a 0.2-um filter, and
concentrated using an ultracentrifuge at 19 k rpm for 2 hours at 4°C using a SW27 rotor
(Beckman). The virus was washed once and then resuspended in 100 pl PBS. We routinely
obtained 1x10° infectious viral particles/ml for LV.

Western Blotting—Primary antibodies used in this study are listed in the antibody
table below. Cells were lysed in RIPA buffer (50 mM Tris, pH 8.0, 150 mM NacCl,

1% NP-40, 0.1% SDS) supplemented with protease inhibitors (Roche Applied Science).
After centrifugation for 10 min at 4°C, supernatants were quantified by Protein Assay
Dye Reagent Concentrate (Bio-Rad). 20 g of total proteins were resolved by SDS-PAGE,
transferred to nitrocellulose membrane, blocked with 5% BSA, and probed with primary
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antibodies. Secondary antibodies conjugated with near infrared fluorescent dyes (IRDye
800CW or IRDye 680LT, LI-COR) were used at dilution of 1:10,000 for visualizing protein
bands with an Odyssey Imager (LI1-COR). Quantification of intensity was performed using
F1JI (Image J) software. At least three independent biological replicates or differentiations
were used for each experiment (Table S1).

Proximity Ligation Assays (PLA)—PLA was performed as described?2. Cultured
human neurons differentiated from FMRP-FLAG PSCs with or without LEF treatment were
assessed by PLA according to the Duolink PLA Fluorescence Protocol (Sigma-Aldrich).
Briefly, Neurons grown on coverslips were fixed with 4% paraformaldehyde in PBS for 20
minutes at RT, washed with PBS (3 x 5 minutes), permeabilized with 0.2% Triton X-100

in PBS for 15 minutes and blocked with the Duolink® Blocking Solution for 60 minutes

at RT. The cells were then incubated at 4°C overnight in Duolink® Antibody Diluent
containing the following primary antibodies: rabbit anti-CNOT1 and mouse anti-FLAG.
After washes in 1x Wash Buffer A (Sigma-Aldrich, DUO82049), neurons were incubated
with two PLA probes (Duolink In Situ PLA Probe Anti-Rabbit PLUS DU092002 and
Anti-Mouse MINUS DU092004, Sigma-Aldrich) in Duolink® Antibody Diluent for 1 hour
at 37°C, followed by washes with 1x Wash Buffer A and incubation in ligation solution
(Duolink In Situ Detection Reagents Red, Sigma-Aldrich Duo92008) for 30 minutes at
37°C. Neurons were then washed with Wash Buffer A and incubated in the amplification
solution (Sigma-Aldrich) for 100 minutes at 37°C to fluorescently label the ligated PLA
probes. After amplification, neurons were further incubated with primary antibody against
MAP2 for 60 minutes at RT, washed in PBST and incubated with secondary antibody

for 60 minutes at RT. Neurons were then washed in PBS (3 x 5 minutes), stained with
DAPI and rinsed in Wash Buffer B and 0.01x Wash Buffer B (Sigma-Aldrich, DUO82049).
Microscopic imaging (60X) was done with a Nikon A1 confocal microscope.

RNA immunoprecipitation followed by quantitative PCR (RNA IP-qPCR)—RNA-
IP followed by qPCR was performed as described previously’22:24.72_ Briefly, human fetal
cortical tissues were Dounce homogenized in 2 ml of homogenization buffer (25 mM Tris
(pH 7.0), 25 mM Tris (pH 8.0), 100 mM KCI, 12 mM MgCI2, 10% IGEPAL, 1 mM DTT,
protease inhibitors, 1x RNase inhibitor, 200 units/mL, 100 pg/mL cycloheximide, 1 mg/mL
heparin). 293 cells infected with LV-shRNAs were harvested and homogenized in the same
buffer. Nuclei and debris were pelleted at 14,000 g for 15 min. An aliquot of input was
saved for RNA extraction (50 pl). A polyclonal antibody against FMRP or CNOT1 was
incubated with supernatant at 4 °C for 4 h before adding Dynabeads (Life Technologies).
The antibody—protein conjugation was rotated at 4 °C overnight. After the third wash

with the high-salt buffer (25 mM Tris (pH 7.0), 25 mM Tris (pH 8.0), 300 mM KClI,

12 mM MgCI2, 1 mM DTT, 100 ug/mL cycloheximide), the immunoprecipitations were
resuspended into Trizol (Invitrogen) for RNA isolation. RNA from immunoprecipitation and
input was used, and all gPCR reactions were carried out in duplicate for each sample on
each amplicon.

Co-Immunoprecipitation Western Blot analysis (Co-IP-WB)—Co-IP was
performed as described above (in Co-IP-MS). However the samples were analyzed by
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western blotting as described’3. Briefly, hPSCs were differentiated into neurons using dual
SMAD method. HEK293 cells were transfected with FLAG-FMRP or FLAG-GFP. At 4
weeks of differentiation or 3 days after transfection, cells were crosslinked with 0.1 mM
DSS in phosphate-buffered saline (20mM sodium phosphate, 150mM NaCl, pH8.0) for

30 minutes at room temperature. Crosslinking was stopped by adding Tris solution (final
concentration of 20mM Tris) and incubating for 15 minutes at room temperature, followed
by cell lysis in Lysis buffer (25 mM Tris, 150 mM NaCl, 1 mM EDTA, 5% Glycerol, 1%
IGEPAL, pH 7.5). A replicate experiment without crosslinking reagent DSS was included as
comparison. A polyclonal antibody against FMRP was incubated with total neuron protein
lysate; a monoclonal antibody against FLAG was incubated with total HEK293 cell protein
lysate. The antibody-protein lysate incubation was done at 4 °C for 4 hours before adding
Dynabeads. Then, the antibody—protein conjugation was rotated at 4 °C overnight. After the
fourth stringent wash with Wash buffer (25 mM Tris, 150 mM NaCl, 1 mM EDTA, 1%
IGEPAL, pH 7.5), the immunoprecipitations were mixed with 2X SDS loading buffer and
were subjected to Western Blot.

Real-Time quantitative PCR (qPCR)—Cells were collected in TRIzol reagent (Thermo
Fisher Scientific) and stored at —80°C for all RNA expression experiments. Real-time PCR
assays were performed using standard methods as previously described?? 771, The first-
strand cDNA was generated by reverse transcription with both oligo dT primer and random
primers using PrimeScript™" RT Reagent Kit (Takara, #RR037A). To quantify the mRNA
levels using real-time PCR, aliquots of first-strand cDNA were amplified with gene-specific
primers and universal SYBR Green PCR supermix (Bio-Rad, #172-5124) using a Step-1
Real-Time PCR System (Applied Biosystems). The PCR reactions contained 20—40 ng of
cDNA and 300 nM of forward and reverse primers in a final reaction volume of 20 pl.

See also Table S7, related to Figure 6. Assessment of mitochondrial protecting compounds.

MRNA stability assay—HEK?293 cells were treated with 10 ug/ml of actinomycin D
(Sigma-Aldrich) to inhibit gene transcription as described’ and neurons were collected at
various time intervals for RNA isolation and gPCR analysis. RACKI mRNA levels were
normalized to GAPHD. RNA decay kinetics and half-life were analyzed using a published
method’. Briefly, we used exponential function M =Mge™*t (M: amount of mRNA at t time,
MO: amount of mRNA t t=). = (In)/T1/2 (T1/2 is the half-life of the mRNA).

ATP levels using Cell Titer GLO—ATP levels in cultured hPSC-derived neurons

were measured used CellTiter-Glo 2.0 reagent (Promega) according to the manufacturer’s
protocol. NPCs were plated for terminal differentiation onto 96 well white opaque flat
bottom tissue cultured plates at a density of 25,000 cells per well. Four weeks after plating,
neurons were treated with vehicle (0.1% DMSQO) or 2 uM FCCP (Abcam), then placed at
room temperature to equilibrate for 30 minutes as indicated in the protocol. A volume of
Cell Titer GLO equal to the volume of culture medium present in each well was added
(100 pl). The plate was mixed on a shaker for 2 minutes at room temperature to lyse cells,
incubated at room temperature for 10 minutes, then the luminescence recorded using the
preprogrammed CellTiter-GLO settings on a GloMax plate reader (Promega).
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NAD and NADH levels using NAD GLO—Total levels of NAD+ and NADH in
cultured hPSC-derived neurons was measured 4 weeks after plating using the NAD/NADH-
Glo assay (Promega) according to the manufacturer’s protocol. NPCs were plated for
terminal differentiation onto 96 well white opaque flat bottom tissue cultured plates at a
density of 25,000 cells per well. NAD/NADH-Glo Detection Reagent was prepared just
prior to use for each assay, consisting of Luciferin Detection Reagent, Reductase, Reductase
Substrate, NAD Cycling Enzyme, and NAD Cycling Substrate. Neurons were treated with
vehicle (0.1% DMSO) or 2 uM FCCP for 30 minutes prior to performing assay. Cells were
placed at room temperature for 5 minutes to equilibrate, then a volume of NAD/NADH-Glo
Detection Reagent equal to the volume of culture medium present in each well was added
(75 pl). The plate was mixed on a shaker for 2 minutes at room temperature to lyse cells,
incubated for 40 minutes at room temperature, then luminescence recorded using a GloMax
plate reader using an integration time of 0.5 seconds per well.

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 previous publications (see citations within each
procedure). Data distribution was assumed to be normal but this was not formally tested.
Statistical analysis was performed using ANOVA and Student’s #test, unless specified,
with the aid of SPSS version 28 and GraphPad Prism 9. Unpaired or paired two-tailed
Student ¢test for two-group comparisons, or two-tailed Welch’s t-test of normalized data

to account for unequal variances. Ordinary One-Way ANOVA was used for analysis of
multiple experimental treatment compared to one control condition. Two-way ANOVA
with Bonferroni post hoc test was used for analyzing multiple groups. Two-way repeated
measures ANOVA with Sidak’s multiple comparison test was used for analyzing MEA time
course data. Outliers were identified using GraphPad Prism 9 software with ROUT method
(Q=1%). Probabilities of p < 0.05 were considered as significant.

Schematics drawings were created using Power Point, Adobe Illustrator, Biorender,
adaptation from a publication54,

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

FMRP is critical for mitochondrial functions in developing human cortical
neurons

FMRP interacts and regulates essential genes during human prenatal
development

FMRP interacts with CNOT1 to regulate RACKZ1, a species-specific FMRP
target

Enhancing mitochondrial functions rescues hyperexcitability of FXS neurons
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Figure 1. FMRP deficiency leads to mitochondrial deficits and hyperexcitability in primate
cortical neurons in fetal neocortical organotypic slices.

(A-G) Mitochondrial analysis of FMRP-deficient (s#FMR1) neurons in human and macaque
mid-fetal cortical tissue compared to controls (s#NVC). (Schematics was adapted from64)
(A) Experimental scheme for assessing mitochondria in neurons of ex vivo human cortical
slices with FMRP knockdown using lentivirus (LV) expressing ShRNA and mCherry
(LV-shFMRI-mCherry). Immunostaining of human mid-fetal cortical tissue with neuronal
marker (SATB2+) and nuclei (DAPI). Neurons in the cortical plate (yellow frame) were
analyzed. VZ, ventricular zone; SVZ, subventricular zone; 1Z, intermediate zone; SP,
subplate; CP, cortical plate.

(B) Representative confocal images of LV-infected neurons (red), MitoGFP (green) and
SATB2 (white).

(C, F) Representative confocal images of LV-infected neurons (red), MitoGFP (green) and
NT (white).
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(D, E, G) Quantification of mitochondrial aspect ratio (D), mitochondrial area (E) and NT
levels (G).

(H-L) Mitochondrial analysis of FMRP-deficient neurons in macaque mid-fetal cortical
tissue. Representative confocal images of LV-infected neurons (H, K) and quantification of
mitochondrial aspect ratio (1), mitochondrial area (J) and NT levels (L).

(M-P) Whole-cell recording analysis of FMRP-deficient neurons on human mid-fetal cortex.
(M) Representative images of a LV-infected mCherry+ neuron that has been patched.

(N) Example of potential trains upon current injections from LV-infected neurons. Scale bars
showing amplitude (25 mV) and time (0.1 sec).

(O, P) Quantification of rest membrane potential (RMP, O) and input resistance (Rj,, P).
ShNC: n = 38, shFMRI: n=36 cells from 3 biological replicates.

Two-tailed Student’s test. Mean + SEM from =3 biological replicates. *p < 0.05, **p <
0.01. See also Figure S1.

See also Table S1 for detailed information on samples used
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Figure 2. Human FXS neurons exhibit mitochondrial deficits and hyperexcitability
(A-G) Mitochondrial analyses of human FXS iPSC differentiated neurons (FXS) compared

to control iPSC differentiated neurons (Ctrl). N=3 cell lines, 3 differentiations for each cell
line.

(A) Experimental scheme for assessing mitochondria in neurons of human neurons.

(B) Representative confocal images of human neurons stained with Mito-GFP (MITO,
green), TUJ1 (red), and nitrotyrosine (NT, white) and 3D reconstruction of mitochondria
(yellow frame) at 4 weeks after differentiation.

(C-E) Quantification of mitochondrial aspect ratio (C), mitochondrial area (D),
mitochondrial membrane potential (MMP, D) and NT level (E).
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(F, G) Representative images (F) and quantification (G) of MMP of FXS neurons at 4 weeks
after differentiation.

(H-M) Electrophysiological characterization of human FXS neurons using MEA.

(H) Representative raster plots showing 120 s of activity of FXS neurons and Ctrl neurons.
(1-M) Quantification of weighted MFR (I, J), I1SI CoV (K), number of spikes per burst (L)
and burst duration (M) of FXS neurons recorded starting at 2 to 9 weeks post-plating (1) and
6 weeks post-plating (J-M).

Two-tailed Student’s test in (C-D, J-M). Two-tailed Student’s test with Welch’s correction in
(E and G). Two-way ANOVA with Bonferroni post hoc test in (1). Mean £ SEM. C-E: N = 3;
Gand I-M,N=1,n=4.*p<0.05, **p <0.01, and ****p < 0.0001.

See also Figure S2. See also Table S1 for detailed information on cell lines used
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Figure 3. FMRP targets in human mature neurons
(A) Workflow of CLIP-seq. FMRP-FLAG neurons and their isogenic control neurons were

subjected to UV crosslinking, immunoprecipitated using an anti-FLAG antibody followed
by next generation sequencing (RNA-seq).

(B) Enrichments of GO biological processes of FMRP targets identified using CLIP-seq of
mature human neurons. Y-axis: —log10(p value of enrichment).

(C) Gene set enrichment analyses (two-sided Fisher’s exact test, FET) for CLIP target genes
with published sets of ASD and NDD risk genes.
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(D) Enrichment analyses (FET) for CLIP target genes with ASD-dysregulated co-expression
modules in human cortex tissue.

(E) Overlaps of FMRP targets in human mature neurons (dNeuron_8wk) with previously
identified FMRP targets in human NPCs (dNPCs)24, human neurons (dNeuron_1wk)Z4,
juvenile mouse forebrains37-38, and adult mouse hippocampal CA139. Y-axis represents the
intersection numbers of gene sets. See also Figure S4, S5.

(F) RNA immunoprecipitation followed by quantitative PCR (RNA-IP-gPCR) to detect
binding of FMRP to RACKZ mRNA in human mid-fetal cortical tissue. Two-tailed Student’s
test in (F). Mean £ SEM from =3 independent experiments. p value, *p < 0.05.

See also Figure S3, S4. See also Table S1 for detailed information on cell lines used
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Figure 4. Reduced RACK1 expression in human neurons leads to mitochondrial deficits and
hyperexcitability and overexpression of RACK1 rescues FXS neurons

(A-D) RACKZ1 protein expression levels in FXS neurons (A, B) and in FMRP-deficient
neurons of human fetal cortical tissue (C, D), compared to controls. Schematics was adapted
from64

(A) Representative confocal images of human neurons stained with RACK1 (red), TUJ1
(white) at 4 weeks after differentiation.

(B) Quantification of RACKZ1 protein expression levels.

(C) Representative confocal images of human cortical tissues stained with ShARNA-mCherry
(red) and RACK1 (white).

(D) Quantification of RACK1 protein expression levels.

(E-K) Mitochondrial analysis of LV-shRACKI infected neurons.

(E) Experimental scheme for assessing mitochondria in LV-sARACKI infected neurons.

(F, G) JC-10 assay of LV-shRACK1 infected neurons.
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(F) Representative images JC-10 dye-stained LV-sARNA-infected neurons at 4 weeks after
differentiation.

(G) Quantification of the ratio of red (F594) and green (F488) fluorescence as MMP level
of LV-shRACK1, shCRMP1,shDYNCI1H1, shSPTBNI infected neurons. Each data point
represents the average 594:488 ratio across 7-16 fields (>100 cells per field).

(H) Representative confocal images of LV-infected neurons expressing ShRNA-BFP (blue),
NT (white), MitoGFP (green) and 3D reconstruction of mitochondria.

(1-K) Quantification of mitochondrial aspect ratio (G), mitochondrial area (H) and NT level
(1, p=0.0577).

(L) Quantification of weighted mean firing rate (WMFR) of LV-shRNA-infected control
neurons. N = 3 biologically independent cell lines (Ctrl, Ctrl-2, Ctrl-3).

(M-P) Quantification of weighted MFR (M), ISI CoV (N), number of spikes per burst (O)
and burst duration (P) in the LV-shRNA-infected control neurons shown in (L) at the 6 week
time point.

Two-tailed Student’s test in (B, D, G-I, K, M-P). Two-way ANOVA with Bonferroni post
hoc test in (L).

(Q-W) Overexpression of RACK1 in FXS neurons using LV (LV-RACKI-BFP or control
LV-BFP) infection.

(Q): Experimental scheme for overexpressing RACK1 in FXS neurons

(R) Representative images JC-10 dye-stained LV-RACK1-BFP or control LV-BFP infected
neurons at 4 weeks after differentiation.

(S) Quantification of the ratio of red (F594) and green (F488) fluorescence as MMP level in
control LV-BFP infection neurons, and BFP+ neurons in LV-RACK1-BFP infected neurons
and BFP- neurons in LV-RACK1-BFP infected neurons. Each data point represents the
average 594:488 ratio across 5-15 fields (=40 cells per data point). ONE-WAY ANOVA. n =
3 wells/technical replicates from 1 cell line

(T-W) MEA analysis: quantification of weighted mean firing rate (WMFR, T), I1SI CoV
(U), number of spikes per burst (V), and burst duration (W) in the LV-RACK1-BFP-infected
control neurons compared to control LV- BFP-infected neurons at the 9-week time point.
Mean £ SEM from =3 biological replicates. *p < 0.05, and **p < 0.01.

See also Figure S5. See also Table S1 for detailed information on cell lines used

Neuron. Author manuscript; available in PMC 2024 December 20.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shen et al.

M Regulation of tran:

Page 39

Developmental Genes

*kKk

M Stress granule aesernbly
] gﬁtﬁbollism of RNA 5 B
u splicing ! E=
M Translational initiation 9167 12 7 CLIP 2 8 g
Positive regulation of cellular component biogenesis 1 8<
M Deadenylation-dependent mRNA decay * * Co-IP 2 0
Translation initiation complex formation 21 29 6 0- [N
M Protein localization to cytoplasmic stress granule 4% E
Regulation of protein-containing complex assembly & ,\{?} sy 2 4 K]
Negative regulation of IFN-mediated signaling A &° ~\®° )
Nucleic acid transport < &° <&
VEGFA-VEGFR2 signaling & X | Corrected P<0.05
Cellular response to virus < K
Ribonucleoprotein complex biogenesis N | Overlapping genes
Dendrite development
S Positive regulation of intrinsic apoptotic signaling
C o 12 - E - P
5 s &= = bod B
S , cLIP pss - = 1
g g6 - -+ - -
= FMRP Ab - - - + 4+
o 12
o : -
&8 _.-ugﬁlb x| FMRP-
2 AT CNOT1
= 4 Co-IP
kS 250KD
g 0 CNOT1
2 =
E1  E3 E1  E3 E1  E3 FMRP ol IR o
Falling genes Non-transitional Rising genes
b F FLAG CNOT1 BOTH
- o
=
S
CNOT1 z S
Q5
. [pure & £
m'G = A‘W*% =
RACK1 mRNA =5
G H | J
CNOT1-RNAIP FMRP-RNAIP CNOT1-RNA IP
§_ Y 3 ERY! gw“o P (shFMR1 vs. shNc) < 0.0001
= c —
§ § E % P (shcNOT1 vs. shne) < 0.0001
= = =03 1
K » « 7}
[ o o x 8
kel 3 3 <
= = 02 z
< < < x *
é pd Z € ¥
[ DE: DE: 0.1 T 1 shNC T1/2 = 5.22 hours *
‘g ‘g g < = ShFMR1 T172 = 2.62 hours
g 3 g 00 f\g ~ ShCNOT1 T2 = 3.07 hours
A S O N AN A ¢ O © T T T T T
de‘ VQO é\$ Q‘& $O/\ \@/\ q\‘k @\Q‘ V\0/\ 0 1 2 3 4
o ENFCIRS & Time (hours)

Figure 5. FMRP interacts with CNOT1 to regulate RACK1 expression
(A) Top: protein-protein interaction network of FMRP interactors in human mature neurons.

Bottom: the similarity network of enriched terms of these FMRP interactors. Nodes are
enriched terms. Colors represent the enrichment clusters.

(B) Gene set enrichment analyses (two-sided Fisher’s exact test, FET) of FMRP targets
and interactors in human mature neurons against genes with distinct expression trajectories

during early human cortical development.

(C) Expression level (median log, counts per million across samples) of FMRP targets (top)
and interactors (bottom) in human cortex from BrainVar in developmental epoch 1 (10-19
post-conception weeks) and epoch 3 (6 months-20 years), for genes with falling (green),

non-transitional (gray) and rising (purple) trajectories.

(D) Model for FMRP-CNOT1 interaction in regulating RACKL1 expression in human

neurons during embryonic development.
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(E) ColP-WB for detecting protein-protein interaction of FMRP and CNOT1 using FMRP
antibody as a bait in human neurons.

(F) PLAs for detecting protein-protein interaction of FMRP and CNOTL1 in proximity /n situ
in human neurons.

(G) RNA immunoprecipitation followed by quantitative PCR (RNA-IP-qPCR) to detect
binding of CNOT1 to RACKZ mRNA in human mid-fetal cortical tissue.

(H) RNA-IP-gPCR for detecting binding of FMRP and RACKZ mRNA in human 293 cells
infected with LV-shFMR1, LV-shCNOT1 and LV-shCNOT?.

(I) RNA-IP-gPCR for detecting binding of CNOT1 and RFACKZ mRNA in human 293 cells
infected with LV-shFMRI, L\-shCNOT1.

(J) Assessment of RACKI mRNA stability in LV-sAFMRI and LV-shCNOT1 infected
HEK?293 cells treated with transcriptional inhibitor actinomycin D. The amount of RACK1
mRNA was quantified using real-time PCR. Half-life of decay was calculated after
transforming data to In.

Two-tailed Student’s test in (G). One-way ANOVA in (H and I). Two-way ANOVA with
Bonferroni post hoc test in (J). Mean + SEM G: N =6, H-J n = 3 except for sShtCNOT7 in H
(n =1). p value, *p < 0.05 and ****p < 0.0001

See also Figure S6 See also Table S1 for detailed information on cell lines used
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Figure 6. Mitochondrial protector rescues mitochondrial deficits and hyperexcitability in human
FXS neurons
(A-G) Mitochondrial protector rescues mitochondrial deficits in human FXS neurons.

(A) Experimental scheme for assessing LEF effects on mitochondria in FXS neurons.

(B) Representative confocal images of leflunomide (LEF) or vehicle (\Veh)-treated human
FXS neurons stained with Mito-GFP (MITO, green), TUJ1 (red), and NT (white) and 3D
reconstruction of mitochondria (in yellow frame).

(C-E) Quantification of mitochondrial aspect ratio (C), mitochondrial area (D), and NT level
(E, p =0.0981) of FXS neurons treated with LEF.

(F, G) Representative images (F) and quantification (G) of MMP of control neurons treated
with LEF.

(H, I) Representative images (H) and quantification (1) of MMP of FXS neurons treated with
LEF.

(J-P) Mitochondrial protector alleviates hyperexcitability of human FXS neurons.
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(J) Schematics for assessing LEF effects on hyperexcitability of FXS neurons. At 4, 5, and 6
weeks post-plating, neurons were recorded by MEA before treatment (Baseline Recording)
and then treated with LEF for 24 hours followed by a second MEA recording (Treated
Recording). After measurement, the medium was changed (Wash).

(K) Representative raster plots showing 120s of activity of FXS neurons after 24-hour
treatment of LEF or Veh.

(L) Quantification of weighted MFR of FXS neurons measured at baseline and after either
VEH or LEF treatment at week 4, 5, and 6 weeks post-plating.

(M-P) Quantification of weighted MFR (M), ISI CoV (N), number of spikes per burst

(O) and burst duration (P) of FXS neurons. The values of treatment (Veh or LEF) were
normalized to their own baseline measurement first and then LEF treatment was normalized
to \eh for visualization.

Two-tailed Student’s test in (C and D). Two-tailed Student’s test with Welch’s correction in
(E, G, J).

Two-way ANOVA with Bonferroni post hoc test in (L-P). Mean + SEM fromn =3
independent differentiations *p < 0.05, **p < 0.01, and ***p < 0.001

See also Figure S7 and Table S1 for detailed information on cell lines used
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Figure 7. Mitochondrial protector rescues mitochondrial deficits and hyperexcitability of FMRP-
deficient neurons in cortical tissue

(A) Experimental scheme for assessing LEF effects on mitochondria in human FMRP-
deficient mid-fetal cortical neurons. Schematics was adapted from64

(B-E) Mitochondrial protector does not affect mitochondria in Ctrl neurons in human mid-
fetal cortical tissue.

(B) Representative confocal images of LEF-treated LV-sANC-infected human fetal cortex
stained with MitoGFP (green), mCherry (red), and DAPI followed by 3D reconstruction of
mitochondria.

(C-E) Quantification of mitochondrial aspect ratio (C), mitochondrial area (D) and NT level
(E) of LV~shC infected neurons on human fetal cortex treated with 24-hour LEF.

(F-1) Mitochondrial protector rescues mitochondrial deficits in FMRP-deficient (FMRP-KD)
neurons in human mid-fetal cortical tissue.
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(F) Representative confocal images of 24-hour LEF (12.5 uM)-treated LV-shAFMR1-infected
human fetal cortex stained with MitoGFP (green), mCherry (red), and DAPI followed by 3D
reconstruction of mitochondria.

(G-1) Quantification of mitochondrial aspect ratio (G, p = 0.0946), mitochondrial area (H)
and NT level

(I) of LV~shFMR1 infected neurons on human fetal cortex treated with 24-hour LEF.

(J-L) Whole-cell recording analysis of FMRP-deficient neurons on human mid-fetal cortex.
(J) Example of potential trains upon current injections from shRNA-mCherry neurons. Scale
bars showing amplitude (25 mV) and time (0.1 sec).

(K, L) Quantification of RMP (K) and Rj (L). Veh: n = 25, LEF: n=23 cells from 3
biological replicates.

Two-tailed Student’s test in (C, D, G, H, K, L). Two-tailed Student’s test with Welch’s
correction (E and I). Mean + SEM from N=3 biological replicates. *p < 0.05, **p < 0.01.
See also Table S1 for detailed information on cell lines used

Neuron. Author manuscript; available in PMC 2024 December 20.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Shen et al.

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-FLAG Sigma-Aldrich Cat# F1804, RRID: AB_262044
Anti-ATP5B Proteintech Cat# 17247-1-AP, RRID: AB_2061878
Anti-CLTC Proteintech Cat# 66487-1-1g, RRID: AB_2881852
Anti-CNOT1 Proteintech Cat# 14276-1-AP, RRID: AB_10888627
Anti-CRMP1 Proteintech Cat# 10317-1-AP, RRID:AB_2085347

Anti-DYNC1H1

Proteintech

Cat# 12345-1-AP, RRID:AB_2261765

Anti-FMRP Abcam Cat# ab17722, RRID:AB_2278530
Anti-FMRP Santa Cruz Biotechnology | Cat# sc-101048, RRID:AB_1122951)
Anti-GAPDH Thermo Fisher Scientific Cat# MA5-15738, RRID:AB_10977387
Anti-GFP Invitrogen Cat# A10262

Anti-HSP90AA1

Proteintech

Cat# 13171-1-AP, RRID:AB_2120924)

Anti-HSP90AB1

Proteintech

Cat# 11405-1-AP, RRID:AB_2121207

Anti-KIF5C

Proteintech

Cat# 25897-1-AP, RRID:AB_2880288

Anti-MAP2

Sigma-Aldrich

Cat# M1406, RRID:AB_477171

Anti-mCherry

Thermo Fisher Scientific

Cat# M11217, RRID:AB_2536611

Anti-Nanog

Stemgent

Cat# 09-0020, RRID:AB_2298294

Anti-NeuN

Cell Signaling Technology

Cat# 24307, RRID:AB_2651140

Anti-Nitrotyrosine

Santa Cruz Biotechnology

Cat# sc-32757, RRID:AB_628022

Anti-Oct 3/4 Santa Cruz Biotechnology | Cat# sc-5279, RRID:AB_628051
Anti-PGCla Abcam Cat# ab54481, RRID:AB_881987
Anti-PRPF8 Proteintech Cat# 11171-1-AP, RRID:AB_2171179
Anti-RACK1 Proteintech Cat# 27592-1-AP, RRID:AB_2880917
Anti-SATB2 Abcam Cat# ab92446, RRID:AB_10563678
Anti-Sox2 R&D Systems Cat# AF2018, RRID:AB_355110
Anti-SPTAN1 Santa Cruz Biotechnology | Cat# sc-48382, RRID:AB_2194351
Anti-SPTBN1 Proteintech Cat# 19722-1-AP, RRID:AB_10638469
Anti-TUBB3 Biolegend Cat# 802001, RRID:AB_2564645
Anti-TUBB3 Promega Cat# G7121, RRID:AB_430874
Anti-8-0x0G Abcam Cat# ab206461

Bacterial and virus strains

LV-sANC-mCherry Guo, Y. et al. 202322 N/A

LV-shFMR1-mCherry Guo, Y. et al. 202322 N/A

LV-shNC-BFP This paper N/A

LV-shRACK1-BFP This paper N/A

LV-ShATP5B-BFP This paper N/A

LV-shDYNCIH1-BFP This paper N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER
LV-shKIF5C-BFP This paper N/A
LV-shHSPIOAAI-BFP This paper N/A
LV-shHSP90ABI1-BFP This paper N/A
LV-shSPTAN1-BFP This paper N/A
LV-shSPTBN1-BFP This paper N/A
LV-shMAP2-BFP This paper N/A
LV-shCLTC-BFP This paper N/A
LV-shCRMPI1-BFP This paper N/A
LV-shPRPFB-BFP This paper N/A
LV-shCNOT1-BFP This paper N/A
LV-RACKI-BFP This paper N/A
LV-hSyn-Mito-cGFP Shen, M. et al. 20197 N/A
Chemicals, peptides, and recombinant proteins

DMEM/F12 Thermo Fisher Scientific Cat# 11330032
Neurobasal Thermo Fisher Scientific Cat# 21103049
Knockout Serum Replacement (KOSR) Thermo Fisher Scientific Cat# 10828028
Antibiotic-Antimycotic Thermo Fisher Scientific Cat # 15240062
Dispase 11 Thermo Fisher Scientific Cat# 17105041
Collagenase, Type IV Thermo Fisher Scientific Cat# 17104019
StemPro™ Accutase Thermo Fisher Scientific Cat# A1110501
TrypLE Express Enzyme Thermo Fisher Scientific Cat# 12605010
B-27 (without vitamin A) Thermo Fisher Scientific Cat# 12587020
Glutamax Thermo Fisher Scientific Cat# 35050061
L-glutamine Thermo Fisher Scientific Cat# 25030081
Laminin Mouse Protein, Natural Thermo Fisher Scientific Cat# 23017015
MEM NEAA Thermo Fisher Scientific Cat# 11140050
SYTO Deep Read Nucleic Acid Stain, for live cells Thermo Fisher Scientific Cat# S34900

NucBlue™ Live ReadyProbes Reagent (Hoechst 33342)

Thermo Fisher Scientific

Cat# R37605

SB431542 Biogems 3014193

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 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
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REAGENT or RESOURCE SOURCE IDENTIFIER

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
Uridine Sigma-Aldrich Cat# U3003 CAS: 58-96-8
Alpha-tocopherol (vitamin E) Sigma-Aldrich Cat# T3251-25G CAS: 10191-41-0
Cholecalciferol (Vitamin D3) Sigma-Aldrich Cat# C9756-5G CAS: 67-97-0
CoEnzyme Q10 (CoQ10) Sigma-Aldrich Cat# C9538-100MG CAS: 303-98-0
Curcumin Sigma-Aldrich Cat# C1386-10G CAS: 458-37-7
Docosahexainoic acid (DHA) Sigma-Aldrich Cat# D2534-100MG CAS: 6217-54-5
Epigallocatechin-3-gallate (EGCG) Sigma-Aldrich Cat# Y0001936 CAS: 989-51-5

Folic Acid (Vitamin B9) Sigma-Aldrich Cat# F7876-10G CAS: 1207282-75-4
Ginseng* Sigma-Aldrich Cat# G7253-5G

Idebenone Sigma-Aldrich Cat# 15659-25MG CAS: 58186-27-9
Leflunomide Sigma-Aldrich Cat# PHR1378-1G CAS: 75706-12-6
M1 Sigma-Aldrich Cat# 475859-25MG

Mdivi-1 Sigma-Aldrich Cat# M0199-5MG CAS: 338967-87-6
Melatonin Sigma-Aldrich Cat# M5250-1G CAS: 73-31-4

Mitoquinone (MitoQ)

MedKoo Biosciences

Cat# 317102 CAS: 845959-50-4

MitoTEMPO Sigma-Aldrich Cat# SMLO0737-5MG CAS: 1334850-99-5
N-acetyl-cysteine Sigma-Aldrich Cat# A7250-10G CAS: 616-91-1

Retinoic Acid (Vitamin A) Sigma-Aldrich Cat# R2625-500MG CAS: 302-79-4
Teriflunomide Sigma-Aldrich Cat# SML0936-10MG CAS: 163451-81-8

DSS (disuccinimidyl suberate)

Thermo Fisher Scientific

Cat#: 21555 CAS: 68528-80-3

FCCP, mitochondrial oxidative phosphorylation

uncoupler abcam ab120081 CAS: 370-86-5
Critical commercial assays

Duolink® In Situ Detection Reagents Red Sigma-Aldrich DU092008
Duolink® In Situ PLA® Probe Anti-Mouse MINUS Sigma-Aldrich DU092004
Duolink® In Situ PLA® Probe Anti-Rabbit PLUS Sigma-Aldrich DU092002
JC-10 Mitochondrial Membrane Potential Assay Kit Abcam ab112134
(Microplate)

CellTiter-Glo® 2.0 Cell Viability Assay Promega G9242
NAD/NADH-Glo™ Assay Promega G9072
Deposited data

CLIP-seq %Eg)EXprESSiO“ Omnibus [ 5sE17284
Co-IP-MS This paper Table S4

Experimental models: Cell lines
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REAGENT or RESOURCE SOURCE IDENTIFIER
HEK293T ATCC https://www.atcc.org/
WCO053i-FX08-25 This paper
WCO007i-FX13-2 WiCell RRID: CVCL_EJ78
WCO005i-FX11-7 WiCell RRID: CVCL_EJ76
H1 KO (WAe001-A-50) WiCell; Published in Li et | RRID: CVCL_C0CC
al. (2020)2* WiCell http://
www.wicell.org
GM1(GMO00498-4) Coriell Institute RRID: CVCL_7290
WCO031i-5907-6 (WISCi008-C) WiCell RRID: CVCL_VF57
WCO032i-6007-1 (WISCi009-A) WiCell RRID: CVCL_VF58
H9 (WAQ9) WiCell RRID: CVCL_9773
H1 (WA01) WicCell RRID: CVCL_9771
H13 (WA13) WiCell RRID: CVCL_9774
WiCell; Published in Li et
H1-FMRI-FLAG (WAe001-A-51) al. (2020)2* WiCell http:/ RRID: CVCL_COCD

www.wicell.org

H13-FMRI-FLAG

Published in Li et al. (2020)%*

GM1-FMR1FLAG

Published in Li et al. (2020)%*

Experimental models: Organisms/strains

Primate Research Center,
University of Wisconsin-
Madison

Human mid-fetal cortical tissues Birth Defects Research N/A
Laboratory (BDRL) at the
University of Washington

Macaque mid-fetal cortical tissues Wisconsin National N/A

Mouse: C57BL/6J

Jackson Laboratory

RRID:IMSR_JAX:000664

Mouse: Fmr1-KO

Jackson Laboratory

RRID:IMSR_JAX:004624

Oligonucleotides

Please see table S1B This paper table S1C
Recombinant DNA

pLV-sANC-mCherry Guo, Y. et al. 2023% N/A
pLV-shFMRI-mCherry Guo, Y. et al. 2023% N/A
pLV-shNC-BFP This paper N/A
pLV-ShRACKI1-BFP This paper N/A
pLV-shATP5B-BFP This paper N/A
pLV-shDYNC1HI-BFP This paper N/A
pLV-shKIF5C-BFP This paper N/A
pLV-shHSPIOAAI-BFP This paper N/A
pLV-shHSP90ABI-BFP This paper N/A
pLV-shSPTANI-BFP This paper N/A
pLV-shSPTBNI-BFP This paper N/A
pLV-ShMAP2-BFP This paper N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER
pLV-ShCLTC-BFP This paper N/A
pLV-shCRMPI-BFP This paper N/A
pLV-ShPRPFB-BFP This paper N/A
pLV-shCNOTI1-BFP This paper N/A
pLV-shCNOT7-BFP This paper N/A
pLV-RACKI1-BFP This paper N/A
pLV-ASyn-Mito-cGFP Shen, M. et al. 20197 N/A

Software and algorithms

Prism (v10) GraphPad https://www.graphpad.com
ImageJ National Institute of https://imagej.nih.gov/ij/docs/guide/user-
Health guide.pdf
- https://www.nikoninstruments.com/

NIS-Elements Nikon Products/Software

; . https://www.licor.com/bio/products/
ImageStudio (v5.2) Li-Cor software/image_studio/
FASTX Toolkit (v0.0.14) Hannon Lab http://hannonlab.cshl.edu/fastx_toolkit/
cutadapt (v1.7.1) Martin Lab http://cutadapt.readthedocs.io/en/stable/

STAR (v2.5.3a)

Gingeras Lab

https://github.com/alexdobin/STAR

R (v3.5.1) The R Foundation https://www.r-project.org/

DESeq2 (v1.20.0) Anders Lab E}g@#ﬁq‘%’gggg?;?ﬂ?ﬁ packages/release/
RSeQC (v2.6.4) Li Lab http://rseqc.sourceforge.net/
clustrfier (1344 o P contcto o pacageisssl
VennDiagram (v1.6.17) Chen Lab b/tetﬁf;gic;gPé;?{r?éi;tﬁtﬁ/lweb/paCkaQGS/
LIMMA (v3.35.15) Smyth Lab https://bioconductor.org/packages/release/

bioc/html/limma.html

Cytoscape (v3.5.1)

Cytoscape Consortium

http://www.cytoscape.org/

https://software.broadinstitute.org/

IGV (v2.4.5) Broad Institute software/igv/

pClamp 10.4 Molecular Devices RRID:SCR_011323

CLIPer Van Nostrand 201659

ANYmaze Stoelting https://www.stoeltingco.com/
anymaze.html

GraphPad GraphPad RRID:SCR_000306

Columbus (v2.9.1) PerkinElmer https://www.perkinelmer.com/product/

image-data-storage-and-analysis-system-
columbus

AXIS Navigator (v3.7.1)

Axion Biosystems

https://www.axionbiosystems.com/
products/mea/mea-software

AXIS Metric Plotting Tool (v2.5.0)

Axion Biosystems

https://www.axionbiosystems.com/
products/mea/mea-software
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SOURCE

IDENTIFIER

MetaXpress (v6.7.2.290)

Molecular Devices

https://www.moleculardevices.com/
products/cellular-imaging-systems/
acquisition-and-analysis-software/
metaxpress

RRID:SCR_016654
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