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SUMMARY
Down syndrome (DS), driven by an extra copy of chromosome 21 (HSA21), and fragile X syndrome (FXS),
driven by loss of the RNA-binding protein FMRP, are two common genetic causes of intellectual disability
and autism. Based upon the number of DS-implicated transcripts bound by FMRP, we hypothesize that
DS and FXS may share underlying mechanisms. Comparing DS and FXS human pluripotent stem cell
(hPSC) and glutamatergic neuron models, we identify increased protein expression of select targets and
overlapping transcriptional perturbations. Moreover, acute upregulation of endogenous FMRP in DS patient
cells using CRISPRa is sufficient to significantly reduce expression levels of candidate proteins and reverse
40% of global transcriptional perturbations. These results pinpoint specific molecular perturbations shared
between DS and FXS that can be leveraged as a strategy for target prioritization; they also provide evidence
for the functional relevance of previous associations between FMRP targets and disease-implicated genes.
INTRODUCTION

Down syndrome (DS) is themost common genetic cause of intel-

lectual disability with a frequency of approximately 1 in 700 live

births, driven by triplication of the smallest human autosome

(HSA21). Although DS is caused by a defined chromosomal

change with a predicted directionality of effect, molecular mech-

anisms and pharmacological interventions remain elusive. This is

in part due to the large number of genes dysregulated by HSA21

triplication, directly or indirectly. Studies across diverse organ-

isms generally support the notions that: (1) many but not all

genes encoded on HSA21 show the expected pattern of upregu-

lation in DS compared with euploid controls; (2) a majority of all

differentially expressed genes (DEGs) in a given system are not

encoded on HSA21; and (3) there is high inter-individual variation

in gene expression changes (Hibaoui et al., 2014; Lockstone

et al., 2007; Prandini et al., 2007). Thus, target prioritization in

DS remains an enormous challenge.

Interestingly, DS shares some patient and cellular phenotypes

with fragile X syndrome (FXS), themost common inherited cause

of intellectual disability and leading monogenic cause of autism,

affecting approximately 1 in 4,000 males and 1 in 8,000 females.

In most cases FXS is driven by a tri-nucleotide repeat expansion

in the 50 UTR of the fragile X messenger ribonucleoprotein

1 (FMR1) gene, which leads to epigenetic silencing and complete

loss of the encoded RNA binding protein FMRP (Bagni et al.,
Ce
This is an open access article under the CC BY-N
2012; Darnell et al., 2011; Dictenberg et al., 2008). While both

DS and FXS are characterized by broad phenotypic variability,

patients with DS and FXS share intellectual disability and deficits

in expressive communication, as well as increased rates

of autism, seizure disorders, and mental health disorders

compared with the general population (Capone et al., 2006;

Del Hoyo Soriano et al., 2020; Finestack et al., 2009; Jensen

and Bulova, 2014; Martin et al., 2009; Tranfaglia, 2012). Other

phenotypes diverge; unlike patients with FXS, patients with DS

are at increased risk for childhood leukemias and DS is one of

themost common genetic causes of early-onset Alzheimer’s dis-

ease (Mateos et al., 2015; Tcw and Goate, 2017). At the cellular

level, both DS and FXS have been associated with alterations in

dendritic spine morphology, decreased synaptic plasticity, and

neurogenesis (Faundez et al., 2018; Haas et al., 2013; Marti-

nez-Cerdeno, 2017), as well as mitochondrial and metabolic

dysfunction (D’Antoni et al., 2020; Panagaki et al., 2019; Weisz

et al., 2018). Moreover, previous studies have analyzed FMRP

targets from mouse brain against genes dysregulated in DS,

identifying general enrichment as well as increased protein-pro-

tein interaction networks (De Toma et al., 2016; Faundez et al.,

2018).

Notably, multiple studies also report gene set overlap between

FMRP targets and genes implicated in autism, schizophrenia,

and bipolar disorder (Clifton et al., 2020; Darnell et al., 2011; Ios-

sifov et al., 2014; Sanders et al., 2015; Schizophrenia Working
ll Reports 40, 111312, September 6, 2022 ª 2022 The Author(s). 1
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Group of the Psychiatric Genomics Consortium, 2014). For

example, a recent study using multiple mouse and human

FMRP target datasets found significant enrichment among

high-confidence FMRP targets for common and rare variants

associated with schizophrenia (Clifton et al., 2020). In general,

such an overlap is suggestive of convergent molecular mecha-

nisms and could be leveraged to identify high-priority gene

targets for functional investigation. However, the hypothesis

that gene set overlap leads to dysregulation of specific shared

molecules or pathways has not been assessed experimentally.

Moreover, while neurodevelopmental disorders may have over-

lapping phenotypes, the extent to which those shared pheno-

types are driven by dysregulation of distinct versus overlapping

genes and pathways remains to be determined.

Here, we sought to investigate two primary hypotheses. First,

does overlap between FMRP targets and genes implicated in

DS lead to shared molecular perturbations in FXS and DS? Sec-

ond, is there a causal relationship between FMRP and DS-impli-

catedgenes?DS iswell suited for these analyses asmost patients

harbor an identical, defined chromosomal abnormality (i.e., tripli-

cation of HSA21). In the cases of autism, schizophrenia, and

bipolar disorder, different patients frequently harbor different

sets of known risk variants in addition to unmapped disease risk.

Leveraging human pluripotent stem cell (hPSC) models of both

DS and FXS, we identified increased protein expression of select

FMRP targets encodedonHSA21 and implicated inDS, aswell as

a set of overlapping transcriptional perturbations. Notably, acute

upregulation of endogenous FMRP through CRISPR activation

(CRISPRa) in DSpatient cells was sufficient to significantly reduce

protein expression levels of select FMRP targets implicated in DS

anddrove a sustained reversal in over 40%of the global transcrip-

tional perturbations in DS. These analyses identify specific points

of molecular connectivity between DS and FXS using physiolog-

ical relevant humancellularmodels,whichcanbeused toprioritize

genesandpathways for further interrogation; theyalsoprovideev-

idence for the functional relevance of previous gene set associa-

tions between FMRP targets and disease-implicated genes.

RESULTS

DS and FXS share specific protein-level perturbations in
hPSC models
To test the hypothesis that overlap between FMRP targets and

DS-implicated genes leads to dysregulation of shared molecules

in DS and FXS, we first took a candidate approach. Both DS and

FXS are canonically associatedwith increased protein expression

through either increased gene dosage (DS) or loss of translational

repression (FXS), leading to the prediction that FMRP targets

implicated in DS would be increased in both diseases. However,

effect sizes are reportedly modest in both diseases and protein-

level changes in FXShave been confirmed for only a small number

ofFMRPtargets (DavisandBroadie,2017).Wefirst expandedpre-

vious comparisons of DS-implicated genes and FMRP targets

from mouse brain (De Toma et al., 2016; Faundez et al., 2018) to

include a recently published FMRP target dataset from human

brain (Tran et al., 2019) and human cellular models (Kang et al.,

2021). Of the 235 protein coding genes reportedly encoded on

HSA21 by Ensembl, 28.9% or 68 genes have been identified as
2 Cell Reports 40, 111312, September 6, 2022
direct FMRP targets in these systems (Table S1). From this

analysis, we selected a set of: (1) protein coding FMRP targets

identified from a minimum of two independent human FMRP

target datasets and encoded on HSA21, (2) targets reported to

beupregulated inDSat the protein level inmodel systemsor post-

mortem tissue, and (3) targets reported toplay a role inDSdisease

biology in animal or cellular models. Specifically, we selected

cystathionine beta-synthase (CBS) (enzyme in the transsulfuration

pathway), neuronal cell adhesion molecule 2 (NCAM2) (cell adhe-

sion molecule), amyloid beta precursor protein (APP) (cell surface

receptor), and dual specificity tyrosine phosphorylation regulated

kinase 1A (DYRK1A) (tyrosine kinase).

Based on data from large-scale hPSC studies indicating

that increasing the number of independent genetic backgrounds

addsmore value than clonal replicates from a smaller set of back-

grounds (Germain and Testa, 2017; Hoffman et al., 2019; Rouhani

et al., 2014), combinedwith the significant heterogeneity reported

among patients with DS and FXS (Deutsch et al., 2005; Jacque-

mont et al., 2018; Prandini et al., 2007), we employed a combina-

tion of both independent hPSC lines as well as isogenic compari-

sons. Specifically, we utilized an isogenic pair of euploid control

and DS patient-induced PSC (iPSC) lines generated from mosaic

patient fibroblasts (DS2U and DS1, respectively) (Weick et al.,

2013), an additional non-isogenic DS patient iPSC line (2DS3)

(Weick et al., 2013), and an additional non-isogenic control iPSC

line (CW60278; CIRM/FujiFilmCDI). We also reprogrammed three

iPSC lines from XY FXS patient fibroblasts obtained from Coriell

(FXS iPSC A, FXS iPSC B, FXS iPSC C), in addition to our

previously generated isogenic FMR1y/+ and FMR1y/– CRISPR

engineered lines (Susco et al., 2020), confirming appropriate kar-

yotypes, genotypes, and pluripotency (Figures 1A and 1B;

Table S2 and data not shown). As FMR1 is located on the X chro-

mosome, our XY FMR1-deficient cell line is denoted as FMR1y/–

and the isogenic control as FMR1y/+. In total, this allowed us to

analyze three control cell lines, four FXS cell lines, and two DS

cell lines per target, including an isogenic pair within each con-

trol-disease state comparison. We also generated glutamatergic

neurons from these cell lines through developmental patterning

and ectopic Neurogenin2 (Ngn2) expression; neurons most

closely resemble fetal brain cells from upper cortical layers and

weandothers haveperformed extensive characterization of these

cellular substrates at molecular and physiological levels (Chanda

et al., 2019; Lin et al., 2018; Nehme et al., 2018; Pak et al., 2015;

Susco et al., 2020; Yi et al., 2016; Zhang et al., 2013).

Notably, CBS protein expression levels were significantly up-

regulated in both FXS (p = 0.0251) and DS (p = 0.0213) hPSC

lines compared with controls, with similar magnitudes of effect

(Figures 1C and S1). While NCAM2 protein expression levels

were significantly upregulated across DS (p = 0.0180) but not

FXS (p = 0.1597) hPSC lines using grouped analyses, we noted

large inter-individual variation for this target (Figures 1D and

S1). We therefore extracted the isogenic FMR1y/+ and FMR1y/–

comparison, which revealed significant NCAM2 protein upregu-

lation following FMRP loss in an isogenic setting (p = 0.0024); this

was also the case for many of the individual non-isogenic dis-

ease-control comparisons (Figures 1E and S1). Here, the signal

in the grouped analysis was likely obscured by the broad distri-

bution of NCAM2 protein expression levels observed across
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Figure 1. DS and FXS share specific protein-level perturbations in hPSC models

(A) Western blot of FMRP using in-vitro-derived glutamatergic neurons from the indicated cell lines confirming FMR1 genotypes. A blot for the GAPDH loading

control is shown below FMRP. As expected, neurons generated from the FXS patient iPSC lines and FMR1y/� line lacked FMRP expression.

(B) Cytogenic analysis of G-bandedmetaphase cells shows expected 46, XY karyotype for the DS2U euploid control iPSC line and 47, XY, +21 karyotypes for DS1

and 2DS3 patient iPSC lines. The blue arrow indicates HSA21.

(C and D) Quantification of western blots performed in triplicate for CBS (C) and NCAM2 (D), using the three control cell lines, four FXS cell lines, and two DS cell

lines shown in (A). An example blot is shown beneath the quantification.

(E) Quantification of western blots performed in triplicate for NCAM2 using isogenic FMR1y/+ and FMR1y/� cell lines extracted from the dataset shown in (D).

(F and G) Quantification of western blots performed in triplicate for APP (F) and DYRK1A (G) using the three control cell lines, four FXS cell lines, and two DS cell

lines shown in (A). An example blot is shown beneath the quantification. For western blot quantifications, error bars show SEM and significance between control

and disease samples was calculated by unpaired two-tailed t test. Significance is indicated by *p% 0.05, **p% 0.005, and ***p% 0.0005 relative to controls. See

also Figure S1 and Tables S1 and S2.
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different individuals, making the isogenic comparison particu-

larly valuable. Importantly, both CBS and NCAM2 have reported

roles in DS disease biology of relevance to FXS (Marechal et al.,

2019; Mouton-Liger et al., 2011; Raveau et al., 2017; Sheng

et al., 2018). Overexpression of CBS has been associated with

mitochondrial dysfunction in DS (Panagaki et al., 2019; Szabo,

2020) and is reportedly necessary and sufficient for induction

of a subset of cognitive phenotypes in mouse models (Marechal

et al., 2019), with mitochondrial and cognitive dysfunction also

observed in FXS (D’Antoni et al., 2020; Weisz et al., 2018). Over-

expression of NCAM2 reportedly inhibits maturation of dendritic

spines and synapses in DS mouse models (Sheng et al., 2018),

with reduced maturation of dendritic spines and synapses also

observed in FXS (Martinez-Cerdeno, 2017). NCAM2 has also

previously been implicated in developmental delay (Petit et al.,

2015) as well as synaptic dysfunction in Alzheimer’s disease

(Han et al., 2010; Kimura et al., 2007; Leshchyns’ka et al.,

2015), which may point to broader roles in developmental or

degenerative disease processes.

APP (p = 0.0012) and DYRK1A (p < 0.0001) were significantly

upregulated at the protein level in DS patient cell lines compared

with controls but did not show evidence for protein-level changes

across FXS cell lines (Figures 1F–1G and S1). Of note, several
studies report upregulated APP protein expression in FXS mouse

models (Khalfallah et al., 2017;Westmark et al., 2011, 2016); how-

ever, our data do not support broad upregulation of APP across

FXS hPSCs (Figures 1F and S1). As expected, protein-level effect

sizes were modest in both diseases.

These data confirm that overlap between FMRP targets and

DS-implicated genes can translate into shared protein-level per-

turbations in FXS and DS, and further identify CBS and NCAM2

as priority genes for further interrogation in FXS based on the

relevance of their known biological roles in DS. These analyses

also underscore that gene set overlap does not necessarily result

in coordinate protein-level changes, which is an important

consideration when interpreting overlap analyses of FMRP tar-

gets and other neurodevelopmental disorders.

Mapping global transcriptional dysregulation in DS and
FXS hPSC models
In addition to candidate protein-level analyses, we next took

an unbiased approach and assessed global transcriptional

dysregulation. To eliminate variability due to genetic background

differences within disease-control comparisons, we performed

RNA-seq analyses using isogenicDS and euploid cell lines (Weick

et al., 2013) as well as isogenic FMR1y/+ and FMR1y/– cell lines
Cell Reports 40, 111312, September 6, 2022 3
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Figure 2. Mapping global transcriptional dysregulation in DS and FXS hPSC models

(A) Schematic of isogenic DS cell lines used for RNA-seq analysis, including five replicates per cell line and genotype.

(B) Volcano plots of transcripts fromDS hPSCs (left) and neurons (right). Log2 fold change is shown on the x axis, with the�log10 of the adjusted p value shown on

the y axis. Positive fold change reflects an increase in DS cells relative to euploid cells. Transcripts that reach significance of p % 0.05 are shown in the blue

shaded area.

(legend continued on next page)
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(Susco et al., 2020), analyzing both hPSCs as well as glutamater-

gic neurons. To minimize batch effects, all DS and FXS samples

were processed as part of the same sequencing experiment,

with five replicates per genotype and cell type and an adjusted

p value cutoff of 0.05 (Figures 2A–2M; Tables S3 and S4). Thus,

we were able to directly compare DS and FXS transcriptomes in

the same cell types in a batch-controlled setting. Starting with

the DS RNA-seq dataset, we observed broad transcriptional dys-

regulation in both hPSCs and neurons, with roughly equal

numbers of significantly DEGs upregulated and downregulated

in each cell type (Figures 2B and 2C; Table S3). Most HSA21-en-

coded geneswere upregulated inDScells comparedwith euploid

controls around the expected +0.58 log2 fold change, including

canonical DS-implicated genes, such as DYRK1A and APP

(Figures 2D and 2E; Table S3). Magnitudes of effect across the

entire dataset ranged from an average log2 fold change of �0.70

and +0.76 in hPSCs and �0.84 and +1.53 in neurons (Table S3).

The most significantly DEGs in our DS datasets were not genes

encoded on HSA21. The mitochondrial and transcriptional regu-

lator coiled-coil-helix-coiled-coil-helix domain containing 2

(CHCHD2), which is a key mediator of the oxidative phosphoryla-

tion process (Kee et al., 2021) and is encoded on chromosome 7,

was the most significant DEG in our DS hPSC dataset, while the

proteolipidneuronatin (NNAT) implicated in synaptic plasticity (Jo-

seph, 2014) and encoded on chromosome 20, was the most sig-

nificantDEG inourDSneurondataset (Figure 2F; Table S3). These

examples highlight the striking indirect effects of HSA21 triplica-

tion, and the challenge in identifying all potentially relevant gene

perturbations. Using Ingenuity Pathway Analysis (IPA), we identi-

fied the top 5 most significant canonical pathways disrupted in

DS hPSCs and neurons; terms such as ‘‘EIF2 signaling’’ were pre-

sent in both cell types, while others such as ‘‘actin cytoskeleton

signaling’’ were only found in hPSCs, and ‘‘axonal guidance

signaling’’ only in neurons (Figures 2G and 2H).

In our FXS RNA-seq datasets, we observed fewer dysregu-

lated genes compared with our DS datasets, but again roughly

equal numbers of upregulated and downregulated DEGs in

each cell type (Figures 2J and 2K; Table S4). The number of

DEGs in neurons was particularly low, suggestive of modest

transcriptional dysregulation in this cell type or developmental

stage (Figure 2K). Overall, magnitudes of effect in FXS were
(C) Bar chart showing the total number of significant DEGs for both DS hPSC and n

(black).

(D) Volcano plot of HSA21-encoded transcripts from hPSCs (left) and neurons (rig

value shown on the y axis for all transcripts detected from HSA21. Transcripts th

(E and F) Examples of expression patterns for individual genes, including two enc

genes that were most significantly differentially expressed in the hPSC and neur

(G and H) Top 5most significant terms identified by canonical pathway analysis us

for each term is shown on the x axis.

(I) Schematic of isogenic FXS cell lines used for RNA-seq analysis, including five

(J) Volcano plots of transcripts from FXS hPSCs (left) and neurons (right). Log2 fold

the y axis. Positive fold change reflects an increase in FMR1y/� cells relative to F

purple shaded area.

(K) Bar chart showing the total number of significant DEGs for both FXS hPSC a

gulated (black).

(L andM) Top 5most significant terms identified by canonical pathway analysis us

for each term is shown on the x axis. For all panels, significance was calculate

experiment and is indicated by *p % 0.05, **p % 0.005, and ***p % 0.0005 relati
modest, with an average log2 fold change of �0.44 and +0.66

in hPSCs and �1.22 and +1.66 in neurons (Table S4). These re-

sults are generally consistent with diverse functions of FMRP in

RNA processing, including translational regulation, splicing, ed-

iting, and trafficking, in addition to impacts on transcript abun-

dance (Alpatov et al., 2014; Chakraborty et al., 2020; Chen

et al., 2014; D’Souza et al., 2018; Darnell et al., 2011; Dictenberg

et al., 2008; Didiot et al., 2008; Edens et al., 2019; Kim et al.,

2009; Kim et al., 2019; Tran et al., 2019; Tsang et al., 2019;

Zhou et al., 2017). Taking the top 5 most significant canonical

pathways disrupted in FXS hPSCs revealed terms, such as

‘‘EIF2 signaling,’’ ‘‘mTOR signaling,’’ and ‘‘PI3K/AKT signaling,’’

all of which have previously been associated with FXS (Hoeffer

et al., 2012; Raj et al., 2021; Utami et al., 2020) (Figure 2L). Given

the small nature of the FXS neuronal dataset, few pathways were

identified (Figure 2M). Of note, EIF2 signaling was a top dysregu-

lated pathway in both the DS and FXS datasets, suggesting that

both diseases may converge on translation in human cellular

models. Indeed, translation is widely reported to be disrupted

in FXS (Darnell et al., 2011; Greenblatt and Spradling, 2018);

while less is known about translational regulation in DS, a recent

study identified translational abnormalities in both mouse and

human DS models (Zhu et al., 2019).

Collectively, our batch-controlled global transcriptional ana-

lysesofDSandFXShumancellularmodels reveal broad transcrip-

tional re-wiring in DS, more modest transcriptional changes in

FXS, and identify EIF2 signaling as a shared pathway disruption.

Transcriptional overlap between DS and FXS hPSC
models
We next cross-referenced the DEGs from our established

DS and FXS global transcriptional datasets, which revealed sig-

nificant overlap between dysregulated genes at the hPSC

level (p = 3.193 10�33); in total 477 DEGs were shared between

datasets, representing approximately one-third of all DEGs

found in FXS hPSCs (Figure 3A). Differential gene expression

patterns in neurons also showed significant overlap (p =

0.00495); nearly one-third of DEGs in FXS were shared with

DS, although the dataset size disparities clearly illustrate that

fewer of the transcriptional changes in DS were also shared

with FXS (Figure 3A). CHCHD2 was the most significant DEG
euron datasets aswell as the number downregulated (gray) versus upregulated

ht). Log2 fold change is shown on the x axis, with the �log10 of the adjusted p

at reach significance of p % 0.05 are shown as blue dots.

oded on HSA21 and strongly implicated in DS disease biology (E) and the two

on datasets (F). TPM values are shown for five replicates per condition.

ing IPA in the DS hPSC dataset (G) and neuron dataset (H). The�log10(p value)

replicates per cell line and genotype.

change is shown on the x axis, with the�log10 of the adjusted p value shown on

MR1y/+ cells. Transcripts that reach significance of p % 0.05 are shown in the

nd neuron datasets as well as the number downregulated (gray) versus upre-

ing IPA in the FXS hPSCdataset (L) and neuron dataset (M). The�log10(p value)

d by Benjamini-Hochberg adjusted Wald test as part of a DEseq2 RNA-seq

ve to control. See also Tables S3 and S4.
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Figure 3. Transcriptional overlap between DS

and FXS hPSC models

(A) Left: overlap (shown as number of genes) be-

tween DEGs identified in the DS hPSC dataset and

the FXS hPSC dataset (1.63-fold over-enrichment;

p = 3.10 3 10�33). Right: overlap (shown as number

of genes) between DEGs identified in the DS neuron

dataset and the FXS neuron dataset (1.5-fold over-

enrichment; p = 0.00495). Significance was deter-

mined by hypergeometric test for over- or under-

enrichment.

(B) Examples of expression patterns for individual

geneswith shared perturbations in FXS andDS hPSC

and neuron models. TPM values are shown for five

replicates per condition. Significance was calculated

by Benjamini-Hochberg adjustedWald test as part of

the DEseq2 RNA-seq experiment. For all panels,

significance is indicated by *p % 0.05, **p % 0.005,

and ***p % 0.0005 relative to the indicated control.

See also Figure S2 and Tables S3 and S4.
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in both the DS hPSC dataset (p = 4.96 3 10�134) and the FXS

hPSC dataset (p = 3.68 3 10�52), with dramatic downregulation

observed in both disease models (Figures 3B and 2F; Tables S3

and S4). Rare mutations in CHCHD2 have been associated with

several neurodegenerative diseases (Kee et al., 2021) and we

noted that CHCHD2 expression levels continued to be dramati-

cally downregulated in DS neurons, but not in FXS neurons

(Tables S3 and S4). Other genes of note that were coordinately

dysregulated included the protein glycosylation factor tumor

suppressor candidate 3 (TUSC3), the putative magnesium trans-

porterNIPAmagnesium transporter 2 (NIPA2), the transcriptional

regulator SRY-box transcription factor 11 (SOX11), and the alter-

native splicing regulator NOVA alternative splicing regulator 2

(NOVA2) (Figure 3B; Tables S3 and S4), all of which have been

independently implicated in neurodevelopmental disorders (Gar-

shasbi et al., 2008; Mattioli et al., 2020; Tsurusaki et al., 2014; Xie

et al., 2014). For example, TUSC3was downregulated in both DS

and FXS hPSC models, and mutations in this gene have previ-

ously been reported to drive nonsyndromic autosomal recessive

mental retardation (Garshasbi et al., 2008) while NOVA2 was

coordinately downregulated between DS and FXS neuronal

models (Figure 3B), with frameshift mutations inNOVA2 reported

to drive a severe neurodevelopmental disorder (Mattioli et al.,

2020).

To understand the degree of overlap in other disease contexts,

we also compared our DS and FXS transcriptional datasets with

published datasets of genes dysregulated in human cellular

models of Alzheimer’s disease driven by an APOE4 variant (Lin

et al., 2018) as well as human cellular models of Angelman

syndrome driven by loss of UBE3A (Sun et al., 2019), generated

with the same neuronal differentiation paradigm used in our

study. When comparing the Alzheimer’s disease dataset with

our DS dataset and FXS dataset we identified significant

under-enrichment in both cases (Figure S2), consistent with
6 Cell Reports 40, 111312, September 6, 2022
non-overlapping transcriptional changes.

For the Angelman syndrome dataset, we

observed no significant overlap with the
FXS dataset, but we did observe significant overlap with the

DS dataset (Figure S2), suggesting that there could be a set of

shared gene changes between DS and Angelman syndrome.

Together, these data identify transcriptional overlap between

DS and FXS in human cellular models and pinpoint specific

genes coordinately dysregulated in both diseases; in some

cases, mutations in these genes are also known to drive another

neurodevelopmental disorder, strengthening the likelihood that

their dysregulation in the context of DS and FXS may play a

role in disease biology.

FMRP upregulation is sufficient to reduce expression
levels of select DS-implicated proteins
Wenext sought to establish a causal, or directmolecular relation-

ship, between FMRP and DS-implicated transcript targets using

amethodorthogonal to IP-basedFMRPbindingdatasets. Specif-

ically, we hypothesized that increasing FMRP dosage in the

context of DS could modulate target expression, given that

many HSA21-encoded transcripts are upregulated in DS and

reportedly bound by FMRP (Table S1); FMRP target modulation

could be in the form of transcriptional or translational regulation.

CRISPRa technologies,which fusedeactivatedCas9 to transcrip-

tional activation domains, have emerged as a powerful tool for

functional genomics, facilitating transient and reversible activa-

tion of gene expression.We therefore stably introduced an induc-

ible CRISPRa construct into the AAVS1 safe-harbor locus of the

DS patient iPSC line DS1, and delivered a multiplexed piggyBac

guide RNA (gRNA) vector containing three FMR1 activating

gRNAs (Hazelbaker et al., 2020) to facilitate acute and transient

upregulation of endogenous FMRP (DS-CRISPRa; Figure 4A).

As expected, doxycycline induction of FMR1 in the DS-

CRISPRacell line led to efficient upregulation of FMRPexpression

at both the 48 h (p = 0.0210) and 120 h (p = 0.0001) time points,

which returned to baseline after removal of doxycycline
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Figure 4. FMRP upregulation is sufficient to

reduce expression levels of select DS-impli-

cated proteins

(A) Schematic of DS CRISPRa experiment. Top:

TRE-dCas9-VPR-eGFP was stably integrated into

the AAVS1 safe-harbor locus of the DS1 cell line

along with three FMR1-activating gRNAs intro-

duced with a multiplexed piggyBac integration

strategy. Bottom: time course of doxycycline (dox)

treatment of the DS CRISPRa cell line and sample

collection.

(B–F) Quantification of FMRP (B), FXR1P (C),

DYRK1A (D), APP (E), and BACE2 (F) protein levels

from the indicated treatment conditions. The DS

(untreated) condition is compared with the 48 h

FMRP, 120 h FMRP, and post-treatment condi-

tions (all DS CRISPRa cell lines) and the isogenic

euploid control DS2U is used as a reference point

for euploid expression levels. Note that for FMRP

(B), a short exposure was used to capture the 48

and 120 h time points, which had significantly more

FMRP expression compared with the euploid, DS,

and post-treatment time points. Error bars show

SEM and significance was calculated by unpaired

two-tailed t test for each time point. All western

blots were performed in triplicate. For all panels,

significance is indicated by *p% 0.05, **p% 0.005,

and ***p % 0.0005 relative to controls.
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(Figure 4B). Importantly, inducing FMRP with CRISPRa had

no impact on expression levels of FMRP’s autosomal paralog

FXR1P, supporting the specificity of our CRISPRa system

(Figure 4C). Acute upregulation of endogenous FMRP was suffi-

cient to significantly reduce protein expression levels of

DYRK1A in the DS-CRISPRa line after 120 h (p = 0.0388) (Fig-

ure 4D). Here, transient FMRP upregulation led to a sustained

reduction in DYRK1A expression that persisted in the post-treat-

ment condition (p = 0.0182) (Figure 4D). DYRK1A is independently

implicated in both intellectual disability and autism (Courcet et al.,

2012; Deciphering Developmental Disorders, 2017; Duchon and

Herault, 2016; Faundez et al., 2018; O’Roak et al., 2012; Satter-

strom et al., 2020), and clinical trials have attempted to normalize

DYRK1A with the goal of improving cognitive function in patients

with DS (de la Torre et al., 2016). FMRP upregulation in the DS-

CRISPRacell line also led to a significant reduction inAPPexpres-

sion levels at 48 h (p = 0.0387), which began to recover by 120 h

(Figure 4E). APP is thought to act as a primary driver allele

for AD pathogenesis in DS (Doran et al., 2017; Tcw and Goate,

2017; Teller et al., 1996). By contrast, acute upregulation of

FMRP had no impact on another related protein, beta-secretase

2 (BACE2), also encoded onHSA21 but not previously associated

with FMRP (Figure 4F). These data support the regulation of DS-

implicated genes by FMRP.

FMRP upregulation is sufficient to reverse over 40% of
the global transcriptional perturbations in hPSC models
of DS
To identify additional gene and pathway perturbations in DS that

could be modulated by FMRP upregulation using an unbiased
approach, we next assessed the impact of FMRP CRISPRa

induction on the global transcriptional landscape. Here, we

analyzed the same isogenic cell lines and time-points used for

candidate protein-level analyses in Figure 4, using four replicates

per condition (Figures 5 and S3; Table S5). As expected, FMR1

transcript levels were significantly upregulated upon 48 and

120 h FMRP CRISPRa induction and returned to baseline in the

post-treatment condition (Figure S3). Looping back to targets

that showed significant protein changes upon FMRP CRISPRa

wenoted thatDYRK1A transcript levelswere transiently increased

at the 120 h time point (Figure S3), opposite the protein-level

changes (Figure 4D), which could point to a compensatory in-

crease in transcript abundance upon protein downregulation (Liu

et al., 2018). APP transcript levels were transiently decreased by

48 h FMRP CRISPRa induction followed by a gradual recovery

(FigureS3), roughly paralleling theobservedprotein-level changes

(Figure 4E). We identified a total of 3,450 significant DEGs in the

DS-CRISPRa (untreated) condition compared with the isogenic

euploid control (Figures 5A–5C and S3; Table S5). FMRP upregu-

lation alone was sufficient to reverse the directionality of 21% of

those DEGs at both the 48 h time point (Figures 5A and S3;

Table S5; 723/3450 DEGs) and the 120 h time point (Figures 5B

and S3; Table S5; 725/3450 DEGs). By the post-treatment condi-

tion, 43%of all DEGswere reversed (Figures 5C andS3; Table S5;

1479/3450 DEGs), consistent with FMRP upregulation leading to

both significant and sustained impacts on the global DS transcrip-

tional program. As an example, 521 genes that were significantly

upregulated in DS compared with euploid control were signifi-

cantly downregulated post-treatment (p = 4.7 3 10�144), and

958 genes that were significantly downregulated in DS compared
Cell Reports 40, 111312, September 6, 2022 7
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Figure 5. FMRP upregulation is sufficient to reverse over 40% of the global transcriptional perturbations in hPSC models of DS

(A–C) Left: bar graph showing 3,450 genes significantly differentially expressed between euploid and DS CRISPRa untreated cell lines. Genes that were then

significantly differentially expressed following FMRP induction are show in gray for each time point. Right: heatmaps showing log2 fold change for DEGs

significantly changed following FMRP induction, including those that reversed directionality, at the 48 h time point (A), the 120 h time point (B), and the post-

treatment time point (C). The number of genes in each category is shown to the left of each heatmap.

(D) The top 5most significant canonical pathways (IPA) identified for DSDEGs that reversed directionality in the post-treatment time point. The�log10(p value) for

each term is shown on the x axis.

(E) Examples of expression patterns for individual genes across the FMRP CRISPRa time course. The DS (untreated) condition is compared with the 48 h FMRP,

120 h FMRP, and post-treatment conditions, and the isogenic euploid control is used as a reference point for euploid expression levels. TPM values are shown for

four replicates per condition and significance was calculated by Benjamini-Hochberg adjusted Wald test as part of the DEseq2 RNA-seq experiments. For all

panels, significance is indicated by *p % 0.05, **p % 0.005, and ***p % 0.0005 relative to controls. See also Figure S3 and Table S5.
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with euploid controlwere significantly upregulatedpost-treatment

(p = 7.7 3 10�141; Figure 5C). Looping back to the DEGs shared

between FXS and DS (Figure 3), we noted that CHCHD2, which

was the most significant DEG in both the DS and FXS hPSC

RNA-seq datasets, went from significantly downregulated in the

untreated condition to significantly upregulated in the 120 h and

post-treatment conditions (Table S5).

Focusing on all DEGs that reversed directionality in the post-

treatment condition, the top 5 most significant canonical path-

ways included ‘‘transcriptional regulatory network in ESCs’’

and ‘‘DNA methylation and transcriptional repression signaling,’’

in addition to ‘‘wound healing signaling pathway,’’ indicating

FMRP may be mediating changes in DS through modulation of

transcriptional networks in addition to other pathways (Fig-

ure 5D). Here, we noted examples of multiple collagen genes,

including collagen type VI alpha 3 chain (COL6A3) relevant to
8 Cell Reports 40, 111312, September 6, 2022
the wound healing signaling pathway, which were downregu-

lated in DS compared with euploid controls, and then upregu-

lated by FMRP induction (Figure 5E; Table S5). We also identified

multiple developmental transcription factors and epigenetic reg-

ulators, such as HESX homeobox 1 (HESX1), PR/SET domain 14

(PRDM14), and nuclear receptor subfamily 5 group A member 2

(NR5A2) relevant to the transcriptional regulatory network in

ESCs and DNA methylation and transcriptional repression

signaling pathways, which were upregulated in DS compared

with euploid controls, and downregulated by FMRP induction

(Figure 5E; Table S5). Additional examples of individual genes

modulated in DS and reversed by FMRP induction are also

shown across the full-time course in Figure S3. Note that for

some DEGs that reversed directionality upon FMRP induction,

the effects persisted post-treatment (Figure 5E) while others re-

verted to DS expression levels post-treatment (Figure S3).
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Collectively, these analyses indicate that FMRP is capable of

either directly or indirectly modulating a significant fraction of

DS-implicated genes in trans.

DISCUSSION

These results provide evidence for the functional relevance

of previous associations between FMRP targets and disease-

implicated genes. They also underscore the need to probe

the precise areas where gene set overlap may translate into

convergent molecular mechanisms, given the diverse functions

of FMRP in RNA processing, which may be at the level of protein

abundance, transcript abundance, or additional mechanisms

of transcript regulation, such as editing, splicing, or trafficking

(Alpatov et al., 2014; Chakraborty et al., 2020; Chen et al.,

2014; D’Souza et al., 2018; Darnell et al., 2011; Dictenberg

et al., 2008; Didiot et al., 2008; Edens et al., 2019; Kim et al.,

2009; Kim et al., 2019; Tran et al., 2019; Tsang et al., 2019;

Zhou et al., 2017). Indeed, the modest global transcriptional

changes observed in FXS compared with DS may reflect the

multiple layers of gene regulation perturbed by constitutive

FMRP loss in addition to transcript abundance. In future studies,

it will be critical to probe how gene set overlap between FXS and

autism, schizophrenia, or bipolar disorder translates into poten-

tial molecular convergence.

Importantly, molecular overlap between disorders is one

promising strategy to triangulate on impactful targets, which

remains an enormous challenge. We hypothesize that genes

with evidence for coordinate dysregulation in two or more disor-

ders are more likely to play contributing roles to the disease

biology. In the case of FXS, leveraging insights from other disor-

ders with FMRP target overlap, such as DS, schizophrenia, or

autism, may be a particularly useful strategy for target prioritiza-

tion. For example, CBS upregulation in DS has established roles

in mitochondrial dysfunction and cognitive deficits (Marechal

et al., 2019; Panagaki et al., 2019; Szabo, 2020), and NCAM2

upregulation in DS has been shown to play a role in synaptic

dysfunction (Sheng et al., 2018); given the relevance of these

phenotypes in FXS, our data showing upregulated CBS and

NCAM2 in FXS suggest that these genes are priority targets

for additional investigation. While many gene targets and patient

phenotypes do not overlap between DS and FXS, genes disrup-

ted in both diseases may be more likely to underlie the shared

phenotypes, including cognitive dysfunction, deficits in expres-

sive communication, or increased rates of autism, seizure

disorders, and mental health disorders (Capone et al., 2006; Fi-

nestack et al., 2009; Jensen and Bulova, 2014; Martin et al.,

2009; Tranfaglia, 2012). The consistent upregulation of some

proteins like CBS across genetic backgroundsmay indicate their

involvement in more penetrant phenotypes, compared with

NCAM2, whose expression levels varied with genetic back-

ground and may therefore contribute to more variable traits

(Deutsch et al., 2005). Some of the gene perturbations we iden-

tified as shared between DS and FXS are also known to drive

other neurodevelopmental disorders or phenotypes, which will

be critical to probe in future studies.

Our data also support a causal relationship between FMRP and

regulationofDS-implicated transcript targets reportedly boundby
FMRP. At the candidate level, we observed downregulation of

APP and DYRK1A upon FMRP induction. Using an unbiased

approach, we found that FMRP induction was sufficient to either

directlyor indirectlymodulateasignificant fractionofDSgeneper-

turbations in trans. Interestingly, many of the transcriptional

changes inDS thatwere reversedbyFMRP inductionpersistedaf-

ter FMRP levels had returned to baseline, raising the possibility

that FMRPmediates more stable epigenetic changes. Consistent

with this notion, we identified terms related to transcriptional and

methylation signaling using unbiased pathway analyses, and ex-

amples of individual transcriptional and epigenetic modifiers that

were altered in response to FMRP induction. These data are

consistent with previous studies of FXS that identify epigenetic

modifiers as key downstream targets of FMRP (Shah et al.,

2020).Our data showing that some transcripts inDSwere upregu-

lated following FMRP induction while others were downregulated

is again consistent with diverse mechanisms of gene regulation.

We speculate that a majority of the observed transcriptional

effects of FMRP induction in DS were indirect (i.e., FMRP regula-

tion of a transcription factor, which then impacts downstream

gene expression as opposed to FMRPdirectly binding all differen-

tially regulated transcripts). It is important to note that FMRP

has many diverse transcript targets, and we would thus expect

transcript and protein-level changes upon FMRP induction

that are both related to, and unrelated to, DS or other neurodeve-

lopmental disorders. We also note that acute upregulation of

FMRP in the context of DS led to more transcriptional changes

compared with constitutive loss of FMRP in euploid cells. Here,

we speculate that acute modulation of FMRP may lead to more

dramatic changes in gene regulation compared with constitutive

modulation.

Taken together, our results identify specific areas of molecular

convergence between DS and FXS using physiologically rele-

vant human cellular models and provide evidence for the func-

tional relevance of previous associations between FMRP targets

and other disease-implicated genes. Broadly speaking, these

findings support the hypothesis that neurodevelopmental disor-

ders driven by distinct genetic alterations can converge on com-

mon molecular perturbations.

Limitations of the study
Our analyses are most relevant for early human development us-

ing in vitro systems but do not capture connections between DS

and FXS in the more complex in vivo environment or advanced

developmental stages. Deficits due to loss of FMRP have been

identified early in development, including in germ cells and em-

bryos (Alpatov et al., 2014; Greenblatt and Spradling, 2018), as

well as at later developmental stages, with longitudinal neuroi-

maging studies of patients with FXS pointing to abnormalities

that implicate both pre- and postnatal processes (Hoeft et al.,

2010). Studies of DS similarly implicate both pre- and postnatal

deficits in the central nervous system (Haydar and Reeves,

2012). While early developmental stages are well suited to inves-

tigation using hPSC models, future studies will be required to

fully elucidate connections between DS and FXS in later devel-

opment and aging. Moreover, we focus on two specific cell

types: hPSCs and glutamatergic neurons. Our analyses do not

address other brain cell types, such as glia or interneurons,
Cell Reports 40, 111312, September 6, 2022 9
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which may be highly relevant to disease pathology. Finally, we

focus on the impacts of FMRP induction through CRISPRa spe-

cifically in the context of DS. Given the diverse functions of

FMRP, it is almost certain that FMRP induction also impacts

diverse pathways and phenotypes unrelated to DS.
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Universal Kit

Qiagen 80224

Deposited data
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Experimental models: Cell lines

Human: hESC H1 (NIH approval

number NIHhESC-10-0043)
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Human: UWWC1-2DS3 WiCell UWWC1-2DS3
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Oligonucleotides

FMR1 gRNA: GCGCTGCTGGGAACCGGCCG This paper G1
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FMR1 gRNA: AGACCAGACACCCCCTCCCG This paper G3

Recombinant DNA

TetO-Ngn2-T2A-Puro Zhang et al., 2013 Addgene 52047

Software and algorithms

CRISPR-ERA tool Liu et al., 2015 http://crispr-era.stanford.edu/

RNA-seq analysis This paper https://github.com/hbc/Molecular-
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Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Lindy E.

Barrett (lbarrett@broadinstitute.org).

Materials availability
Plasmids will be deposited in Addgene.org and generated cell lines will be made available upon request to the Lead Contact,

following appropriate institutional approvals as well as regulations for cell line use and distribution.

Data and code availability
d RNA-seq datasets generated in this study have been deposited into NCBI GEO and are publicly available as of the date of pub-

lication. Accession numbers are listed in the key resources table.

d RNA-seq analysis codes utilized in this study have been deposited in Github and are publicly available as of the date of pub-

lication. A link is provided in the key resources table.

d Any additional information required to reanalyze data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human pluripotent stem cell resources
All studies using hPSCs followed institutional IRB and ESCRO guidelines approved by Harvard University. The XY human embryonic

stem cell line H1 was commercially obtained from WiCell Research Institute (Thomson et al., 1998) and used to generate isogenic

FMR1y/+ and FMR1y/- cell lines previously described (Susco et al., 2020). The XY human DS patient iPSC lines UWWC1-DS1,

UWWC1-2DS3 and the euploid control UWWC1-DS2U (isogenic with UWWC1-DS1) were commercially obtained from WiCell

Research Institute (Weick et al., 2013). The control iPSC line CW60278 was obtained from the CIRM hPSC Repository funded by

the California Institute of RegenerativeMedicine (CIRM), at FujiFilm CDI. Three FXS patient iPSCswere reprogrammed at the Harvard

Stem Cell Institute Core (Cambridge MA) with Sendai virus using XY patient fibroblasts. The following fibroblast cell lines were ob-

tained from the NIGMS Human Genetic Cell Repository at the Coriell Institute for Medical Research: GM05131, GM04026 and

GM09497, referred to as FXS iPSC A, FXS iPSC B and FXS iPSC C in this study, respectively, after reprogramming. XY cell lines

were selected based on clinical data indicating that males are typically more severely affected by FXS than females and to avoid het-

erogeneity with respect to X chromosome inactivation in edited clones. Cell culture was carried out as previously described (Bara

et al., 2016; Hazelbaker et al., 2017, 2020). In brief, stem cells were grown and maintained in mTeSR medium (Stem Cell Technol-

ogies) on geltrex-coated (Life Technologies) plates at 37�C. Cell lines underwent QC testing to confirm expected karyotypes and

genotypes, absence of mycoplasma, expression of pluripotency markers and tri-lineage potential. G-band karyotyping analysis

was performed by Cell Line Genetics.

METHOD DETAILS

CRISPR-Cas9 based genome engineering
To generate CRISPRa cell lines, TRE-dCas9-VPR-eGFP was inserted into the AAVS1 locus of the DS patient iPSC A (UWWC1-DS1)

using TALENs, as previously described (Hazelbaker et al., 2020). Three gRNAs targeting FMR1 for CRISPRa (g1: GCGCTGCTG

GGAACCGGCCG, g2: CAGGTCGCACTGCCTCGCGA, g3: AGACCAGACACCCCCTCCCG) were designed with the CRISPR-ERA

tool (Liu et al., 2015), cloned into a multiplexed piggyBac vector and co-transfected in the presence of a piggyBac transposase,

as previously described (Hazelbaker et al., 2020). Following selection with G418 and blasticidin, cells were assessed for

EGFP+/mRFP + fluorescence and FMRP expression following doxycycline induction.

Generation of human glutamatergic neurons
Human neurons were generated as previously described (Nehme et al., 2018; Zhang et al., 2013). In brief, hPSCs were transduced

with TetO-Ngn2-T2A-Puro and Ubiq-rtTA lentivirus or TetO-Ngn2-P2A-Zeo and CAG-rtTA were integrated into the AAVS1 safe-har-

bor locus using TALENs. Cells were then treated with doxycycline to induce ectopic Ngn2 expression combined with the extrinsic

addition of SMAD inhibitors (SB431542, 1614, Tocris, and LDN-193189, 04-0074, Stemgent), Wnt inhibitors (XAV939, 04-0046,

Stemgent) and neurotrophins (BDNF, GDNF, CNTF) followed by puromycin treatment to eliminate uninfected stem cells and main-

tenance in Neurobasal medium. Neurons were analyzed at day 14 of in vitro differentiation, a time point at which previous studies

support connectivity and prenatal neuronal gene expression programs (Nehme et al., 2018; Susco et al., 2020). Ultra-high lentiviral

titer was generated by Alstem, LLC.
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RNA-seq of DS and FXS cell lines
RNA was extracted from hPSCs and neurons using the AllPrep DNA/RNA/miRNA Universal Kit (Qiagen) using five replicates per

genotype and cell type. Sequencing libraries were prepared using the Illumina TruSeq HS Stranded Total RNA kit with Ribo-Zero

Gold for rRNA depletion and quantified using the Agilent Bioanalyzer RNA Pico kit. Libraries were sequenced on a HiSeq 2500 at

the Broad Institute Genomics Platform to generate 100bp paired end reads. RNA-seqQC and analysis was performed by the Harvard

Chan Bioinformatics Core, Harvard T.H. Chan School of Public Health, Boston, MA. Reads were processed to counts through

the bcbio RNA-seq pipeline implemented in the bcbio-nextgen project (https://bcbio-nextgen.readthedocs.org/en/latest/). Raw

reads were examined for quality issues using FastQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) to ensure library

generation and sequencing were suitable for further analysis. As necessary, adapter sequences, other contaminant sequences such

as polyA tails and low quality sequences with PHRED quality scores less than five were trimmed from reads using cutadapt (Martin,

2011). Trimmed reads were aligned to Ensembl build GRCh38_90 of the Homo sapiens genome (human), using STAR (Dobin et al.,

2013). Alignments were checked for evenness of coverage, rRNA content, genomic context of alignments (for example, alignments in

known transcripts and introns), complexity and other quality checks using a combination of FastQC, Qualimap (Garcia-Alcalde et al.,

2012), MultiQC (https://github.com/ewels/MultiQC) and custom tools. Counts of reads aligning to known genes were generated by

featureCounts (Liao et al., 2014). In parallel, TPMmeasurements per isoform were generated by quasialignment using Salmon (Patro

et al., 2015). Differential expression at the gene level was called with DESeq2 (Love et al., 2014), preferring to use counts per gene

estimated from the Salmon quasialignments by tximport (Soneson et al., 2015). Quantitating at the isoform level has been shown to

produce more accurate results at the gene level.

mRNA-seq of CRISPRa cell lines
RNA was extracted from hPSCs using the AllPrep DNA/RNA/miRNA Universal Kit (Qiagen) using four replicates per condition: DS2U

Euploid Control, DS CRISPRa (untreated), DS 48hr FMRP CRISPRa, DS 120hr FMRP CRISPRa and DS 120hr on/120hr off FMRP

CRISPRa. Libraries were prepared using Roche Kapa mRNA HyperPrep strand specific sample preparation kits from 200ng of

purified total RNA according to the manufacturer’s protocol on a Beckman Coulter Biomek i7. The finished dsDNA libraries were

quantified by Qubit fluorometer and Agilent TapeStation 4200. Uniquely dual indexed libraries were pooled in equimolar ratio and

shallowly sequenced on an Illumina MiSeq to further evaluate library quality and pooing balance. The final pool was sequenced

on an Illumina NovaSeq 6000 targeting 30 million 100bp read pairs per library. Sequenced reads were aligned to the UCSC hg19

reference genome assembly and gene counts were quantified using STAR (v2.7.3a) (Dobin et al., 2013). Differential gene expression

testing was performed by DESeq2 (v1.22.1) (Love et al., 2014). RNAseq analysis was performed using the VIPER snakemake pipeline

(Cornwell et al., 2018). Library preparation, Illumina sequencing and VIPER workflow were performed by the Dana-Farber Cancer

Institute Molecular Biology Core Facilities.

Western Blot analyses
Cells were lysed using RIPA lysis buffer (Life Technologies) with protease inhibitors (cOmplete, Mini, EDTA-free Protease Inhibitor

Cocktail, Roche). 20ug of protein as determined by Peirce BCA Protein Assay kit (Thermo Scientific) was loaded onto Bolt 4-12%

Bis-Tris Plus gels (Invitrogen), transferred using the iBlot2 system (Thermo Scientific), blocked in 5% milk in TBST, and then incu-

bated with primary antibodies in 1% milk in TBST overnight at 4�C. Membranes were rinsed in TBST, incubated with secondary

antibodies for 1 h at room temperature, rinsed in TBST, and then developed using SuperSignal West Femto Maximum Sensitivity

Substrate (Thermo Scientific). The following primary antibodies were used: anti-FMRP (Abcam ab17722), anti-GAPDH (EMD

MAB374), anti-NCAM2 (Abcam ab173297), anti-DYRK1A (Bethyl A303-802A), anti-FXR1P (ML13 courtesy E. Khandjian), anti-

CBS (Proteintech 14787-1-AP), anti-APP (Abcam ab32136) and anti-BACE2 (Abcam ab270458). For quantification, bands were

analyzed in FIJI, normalized to GAPDH, averaged, and plotted with SEM for error bars. All Western blots were performed on triplicate

samples and significance was calculated by unpaired two-tailed t test for comparisons between two groups. Prism (GraphPad Soft-

ware) was used for statistical analyses.

QUANTIFICATION AND STATISTICAL ANALYSIS

Replicates for experiments using hPSCs refer to separate wells or plates and replicates for experiments using neurons refer to inde-

pendent neuronal differentiations. For RNA-seq analyses of DS and FXS cell lines, we used an adjusted p value cutoff of 0.05. For

mRNA-seq of CRISPRa lines, a log2foldchange cutoff of over 1 or under�1was also applied. ForWestern blot analyses, experiments

were performed on triplicate samples and significance was calculated by unpaired two-tailed t test for comparisons between two

groups; Prism (GraphPad Software) was used for statistical analyses. For statistical tests of enrichment and overlap, we used the

hypergeometric test for over- or under-enrichment. To determine the size of the RNA universe in both hPSCs and neurons, we looked

at the TPM counts from the RNA-seq data and counted a gene as expressed if it had an average TPM R1 across five replicates in

each control cell type. This generated 15,316 RNAs expressed in neurons, and 14,233 RNAs expressed in hPSCs. p values (or

adjusted p values, where applicable) < 0.05 were considered statistically significant.
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