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Fragile X syndrome (FXS) is a neurodevelopmental disorder caused by hypermethylation of expanded
CGG repeats (>200) in the FMR1 gene leading to gene silencing and loss of Fragile X Messenger
Ribonucleoprotein (FMRP) expression. FMRP plays important roles in neuronal function, and loss of
FMRP in mouse and human FXS cell models leads to aberrant synaptic signaling and hyperexcitability.
Multiple drug candidates have advanced into clinical trials for FXS, but no efficacious treatment has
been identified to date, possibly as a consequence of poor translation from pre-clinical animal models
to human. Here, we use a high resolution all-optical electrophysiology platform applied to multiple FXS
patient-derived and CRISPR/Cas9-generated isogenic neuronal cell lines to develop a multi-
parametric FXS disease phenotype. This neurophysiological phenotype was optimized and validated
into a high throughput assay based on the amount of FMRP re-expression and the number of healthy
neurons in a mosaic network necessary for functional rescue. The resulting highly sensitive and
multiparameter functional assay can now be applied as a discovery platform to explore new

therapeutic approaches for the treatment of FXS.

Fragile X Syndrome (FXS) is the most common inherited form of intel-
lectual disability and the leading monogenic cause of autism'~. FXS is
caused by transcriptional silencing of the FMRI gene as a result of DNA
methylation driven by a tri-nucleotide CGG repeat expansion (>200) in the
5 UTR of the FMRI gene'™. Fragile X Messenger Ribonucleoprotein
(FMRP), the product of the FMRI gene, is an RNA-binding protein that
regulates a large number of mRNAs in the brain, including transcripts
encoding chromatin and synaptic activity associated proteins™. The loss of
FMRP leads to elevated levels of basal protein synthesis particularly affecting

5,10-15

the synapse
Much of the understanding of the functional impact of loss of
FMRP has been gained from analyses of Fmrl knockout mice'’. Two

core domains of neuronal dysfunction associated with FMRP deficiency
revealed by these studies are altered synaptic plasticity®” and neuronal
and network hyperexcitability’®. A key study found that mGluR-
dependent long-term depression, a form of synaptic plasticity, is
increased in the hippocampus of Fmr1 knockout mice", leading to the
theory that protein-synthesis-dependent functions of mGluRs are
exaggerated in the absence of FMRP, comprising a core pathogenic
mechanism in FXS". Further studies have found additional alterations
in synaptic transmission and plasticity in Fmrl knockout mice'”**".
Observations of altered dendritic spine morphology in post-mortem
brain tissue from FXS patients and in FmrI knockout mice are consistent
with a pathogenic role of synaptic dysfunction in FXS*™".
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In addition to synaptic dysfunction, there are multiple reports of
neuronal and circuit hyperexcitability in Fmrl knockout mice'*****

, con-
sistent with the increased seizure susceptibility in FXS patients™**

and in
these mice””". Furthermore, altered patterns of sensory-evoked and resting
EEG activity in FXS patients”*’ and Fmr1 knockout mice*' are indicative of
network hyperexcitability in FXS. FMRP deficiency has been reported to
impact multiple ion channels that may contribute to altered excitability,
including large conductance calcium-activated (BK) channels, small con-
ductance calcium-activated (SK) channels, sodium-activated potassium
(Slack) channels, hyperpolarization-activated cyclic nucleotide-gated
(HCN) channels, A-type potassium channels, sodium channels and
L-type calcium channels”. Despite the substantial insights derived from
analyses of Fmrl knockout mice and the areas of alignment with observa-
tions in FXS patients, Fmrl knockout mice do not fully recapitulate the
epigenetic silencing-based pathophysiology found in FXS patients, creating
aneed to extend understanding of FXS pathogenic mechanisms to a human
neuronal context. Human induced pluripotent stem cell (iPS cell)-derived
models provide a powerful basis for mechanistic analyses of neurological
diseases in a disease-relevant, human context with potential to be leveraged
in phenotypic rescue applications in ways that cannot be readily achieved
with in vivo models™*.

Several studies have applied human iPS cell-derived neuronal models
to characterize different aspects of FXS biology, including mechanisms of
FMRI gene silencing and reactivation**, effects of FMRP loss on neuronal
growth and differentiation** as well as impact of FMRP loss on neuronal
activity”™. While early studies reported that iPS cell-derived neurons
lacking FMRP were deficient in action potential firing™, several recent
studies have reported hyperexcitability in human FXS neuronal models,
including increased neuronal firing rate” and increased burst
frequency’™, as well as altered homeostatic plasticity™, consistent with
altered regulation of excitability”’. Recent studies have used human iPS cell-
derived neuronal models to show rescue of a hyperexcitability phenotype
upon reactivation of the silenced FMRI gene in neurons™ and to examine
the degree of FMRP expression and proportion of FMRP expressing cells
required to normalize excitability”. While providing valuable insights into
human neuronal FXS disease biology, the patch clamp and MEA techniques
used in these studies have limitations in cellular throughput or resolution,
constraining the ability to perform deep electrophysiological phenotyping
across multiple independent iPS cell-derived neuronal lines with sufficient
scale and sensitivity to capture potentially subtle, disease-relevant alterations
in neuronal activity. There is a need to develop sensitive, multiparameter
read-outs of the impact of FMRP loss on human neuronal activity within a
format that is readily scalable to drug discovery applications.

To address this need, we have developed an integrated platform that
combines human iPS cell-derived neuronal disease models, high-
throughput all-optical electrophysiological characterization with single
cell and millisecond temporal resolution, and machine-learning analytics
for disease phenotype discovery”*’. Here we applied the platform to
comprehensive electrophysiological phenotyping of multiple human iso-
genic and patient/control iPS cell-derived neuronal models of FXS. We
developed an optimized multiparameter, neurophysiological disease phe-
notypic read-out consistent across multiple independent lines and rounds of
analysis. We applied the assay in a mosaic configuration to determine the
proportion of unaffected neurons necessary to rescue the disease phenotype
and showed that the presence of 50% unaffected neurons rescues the disease
phenotype within FMRP-deficient cells, highlighting the value of the scale of
functional measurements at the cellular resolution achieved with our assay.
We also utilized the assay system combined with high-content imaging of
FMRP expression to quantitatively characterize the rescue profile for viral
gene replacement, showing dose-dependent rescue of the identified multi-
parameter phenotype attributable to FMRI restoration. Lastly, we screened
a library of pharmacologically defined reference compounds and showed
the degree of rescue achieved for different mechanisms with relevance to
FXS. The platform provides a powerful tool for examining underlying
neuronal disease biology of EXS. Collectively, we demonstrate the

applicability of the platform for high-throughput screening and deeper
understanding of FXS disease biology.

Results

Characterization of FXS and control cell lines

To better understand FXS disease biology in human neurons and to assess
convergent, robust patterns of behavior, we developed a large and diverse set
of FXS-relevant human cell models. Human iPS cell lines were differentiated
into excitatory glutamatergic neurons via the overexpression of the tran-
scription factor NGN2* combined with small molecule-mediated pat-
terning to drive uniform differentiation®. To provide multiple convergent
lines of evidence, we took a dual approach by differentiating both familial
patient/control iPS cell lines and CRISPR/Cas9-edited cell lines in which the
FMRI gene was knocked out (KO), (Fig. 1a). We generated iPS cell lines and
neuronal cell lines from five FXS patients, and from a healthy male family-
member of each patient as a genetically-related matched control. Two clones
from each of these 10 donors were generated to help account for clonal
variability, for a total of 20 cell lines comprising our “patient/control” cell
model of FXS. In parallel, we used CRISPR/Cas9 editing of a wild type (WT)
cell line (28-year-old male donor) to generate two FMRI™ (KO) clones.
These KO lines paired with the WT parental cell line composed our “iso-
genic” cell model of FXS. All cell lines were karyotyped, tested for myco-
plasma, and sequenced to confirm CGG repeat length (Supplementary
Table 1), which ranged from 22 to 36 repeats for controls and 174-912
repeats for diagnosed FXS patients. FMRI transcript levels were evaluated
using qPCR and FMRP protein levels were evaluated via immunocy-
tochemistry using single-cell analysis of high-content imaging scans
(Fig. 1b-d). As expected, cells from FXS patients and FMR1 ™ CRISPR KO
clones lacked FMRP protein and FMRI transcript, but not familial controls
or from the isogenic WT line.

FXS-associated electrophysiological phenotypes

Both neuronal models of FXS were evaluated for a functional disease phe-
notype using an all-optical electrophysiology platform. The platform
enabled simultaneous optical recordings of cellular voltage changes in many
hundreds of cells through expression of a blue light-activated channelrho-
dopsin, CheRiff, to stimulate cells with different paradigms (steps, ramps,
etc.), and a red light excited archaerhodopsin, QuasAr, to measure the
resulting voltage changes”**”. Custom engineered instrumentation
allowed for measurements in multi-well plate formats, providing a
throughput of hundreds of thousands of neurons per day with near patch-
clamp resolution. Fluorescence traces of action potential firing in response
to blue light stimulation are shown for three example control lines and three
example patient lines (Supplementary Fig. 1a). All iPS cell lines used in this
study produced functional neurons. An automated analytics pipeline pro-
cessed the raw movies to extract single-cell recordings. From each cellular
recording, a set of 500 features was extracted describing spike shape and
spike timing characteristics as a function of different stimuli as a way of
quantitatively probing diverse neurophysiological response.

To identify FXS-associated functional phenotypes, we plated neurons
from all 23 cell lines onto 96-well plates for measurements of intrinsic
excitability and synaptic function in at least three independent replicate
rounds. Phenotype exploration was performed using a machine-learning-
based analytical approach that uses parameterized (e.g. average spike shape,
spiking dynamics, etc.) neuronal fluorescence traces for each blue stimu-
lation pattern to interrogate a diverse set of cellular functions (see Methods
for description). Patient phenotypes confirmed in the isogenic cell model
were carried forward into rescue, mosaicism, and screening experiments.

The resulting multiparameter phenotype had seven features,
depicted in the form of radar plots (Fig. 2a; radar plot approach explained
in Supplementary Fig. 2 for illustration purposes), including an increase in
spontaneous frequency, a reduction in the number of cells that do not fire
action potentials when unstimulated, a lower rheobase, and a higher rate of
“rebound” action potential firing after a blue light stimulus has been turned
off, all indicating a more granular view of hyperexcitability which is
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Fig. 1 | Production and characterization of control cell lines and disease

model cell lines lacking FMRP. a Graphical representation of neuronal production
from patient/control subjects and isogenic iPS cell lines to electrophysiologically-
active neurons. b Representative high-content confocal image of control-derived
neurons showing FMRP in cytoplasm (cyan) compared to patient-derived neurons
that show no FMRP. hNuclei: staining for human-specific nuclear antigen (red).

¢ Quantitative ICC showing levels of FMRP across all 10 control clones (from 5

Patient 3 Patient4 Patient 5 Control lines Patient lines

control donors) and all 10 patient clones (from 5 patient donors). Fluorescence in the
proximal cytoplasm was estimated for each cell (identified via nuclei) and aggregated
to a field-level average, then rescaled such that the median control field = 1. Mean
and 95% confidence intervals are shown in black. d gPCR showing average FMR1
expression in each of the lines. Some of the patient lines expressed breakthrough
FMRI. The qICC data for these lines indicated that some individual neurons (about
0.5-3%) expressed FMRP while the rest did not.

consistent with the FXS literature'®. To help characterize overall phenotypic
differences across these parameters, a composite disease score was created
using a linear discriminant analysis, which maximizes separability when
projecting these seven dimensions onto a single axis of difference (Fig. 2b).
We found that the FXS phenotype was consistent across all three rounds of
confirmatory measurements (Fig. 2¢, d and Supplementary Fig. 3). The
same 7-feature phenotype was apparent in 4 out of the 5 patient/control cell
line comparisons, even when considering both clones for each line (Fig. 2e).
The difference in the 5™ pair (‘Patient/control pair 2°) cannot be explained by
repeat number, FMRP expression, or a single functionally aberrant clone,
but may be indicative of the role of background genetics in the biology of the
familial controls and highlights the need for evaluating multiple patient-
control pairs. The patient/control phenotype was also replicated across all 3
rounds of measurements (Fig. 2e). Our FXS fingerprint was also present at
longer 45-day in vitro cultures with minimal change (Supplementary Fig. 4).

Lentiviral re-delivery of FMRP rescues FXS functional phenotype
To further validate the FMRP-dependence of the functional human neu-
ronal phenotype, we designed FMRI lentiviral constructs for re-expression
of FMRP in the FXS neuronal models. We applied this approach to find (1)
what is the minimum amount of FMRP needed to show a significant rescue
effect towards control behavior? and (2) what is the approximate amount of
FMRP required to show a near-complete reversal of the phenotype? These
lentiviruses contained a wild-type full-length copy of FMRI driven by a
human Synapsin 1 promoter to elicit neuronal-specific expression of FMRP

in transduced cells. We also designed one of the lentiviruses to include a
translational attenuator to reduce lentivirus-attributable FMRP protein
expression by 10-20x given an equivalent dose of the lentivirus. Finally, we
constructed a lentivirus driving expression of the fluorescent protein
mOrange with the same promoter for use as a general transduction control.

As expected, delivery of increasing volumes of FMRI lentivirus to
FMRI™” neurons resulted in a dose-dependent increase in FMRP as mea-
sured by immunocytochemistry using high content imaging (see Methods;
Fig. 3a, b). Lentivirus delivered at 0.2% volume yielded FMRP expression
around WT levels (Fig. 3b). Volumes of virus beyond this resulted in
supraphysiological expression of FMRP. The translational attenuator was
highly effective, yielding a >10x reduction in FMRP expression given
equivalent volumes of virus (Fig. 3e).

To evaluate FMRP-mediated changes to the functional phenotype,
FMRI lentivirus, attenuated FMRI lentivirus, and the mOrange fluor-
escent tag control lentivirus were tested in 8-point dose-response in FXS
neurons. For the isogenic line, we observed phenotype rescue in the full-
strength FMRI lentivirus in the composite linear discriminant analysis
(LDA) score and each major domain of behavior for both replicate
rounds (Fig. 3d). The lowest significant rescue dose was often observed at
~0.2% FMRI lentivirus volume (Round 1 LDA disease-score difference
from mOrange = 0.50 [95% CI 0.112-0.887], t(14.81) = 2.53, p = 0.023),
which achieved ~75% of WT FMRP. Full rescue showed for most fea-
tures at 1% and 2% FMRI lentivirus (e.g. Round 1 Spontaneous Fre-
quency at 2% lentivirus differed from the corresponding mOrange
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Fig. 2 | FMRP-dependent electrophysiological FXS phenotypes in iPSC-derived
neurons. a Machine learning-identified intrinsic excitability FXS fingerprint in the
isogenic reagents expressed as a radar plot of control (blue) vs. FXS (red). Values
reflect the “common language effect size”, a parametric estimate of the probability
that a random FXS well exceeds the value of a random CTRL well (where prob-
ability = 0.5 is a null effect). b LDA score for control (blue) vs. FXS (red) in the
isogenic reagents, see methods for detail. Three FXS clones are represented — two
show a distinct phenotype while the third (the peak inside the CTRL distribution)

does not. ¢ Radar plots showing the phenotype in isogenic reagents across 3 replicate
rounds show consistency across fresh-from-thaw platings of neurons. d Difference
in spontaneous frequency (left) and rheobase (right) of control (blue) vs. FXS (red)
for each of three rounds. Error bars represent 95% confidence intervals around the
well-level estimates. e LDA scores for family-matched controls vs. patient neurons
from 5 different patient/control cell lines (labeled Pair 1 to Pair 5). Each Pair includes
the average of 2 control clones and 2 patient clones. Radar plots for the FXS fin-
gerprints are depicted in the inset. Data for 3 rounds is shown.

control dose by —0.559 Hz [95% CI —0.303-—0.815], t(6.77) =4.27,
p =0.004), approximately matching control cell behavior, as shown in
Fig. 3c-e; Round 1 fast-ramp rheobase at 1% lentivirus differed from the
corresponding mOrange control dose by 0.338 mW/cm® [95% CI
0.263-0.413], t(17.57)=8.79, p<0.001), nominally exceeding the
0.301 mW/cm’ phenotype effect of control vs FXS, though this tended to
be >1.5x WT FMRP levels (Fig. 3b). The mOrange negative control

showed little effect on the FXS phenotype (Round 1 LDA disease-score
vs un-dosed FXS p-values > 0.2 for all lentivirus doses). Interestingly, the
attenuated FMRI lentivirus often showed phenotype rescue effects at
~0.3% volume of lentivirus (Round 1 LDA disease-score difference from
mOrange = 0.469 [95% CI 0.128-0.811], t(21.41)=2.69, p=0.013),
where FMRP expression was closer to ~20% WT FMRP; (Fig. 3d, e). The
attenuated lentivirus may show signs of rescue at lower average FMRP
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expression levels than full-strength FMRI lentivirus because fewer cells
remain FMRP-deficient when the well was dosed with more lentivirus
particles (see images in Fig. 3a and single-cell quantifications in Fig. 3e),
but additional experiments would be required to better understand these
differences. FMRI lentivirus rescue in a representative patient/control
line manifests the same pattern (Supplementary Fig. 5a, b).
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To evaluate whether restoration of FMRP generally rescues the FXS
phenotype across most patient genotypes, we ran a single-dose study that
transduced all 10 patient cell lines (two clones from each of five donors) with
1% full-strength FMRI lentivirus. The lentivirus had a similar effect on all
patient lines (Fig. 3¢), though two patients did not show sufficient difference in
the un-treated FXS and matched control lines to properly assess rescue. Similar
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Fig. 3 | Use of FMR1 lentiviruses to establish FMRP levels needed to rescue FXS
phenotypes. a Representative high-content confocal images showing dose-sensitive
restoration of FMRP expression in FXS neurons. At low doses (e.g., 0.05% volume),
only some neurons express FMRP after transduction. At higher doses, nearly every
neuron expresses FMRP, but increased lentivirus doses increase average per-cell
expression. b Quantitative ICC showing amount of FMRP introduced via the len-
tivirus across a range of doses. Fluorescence in the proximal cytoplasm was esti-
mated for each cell (identified via nuclei) and aggregated to a field-level average, then
log-transformed and rescaled such that the on-plate control group = 1, after which
data from all plates were combined. ¢ Radar plots showing the FXS phenotype (red)
vs CTRL wells (blue) alongside FXS + lentivirus at a single 1% by-volume dose (teal)
for each of the five patient-control pairs (both clones for each donor). Values reflect
the common language effect size. Beneath is the LDA scores for each group, fit over
the isogenic phenotype and applied to each patient-control pair. d LDA score for

isogenic FMRI ™" neurons treated with 8 increasing doses (represented as % volume
of lentivirus) of either an mOrange fluorescent tag, an attenuated form of FMR1, ora
full-strength FMR1, for each of two replicate rounds (round 1 top, round 2 bottom)
plated fresh-from-thaw. For each lentivirus condition, lentivirus treated neurons
were compared to undosed FXS and CTRL neurons from the same row on the 96-
well plate. e Top: Quantitative ICC of FMRP fluorescence of control neurons (blue)
and FXS neurons (red) treated with 8 increasing doses (represented as % volume of
lentivirus) of either an FMRI lentivirus (right) or attenuated FMRI lentivirus (left).
Each dot is a neuron. Fluorescence in the proximal cytoplasm was estimated for each
cell (identified via nuclei) and aggregated to a field-level average, then log-
transformed and rescaled such that the on-plate control group = 1, after which data
from all plates were combined. Bottom: Rescue of Spontaneous Frequency pheno-
type in optical electrophysiology analysis from the same round of data, with the same
conditions. Each dot is a well (to better see the change in a subtle phenotype).

rescue was observed whether FMRI was delivered ~1 month before imaging
(DIV9/10; Fig. 3) or 2 weeks before imaging (DIV30) (Supplementary Fig. 5c¢).

Neuronal network and glial effects of the presence or absence
of FMRP

Fragile X syndrome disease severity is known to be modified by mosaicism®’.
In this context, we explored such effects by co-culturing FXS and control
neurons in different proportions. One recent multi-electrode array study
suggests that 20-50% of neurons in a network must be corrected to move the
entire network to WT excitability levels”. We expanded on this work by
evaluating spiking behavior while under synaptic blockade at the time of
imaging, where the surrounding WT cells might freely alter the maturation
and development of FMRP-deficient neurons during the preceding incu-
bation but would not propagate normal functional signatures through the
network during recording. Additionally, because our optogenetic system
provides single-cell resolution and compatibility with other fluorophores,
we were able to fluorescently tag WT and FXS neurons (Fig. 4a; see Methods
for additional details) and assess phenotype rescue specifically in FXS
neurons that have been co-cultured with different proportions of WT
neurons. While the recent study provided evidence that the network as a
whole can be rescued by some proportion of FMRP-expressing neurons™,
we evaluated whether co-cultured networks of different proportions of WT
neurons can rescue the single cell-resolved, cell autonomous excitability
phenotypes in FXS neurons.

Co-culturing FMR1 ™" neurons with increasing percentages of WT
neighbors in the neuronal network monotonically corrected the FXS
neuron intrinsic excitability behavior for each of the individual phe-
notypic parameters (Fig. 4b) and the composite disease score (Fig. 4c).
Functional rescue was seen by just 20-30% network rescue (LDA
disease-score difference between 20% co-culture and monoculture
FXS=0.649 [95% CI 0.167-1.131], t(81.1) =2.637, p=0.01, percent
recovery = 52.7%), and 50% network rescue approximately restored WT
behavior (LDA disease-score difference between 50% co-culture and
monoculture FXS=1.223 [95% CI 0.731-1.715], t(81.1) =4.88,
P <0.001, percent rescue = 99.3%), despite the absence of FMRP in the
cells being measured. This finding suggests that only part of the network
needs restoration of FMRP expression to provide a therapeutic benefit to
FMRP-lacking neurons within the network.

FMRP is not expressed exclusively in neurons and has been detected in
astrocytes. The influence of FMRP-negative astrocytes on WT neurons has
been explored using mosaic cultures from Fmrl knockout and WT mice
(WT and mutant neurons plated with WT and mutant glia) and suggests
that FMRP-deficient glia may play an important role in FXS
pathophysiology***. Given that our phenotyping experiments were mea-
sured in the presence of WT mouse astrocytes, we aimed to better under-
stand the effect of mutant astrocytes on our FXS neuronal hyperexcitability
phenotype. To this end, we separately cultured WT and FMRI™ human
neurons on Fmr1"” and on Fmrl " mouse glia. We observed that culture of
WT neurons on Fmrl ™ rodent glia significantly moves neuronal behavior
towards the FXS state and culture of FMRI ™ human neurons on Fmrl ™"

mouse glia results in a more pronounced disease phenotype (Supplementary
Fig. 6). Correspondingly, the largest phenotypic window is observed when
WT neurons are plated with WT glia and KO neurons are plated with
KO glia.

Assay optimization and validation

To further validate and test the performance of our human neuronal FXS
assay, we performed a pilot screen of a set of pharmacologically defined
reference compounds that modulate targets of past FXS drug candidates,
potential FXS therapeutic targets described in the literature or targets
deemed relevant to the multiparameter FXS functional phenotype. Several
experiments around assay optimization were performed prior to screening
(see Methods). Plate layouts and experiment design for the compounds
screen are shown in Supplementary Fig. 7. Screening was performed in both
the isogenic pair and a single FXS patient/control pair.

Clear phenotypes were observed on the sentinel plate and on-plate
controls of the screening plates for both sets of cell lines (Fig. 5a, b,
median Z’ of screening plate composite LDA scores = —0.016 for iso-
genic and —1.77 for patient/control screens). Ten clear hits were iden-
tified in the isogenic screen, while five additional molecules were flagged
as “borderline/partial hits”, and one molecule showed “anti-hit” beha-
vior (Supplementary Table 2). Screening of the same compound set in
the patient/control line identified the same ten clear hits, and in this
experiment the five “borderline” molecules also appeared as hits (Sup-
plementary Table 2). Several well-validated FXS targets from the lit-
erature yielded hits (BK channels, GABA receptors, Slack channels), and
we were also able to identify multiple hits for the same target, lending
further evidence to the relevance of these targets (Supplementary
Table 2). Hits identified as correcting the LDA score are shown in Fig. 5¢.
Radar plots depicting the FXS fingerprint with compound treatment for
7 example hits are also shown (Fig. 5d). Correction of the raw values of
example features from a subset of hits is shown in Fig. 5e. Targets that
were identified to correct at least some parameters of the phenotype
include: BK channels, SK channels, GABA receptors and GABA trans-
porter, Racl, Nay channels, and Cay channels.

We next performed hit confirmation that included re-screening the
16 hits, including the anti-hit, from the primary screen plus an additional
8 compounds for a subset of targets to build additional confidence in the
specificity of select target mechanisms (See Supplementary Table 2 for
information on compound mechanism of action). These 24 compounds
were screened in 8-point concentration-response format ranging from
0.001 uM to 3 uM. Out of the 24 compounds screened in dose-response,
seven of the ten strongest hits from the primary screen showed clear
dose-response in this range, building support for these targets. Example
concentration-response curves for a single hit for two example features
are shown (Fig. 5f). Additional compound concentration-response data
can be found in Supplementary Fig. 8. Overall, this pilot screen
demonstrates the applicability of the assay to compound screening and
the examination of molecular underpinnings of FXS disease
mechanisms.
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Fig. 4 | Modulation of electrophysiological FXS phenotypes via mosaic co-
cultures. a Left: 2D histogram showing the number of cells fluorescing in each of the
tag channels (where the orthogonal expression is apparent in the vertical and hor-
izontal ridges) with colors aliased at a max of 75 cells per bin to prevent washout by
the high-density peak of non-fluorescers, with 1D kernel density estimates over cells
for each channel along the margins. Right: every individual cell in the same data set,
color-coded to indicate the assigned tag label, with FXS labels in red and CTRL labels
in blue, and ambiguous or non-fluorescing cells in gray. b Radar plot showing the
dose-dependent rescue of the phenotype in isogenic reagents via increasing pro-
portions of CTRL neurons in well. Values reflect the common language effect size.
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Only FXS neurons are reflected in the data from the co-cultured wells (meaning that
these data show rescue specifically in cells that do not express FMRP, rather than
simply of the overall network which includes CTRL neurons). Neurons are under
synaptic blockade at the time of imaging but spent the prior >29 days in vitro without
synaptic blockers. ¢ LDA score for 100% control (blue) vs. 100% FMRI ™" (red) and
increasing amounts of WT neurons in the network (purple, dark green, light green,
yellow). Error bars indicate standard error. Points are well-averages. Point size
reflects sample weight (square root of number of quality FXS neurons identified via
fluorescent tag in that well). Only FXS neurons are reflected in the data from the co-
cultured wells.

Discussion

Gaining a deeper understanding of the neurophysiological impact of loss of
FMRP in a human neuronal context is important to enable identification and
qualification of disease modifying therapies for FXS. We have applied our
CNS discovery platform of high-throughput all-optical electrophysiology
with single cell and millisecond temporal resolution and machine learning
analytics, to comprehensive neurophysiological phenotyping of human iPS
cell-derived models of FXS. From this analysis, we have developed an
optimized multiparameter phenotype that captures a broad set of intrinsic
neurophysiological features that are perturbed in the absence of FMRP. The
identification of these altered neuronal properties and the optimization to an
assay configuration suitable for drug discovery applications were uniquely
enabled by the high throughput and automated characteristics of the all-
optical electrophysiology and deep analytics, which permit synthesis of

information recorded from vast numbers of individual neurons derived from
multiple cell lines and clones. The assay provides a tool for probing neu-
rophysiological disease mechanisms underlying FXS and a basis for ther-
apeutic approaches that address this core pathogenic domain.

The multiparameter functional phenotype we identified includes
increases in (1) spontaneous action potential frequency, (2) the average
firing frequency within the population of spontaneously active neurons, (3)
the proportion of neurons in a well that don’t spontaneously spike, (4)
increased rebound firing after stimulus termination, as well as decreased
rheobase, during the (5) fast ramp and (6) linear conductivity ramp (a blue
stimulus stimulation that linearly increases the proportion of open CheRiff
channels across 2.5 s). Additionally we identified changes in (7) how quickly
the downstroke of the action potential is elicited by the highest stimulation.
Many of these features indicate a hyperexcitable state in FXS neurons
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relative to control neurons. This hyperexcitability is generally in line with
previous studies of Fmrl KO mice and human iPS cell-derived
neurons'*” ", Multiple previous electrophysiological studies of human
iPS cell-derived neuronal models of FXS using either MEA or traditional
patch clamp methodology have reported increased neuronal firing rate or
bursting frequency, consistent with our results. However, our study extends
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on previous findings in several key aspects. The high throughput nature of
our optical electrophysiology platform enabled analysis of a large number of
cell lines with multiple clones per line and multiparametric electro-
physiological analyses of many thousands of neurons per line. This scale
yielded identification of a consensus, multi-feature phenotype that includes
discrete active membrane properties as well as more complex action
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Fig. 5 | Small molecule screen identifies multiple hits and targets for therapeutic
development. a Recapitulation of the FXS electrophysiological fingerprint in iso-
genic neurons measured in a sentinel plate on the day of screening. Values on the
radar plot reflect the common language effect size. b Recapitulation of the FXS
electrophysiological fingerprint in patient/control neurons measured in a sentinel
plate on the day of screening. Values on the radar plot reflect the common language
effect size. ¢ The LDA score for on-plate control (blue), on-plate FXS (red), and FXS
neurons treated with 86 unique small molecule compounds for the isogenic reagents
(left) and a representative patient/control pair (right). All hits identified as green on
the graph. Anti-hits marked in yellow-orange. Bars are 95% confidence intervals.

d Radar plots for 7 example small molecule compound hits represented as green on
each radar plot compared to the control (blue) vs. FMRI™" (red) FXS fingerprint. For
each example hit, the compound ID and molecular target are listed. e Rebound spike
rate (left), LDA score (middle) and rheobase (right) for different example compound
hits plotted per well and separated by replicate plates. f Dose-response graphs for
spontaneous frequency (left) and rheobase (right) for an example compound on the
isogenic cell lines. On-plate controls shown in red (FXS, left) and green (CTRL,
right), with the dose and the response of the EC5,/ICs, marked with dotted blue line.
Dotted green line is the mean of the controls.

potential firing properties. We propose that this higher resolution pheno-
type, which can probe modulation of multiple underlying components, is
essential for identifying targets and compounds that specifically reverse,
rather than simply mask, underlying disease biology. Second, the scale and
format of our FXS functional assay is directly amenable to higher
throughput drug discovery applications, providing a significantly improved
basis for incorporating read-outs of fundamental neurophysiological
aspects of FXS human disease biology into target identification and ther-
apeutic screening and qualification efforts.

Though FXS has a number of core, commonly observed features, there
is a significant degree of phenotypic and genetic heterogeneity in FXS™.
Mosaicism in CGG repeat length or degree of FMRI gene methylation are
key direct genetic factors that can influence disease phenotype”. In addition,
variation in genetic background likely contributes to disease heterogeneity”".
This variability could present a challenge for development of a generally
disease-relevant neuronal model of FXS. We took several approaches to
address this variability. First, we evaluated functional phenotype in neurons
derived from five unrelated FXS patient/matched control pairs to ensure
that detected phenotypes are representative across individual patients.
Second, we used matched controls to limit the impact of background genetic
variability in each patient/control comparison to focus analysis on disease
mechanisms directly related to FMRP deficiency. Third, we selected patients
that scored within a defined range in relevant cognitive tests to ensure a
degree of uniformity among patients in disease severity for the intellectual
disability domain. Fourth, we confirmed the lack of FMRP expression in all
patient cellular reagents. These elements of our approach likely contributed
to our ability to identify a consensus, multiparameter phenotype that was
present in the majority of case/control pairs. The deviation from this phe-
notype in 1/5 pairs could result from background genetic variation as we
confirmed that it did not correlate with repeat length or symptom severity.
Extending the analysis to a larger number of case/control pairs may be useful
to determine whether there are any additional recurrent multiparameter
phenotypes that may be relevant to subsets of patients across the spectrum of
genetic diversity.

We validated the relevance of the composite phenotype to FXS disease
by using lentiviral-mediated re-expression of FMRP to confirm the
dependence of the phenotype on FMRP deficiency. By using two lentiviral
FMRP expression vectors, a full-strength vector, and a translation atte-
nuated form, we were able to generate a high-resolution titration of FMRP
re-expression in FMRP-deficient neuronal cultures. This approach revealed
FMRP-dependent rescue of the composite functional phenotype, with a
clear relationship between FMRP expression level and degree of rescue for
each vector. The results indicated that statistically significant rescue of
FMRP-deficient neurons towards control behavior occurs at expression
levels as low as ~20% of WT FMRP expression. Full rescue of most of the
individual components of the disease phenotype was achieved with FMRP
re-expression, albeit at levels ~1.5-fold the endogenous level. Not all phe-
notype parameters achieved full rescue by the maximum dose (e.g. rebound
firing), and correspondingly, the LDA composite phenotype score also only
showed partial rescue.

A second approach we applied to validate FXS disease relevance of the
assay was to examine modulation of the functional phenotype by mosaicism
achieved through co-culturing FMRP-deficient and control neurons in
different proportions in the assay cultures. Cellular mosaicism is a known

modulator of FXS disease severity”, providing a means to test whether the
assay is sensitive to a disease-relevant modulatory factor. We found that
presence of ~50% control neurons in the cultures was sufficient to fully
rescue the functional disease phenotype in the FMRP-deficient cell popu-
lation. Importantly, the cellular resolution of the assay system enabled
demonstration that presence of this percentage of control neurons in the
cultures fully rescued the intrinsic disease phenotype in FMRP-deficient
neurons, indicating complete rescue throughout the neuronal network. It is
intriguing that maturation within a network containing control neurons can
correct intrinsic deficits in FMRP-deficient neurons, indicating potential for
non-cell autonomous therapeutic mechanisms.

Implementation of gene-based therapeutic approaches to FXS invol-
ving FMRI gene replacement or reactivation requires understanding of the
level of FMRP expression and the proportion of FMRP expressing cells
required for therapeutic benefit. The lentiviral expression and mosaicism
experiments, in addition to validating disease-relevance of the assay, indi-
cate the utility of the assay to address these important questions for
enablement of gene-based therapeutic strategies. A previous study identified
anetwork hyperexcitability phenotype in a human iPS cell-derived neuronal
FXS model and applied the phenotype to address these similar questions™.
While general conclusions were similar to those of our study, there are
quantitative differences between the findings, with lower mean FMRP
expression and a lower degree of mosaicism found to normalize the phe-
notype in the prior study’’. There are several key differences between the two
studies that may explain this discrepancy. The previous study used MEA
recordings from spontaneously active networks in the absence of synaptic
blockade and measured a weighted firing average while our study focused on
a multiparameter intrinsic activity phenotype. Additionally, the FMRP
titration in the previous study was achieved by titrating an FMRI antisense
oligonucleotide in control neurons to knock down FMRP to different
degrees, while our titration was achieved via lentiviral delivery to neurons
lacking FMRP in a genetic rescue context. Finally, the mosaicism analysis in
the prior study did not specifically measure phenotype rescue within FMRP-
deficient neurons but rather measured the entire network, including the
control cells. Further work, including evaluation of rescue by different
FMRP isoforms and varying kinetics of FMRP introduction during neu-
ronal differentiation and maturation should help to more definitively
address these questions to enable gene-based therapeutic approaches.

To validate assay performance and assess the multiparametric read-
out in relation to targets previously associated with FXS disease biology,
we screened a small library of pharmacologically defined reference
compounds with reported relevance to FXS. A total of 86 compounds
were tested and 10 hits were identified in the screen on the isogenic pair,
all of which also appeared as hits in the patient/control screen. There
were an additional 5 borderline compounds in the isogenic screen that
were detected as true hits in the patient/control screen. Compounds
targeting several different ion channels previously implicated in FXS
pathogenesis were identified as hits in the screen, and the individual hits
rescued at least some parameters of the phenotype. We anticipate that
compounds with ability to fully rescue all parameters would be more
likely to address and correct underlying FXS disease biology and thereby
have greater potential to yield therapeutic efficacy, representing the
benefit of a high-throughput, disease-focused, multiparametric neuro-
physiological screening assay.
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In addition to excitatory neurons, there is evidence for FXS pathogenic
mechanisms in other cell types, including inhibitory neurons and
astrocytes”®’"”2. Our preliminary work with Fmrl knockout mouse
astrocytes indicated that FMRP-deficient astrocytes can exacerbate the
composite disease phenotype, consistent with pathogenic contributions
from multiple cell types. Future work applying our all-optical electro-
physiology platform to examine human iPS cell derived FXS co-culture
models including excitatory and inhibitory neurons and glial cells will be an
important extension of the current study.

In summary, we have developed a novel assay of altered neurophy-
siology in human neuronal models of FXS. Our results highlight the value
of scalable, multiparameter read-outs that can broadly capture neuro-
physiological effects stemming from disease-relevant perturbations in a
human neuronal context. The assay system provides a tool for further
studies of FXS disease biology. The platform can be similarly applied to
other neurological disorders with a genetic basis and is applicable across
multiple therapeutic modalities. Given the pleiotropic nature of FMRP,
which is known to regulate many targets in the brain relevant to neuronal
and synaptic activity, comprehensive assays of this type are essential for
identifying and qualifying candidate targets and therapeutics to address
core disease biology.

Methods

Human iPS cell line culture and NGN2 neuronal production

For the generation of FXS patient-derived iPSC cell models, we used sample
collection protocol and consent forms approved by RUSH University
Medical Center’s IRB to obtain peripheral blood samples (2-4 mL) from 5
male Fragile X Syndrome patients and from 5 healthy control male relatives
(brother or father). Peripheral blood mononuclear cells (PBMCs) were then
isolated from these samples by density gradient centrifugation with Ficoll.
PBMCs were reprogrammed into induced pluripotent stem cells (iPSCs)
using non-integrating transient overexpression of the pluripotency factors
OCT4, KLF4, SOX2 and ¢-MYC, via Sendai virus transduction (Cytotune
2.0 kit, Life Technologies). At least four to five independent reprogrammed
clones per donor were established into iPSC lines, and these cells were
routinely expanded in culture using mTeSR1™ medium (STEMCELL
Technologies) and 6-well cell culture dishes precoated with Matrigel™
(Corning). At least two iPSC lines per donor were used for subsequent QC
assays, neuronal production and phenotyping. For the generation of
FMRI™ and FMR1 " isogenic iPSC lines, we used CRISPR/Cas9 to target
the disruption of the FMRI gene in the control iPSC line (FMR1*?) M28,
which was initially derived from a neurologically healthy male donor. Cas9
and gRNAs targeting an early FMRI exon were used to induce insertion/
deletion mutations resulting in early truncations via frameshift of the FMRI
mRNA. CRISPR/Cas9 edited clones were screened via Sanger sequencing
and lack of FMRP expression as a result of FMRI genetic disruption was
confirmed in the selected iPSC clones using a Simple Western™ assay. At
least two edited iPSC lines were used for subsequent QC assays, neuronal
production and phenotyping. Neuronal production was carried out as
previously described”. iPS cell lines were differentiated into cortical exci-
tatory “NGN2” neurons using a transcriptional programming approach
mediated by doxycycline induction of the pro-neuronal transcription factor
NEUROGENIN-2% but combined with small molecule modulation of
key developmental pathways (DUAL SMAD “D.S.” inhibition) as pre-
viously reported”. These neurons were referred to as NGN2 + D.S. To
initiate neuronal cultures for optical physiology and immunocytochemistry
assays, differentiated neurons were plated at 70,000 cells 420,000 mouse glia
per well of a 96-well plate (Ibidi"™) and maintained for 30 days (days in vitro
30 or DIV30) or 45 days (DIV45) in neuronal maturation medium as
previously reported”.

Delivery of all-optical physiology components

Lentiviral transduction of cultured neurons with actuator and reporter
components was performed 2 weeks before imaging for the intrinsic
excitability measurements. Neurons were transduced with lentiviral

particles encoding the blue light-activated channelrhodopsin CheRiff-BFP
and the voltage reporter QuasAr-Citrine®. All lentiviral particles were
produced at Q-State and all expression constructs utilized a human synapsin
1 (hSyn1) promoter for neuronal-specific expression.

Neuronal all-optical physiology measurements and quality
criteria

Custom blue stimulus protocols were used to evoke a range of firing
behaviors. QuasAr fluorescence was captured using a custom high-
throughput microscope’ at ~1kHz frame rate. The movies were then
segmented and voltage signals from individual cells extracted’*”, yielding a
throughput of about 60,000 cells per hour, with patch clamp-like resolution.
Intrinsic excitability measurements, with cells under total synaptic blockade
at the time of imaging, were carried out at both 30 and 45 DIV. Patient/
control data were utilized for data mining, as the five donor families (two
clones each from a patient and a familial control) were convenient and
appropriate holdout folds for cross-validation (where holdout data shares
no confounding dependencies with training data). Candidate parameters
from this data mining step were then confirmed with inferential statistics
tests using the isogenic cell model data, with adjustments for multiple
comparisons (see Phenotyping section). All inferential tests reported in this
manuscript are two-sided, with alpha = 0.05.

Movies of the QuasAr fluorescence channel were typically recorded at
~1kHz and functionally segmented to find spatially coherent pixels with
correlated signals serving as neuronal candidates, called “sources”. All
experiments were recorded in a custom in-house BrainPhys imaging buffer.
The BrainPhys medium used for neuronal imaging is prepared with the
following components, all purchased from Sigma-Aldrich: 115 mM NaCl
(55886), 18 mM Sodium gluconate (G9005), 4 mM Glucose (G8270), 3 mM
KCl (P5405), 1.1 mM CaCl2 (C5670), 1 mM MgSO4 (M7506), 0.5 mM
Na2HPO4 (S5136), 0.45 mM NaH2PO4 (S5011), and 0.15 mM Sodium
Pyruvate (P2256). To prepare the medium, powders for each component
were weighed out and prepared as 50X stock solutions in deionized water
(dH20) for each component. 50x stock solutions were then added to a
volumetric flask to achieve final concentrations specified above. 1 M HEPES
(Gibco, 15630-080) was added to achieve a final concentration of 10 mM.
Deionized water (dH20) was then added to bring the medium to the final
volume. The pH of the BrainPhys medium was adjusted to 7.4, and the
solution was filter-sterilized prior to use. For measurements of intrinsic
excitability, D-AP5 (25 uM), GABAzine (20 uM) and NBQX (10 uM) were
included in the buffer to block most relevant synaptic transmission. The
average fluorescence trace for each source was then corrected for photo-
bleaching and optical crosstalk and run through a spike detection algorithm.
The trace was split into epochs at changes in stimulation. Parameters of the
spike shapes (e.g. height, width, afterhyperpolarization, 1* and 2 deriva-
tives of the rising and falling edge), spike timings (e.g. time to first spike, time
oflast spike, inter-spike intervals), spiking patterns (e.g. frequency, bursting,
onset frequency at the start of stimulation, stable “plateau” frequency during
stimulation, rebound firing after stimulation), and changes in spiking
behavior (e.g. adaptation in firing rate over constant stimulation) were then
quantified for each stimulation epoch of each trace, with some stimulation-
specific measures (e.g. rheobase during a ramp, frequency of bursts during
long spontaneous periods)®'. Source morphology was also parameterized,
and source candidates were automatically rejected if they did not meet
standard quality criteria for size (minor width of an ellipse fit to the esti-
mated cell body >10 microns), clarity (cells for which the ratio of the
brightness of the source mask and the brightness of an equivalent image
with no speckling is greater than 10 are discarded), brightness (average
fluorescence over background), and signal-to-noise ratio (where the spikes
are the signal and the high-frequency shot noise in the trace is the noise,
requiring a ratio greater than 3). We also rejected the nearly-non-spiking
sources (a unique second population of sources, distinct from the primary
distribution, that only spike ~1-3 times total during an entire protocol,
typically comprising 5-20% of the otherwise “quality” sources in any given
experiment), as we expected a subtle phenotype and anticipated that these
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low-information sources would decrease the sensitivity of our assay. The
quality sources were then aggregated to the well level with an algorithm that
estimates the centrality of each parameter using the statistic (e.g. mean,
median, trimmed mean) most appropriate for that parameter class (mostly
considering skew, outliers, discretization, and the information of greatest
biologic interest). Finally, additional derived features were constructed using
a sparse PCA over the training data. The output was a table with wells down
rows and measurements (called “features”) across columns.

Phenotyping

Phenotyping was conducted primarily on the large intrinsic excitability data
set shown in Fig. 2, spanning five patient/control pairs as well as CRISPR/
Cas9 iPSC isogenic models (all with multiple clones). Neurons were eval-
uated while under synaptic blockade after 30 DIV, recording 3 movies per
well. The ultimate goal of phenotyping was to infer FMRP-dependent
changes in cell behavior given the data collected across cell lines, rounds,
plates, and cell models (patient vs CRISPR/Cas9-isogenic). With hundreds
of measured outcomes, we used the patient/control reagents as a training set
for feature selection using machine-learning, and the CRISPR lines as a
confirmatory holdout using inferential statistics. Three rounds of data were
used for both training (patient/control reagents) and for validation with
inferential methods (CRISPR/Cas9-isogenic reagents), with 12 wells plated
per cell line per round, split across different plates at counterbalanced plate
locations. With 2 FXS and 2 control cell lines for each of the five patient/
control pairs, this yielded 240 wells per round for the feature search, for a
total of 720 balanced training samples available across the three rounds. The
isogenic reagents only had a single control line plated at the same 12 wells
per round, leaving the validation set imbalanced (though note that we are
validating the individual features, not a predictive model).

In the patient/control data, we began by removing extremely colinear
features. In these cells, it was found that similarly situated parameterizations
of many spike shape characteristics (e.g. shape of the first spike vs average
shape across all spikes within a stimulation) tended to be correlated. As
adaptation changes have been observed in the literature, we elected to keep
the shape parameters from the first spike, before significant adaptation
could affect behavior (which can confound shape and activity signals).
Features were then trimmed via an iterative algorithm that interrogates the
correlation matrix and drops features with information already captured
elsewhere. Then, we evaluated independent predictive value for the diag-
nostic labels (via logistic regression). For each feature, models were fit using
leave-one-group-out cross validation over the five patient/control pairs.
Feature importance was computed as the average of the regression coeffi-
cient over folds weighted by cross-validated F1 score. Measures of rebound
firing, rheobase, and proportion spontaneously active cells dominated
rankings of activity features, while high-stim spike width and mid-stim AHP
time were prominent among shape features. The top feature was area (a
morphology measure). Features were dropped from consideration in sub-
sequent analyses if mean cross-validated F1 scores was less than 0.5 or had a
feature importance more than an order of magnitude less informative than
the best features. This approach biases our search towards independent
phenotypes over which we can search for correction by compound or
reintroduction of FMRP (particularly in the case of partial correction, where
we want to clarify which features are corrected and to what extent), but has
the consequence of missing decision boundaries that traverse feature
combinations instead of any particular feature.

Next, additional data mining was performed to further reduce the
feature set towards an optimal mix using embedded feature selection
methods. As low-information features have already been removed, this can
be interpreted as a search for a favorable set of features carrying some
orthogonal signal. To this end, robust elastic-net models were fit using all the
remaining features, again with a cross-validation rotation over patient-
control pairs (centered to the control of each pair to remove pair effects),
implemented by scikit-learn’’. An iterated hyperparameter search opti-
mized the regularization scale (“alpha”), and found the maximal elastic net
mixing parameter (11_ratio in scikit-learn) that kept validation loss of the

whole model to within tolerance of the best-performing model, in order to
encourage more aggressive feature trimming within a specified information
loss (if a pure L1 model is in fact optimal in this regard, it should be
approached). Composite feature importance values were calculated on
average over the folds by weighting the individual coefficients from each
model proportional to the validation performance of that model. Top
activity features again included rheobase and rebound firing, but also
included measures of adaptation, onset frequency, and proportion of sti-
mulations with just 1 or 0 spikes. Top shape features included spike height,
depth of the afterhyperpolarization, and the first and second derivates of the
falling edge of the action potential under high stimulation. The top feature
was again area. A final pass over the top features was then conducted to drop
features that were not statistically robust in the training set between replicate
rounds. These feature candidates, plus promising candidates from the
independent phenotypes (e.g. spontaneous frequency) were then taken to
the isogenic reagents for statistical inference, with a Bonferroni correction
for multiple comparisons, and features that did not validate in the ortho-
gonal cell model across multiple rounds were dropped. Many features
(including area) only reached significance in one or two rounds. The final
phenotype is shown in Fig. 2.

Composite metrics

A single, composite outcome was used in instances where the average
extent of therapeutic rescue was of interest, such as for lentivirus
experiments and compound screens. In such cases, we conducted a
linear discriminant analysis (LDA) over phenotype features to find the
linear projection that maximized group separability. The LDA scores
shown in Figs. 2-5 used the features shown in the corresponding radar
plots, but removed remaining sources of high collinearity (e.g. we only
use two of the three spontaneous activity features) or instability (e.g. the
shape feature, which proved unreliable). The screen and some lentiviral
interventions also utilized an on-target/off-target vector decomposition
method, which uses a numerically stable implementation of the cosine
rule to project the intervention wells onto the axis defined by the positive
and negative controls for the “on target” score and captured the
orthogonal distance to the intervention well as the “off target” score. This
used nearly all measurements as inputs and weighed them approxi-
mately equally but expressed all vector magnitudes via Mahalanobis
distance to account for data correlations. In cases where a sentinel plate
was available, these projection methods were fit using the sentinel plate
and then applied to the experimental plates, to prevent overly optimistic
assay quality scores for each plate (using the on-plate controls).

Lentivirus phenotype rescue

Several experiments were conducted to evaluate phenotype rescue following
reintroduction of FMRI via lentivirus. Three lentiviruses were used (1) healthy,
full-length copy of FMRI (2) an FMRI engineered to reduce expression by
10-20x*, and (3) an fluorescent mOrange construct as a negative control. All 3
viruses were driven by the human synapsinl (HSyn) promoter. Lentivirus was
delivered to neurons on either DIV9/10 or DIV30 and then imaged on DIV45,
as indicated. After titrating the approximate dose of lentivirus required to
restore some FMRP to the large majority of cells using automated high-content
imaging (see below), we conducted a single-dose rescue experiment over all 20
patient-control cell lines (every cell line received a dose) in addition to the
isogenic model (Fig. 3¢). The experiment was repeated two additional times
using fresh-from-thaw platings of neurons. Each plate of cells only had up to 4
cell lines with several on-plate replicates. To handle this hierarchical data
structure, statistical tests were conducted for each feature of the phenotype
using linear mixed-effects models of disease state (FXS vs control) * lentivirus
dose (0% vs 1%), with a by-plate random intercept and a by-plate random
slope for disease state, lentivirus dose, their interaction, and all correlations to
the random intercept. Models were fit with the Ime4” R package. The marginal
effect of lentivirus dose within the FXS cell lines was derived using the
emmeans’ R package and evaluated for significance using a Satterthwaite
approximation for degrees of freedom.
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We then evaluated the concentration-response of phenotype rescue on
select cell lines for both the FMRI lentivirus and the FMRI+Attenuator
lentivirus, versus equivalent doses of a control mOrange lentivirus with the
same basic design and promotor (Fig. 3d) across a 8-point dose-response.
Statistical tests were conducted for each feature of the phenotype and the LDA
composite using linear mixed-effects models of lentivirus (mOrange,
FMRI+Attenuator, FMRI) * dose, with a by-plates random intercept and a
by-plates random slope for lentivirus, dose, their interaction, and all corre-
lations to the random intercept. The mOrange control and 0% dose were set
as reference levels in the dummy-coding, so effects of interest (marginal
rescue above and beyond mOrange for each of the doses) were directly
estimated by the model and did not require computation of marginal means
for post-hoc contrasts. Models were again fit via Ime4, and statistical sig-
nificance was evaluated via the ImerTest” R package. For all rounds, plates
were fixed and stained immediately after functional imaging, and immuno-
cytochemistry was used to quantify FMRP expression.

Fmr1~" glia model

Because our human neuronal assay utilizes mouse glia to help support stable
long-term cultures, and wild-type mouse glia express trace amounts of
FMRP (several orders of magnitude lower than the neurons), we evaluated
the impact of FmrI™ mouse glia on the FXS phenotype. Male Fmrl
knockout mice (Fmr1-KO) on the C57BL/6] background were used as a
source of glial cells in all relevant experiments. To generate these animals,
the breeding scheme crossed a wild-type male C57BL/6] mouse (Jackson
Laboratory Stock Number: 000664) with a female Fmrl heterozygous
mouse (Jackson Laboratory Stock Number: 003025). Weened progeny were
group housed with sex matched littermates on static racks and maintained
on a 12:12 h light:dark cycle. All experimental techniques were approved by
the Committee on Animal Care at MIT and all animals were handled in
accordance with NTH and MIT guidelines. Males were genotyped to identify
Fmr1™" and Fmr1™ mice. Glia were obtained from each group and frozen,
pooled across individual mice. Concurrently, non-littermate male Fmrl ™"
glia were obtained from a different mouse colony using a different breeding
scheme, to protect against breeding-pair-specific idiosyncrasies. Glia from
the wild-type and two Fmrl ™" groups were plated alongside wild-type
and FMRP deficient human neurons, then allowed to grow for 30 days
in vitro. Optical electrophysiology recordings were collected for all neurons
(Supplemental Fig. 6). Statistical tests were conducted for each feature of the
phenotype and the LDA composite using linear mixed-effects models of
human neuron genotype (FMRP deficient vs wild-type) * mouse glia group
(wild-type, littermate Fmrl ¥, alternate site Fmrl "), with the maximal by-
plates random effect structure (random slopes and intercepts for both main
effects and interactions with correlations). Models were fit with lme4,
evaluated with the emmeans package, and plotted with the sjPlot* R
package.

Mosaicism model

FMRI™" neurons were plated at various densities and co-cultured with
complementary fractions of WT neurons, with each genotypic group being
differentially labeled with red (for FMRI™) or green (WT) fluorescent
protein (RFP and EGFP, respectively) reporters via Cre-mediated recom-
bination. Supplemental images acquired following all-optical physiology
measurements were used to quantify the RFP and EGFP fluorescence for
each of the neurons detected in the functional recordings. Figure 4a (left)
shows the distribution of cells expressing the two different fluorescent
reporters, showing efficient orthogonal expression of the Cre-dependent
constructs. Cells unambiguously expressing only one tag were then labeled
as FXS or control neurons (Fig. 4a, right). More specifically, an allotment of
FXS neurons were plated on the first day of the experiment and dosed with
Cre. The Cre virus was washed out the next day, and a complementary
amount of control neurons was added without Cre. Later, a Cre-on fluor-
escent tag was added (which should fluoresce in the FXS neurons but not in
the wild type neurons) along with a Cre-off fluorescent tag in a different
channel (which should fluoresce in the control neurons). After collecting

optical electrophysiology measurements from each movie, still images of the
two fluorescence channels were collected and the local mean fluorescence
for each source over the local background in that channel was computed
(note that this occasionally returns a negative value when a source is dimmer
on average than the local surroundings). Because the fluorescent tags were
orthogonal, each channel had sources distributed in a zero-inflated right-
skewed distribution: a significant proportion of cells didn’t express that tag,
and the sources that expressed the tag did so to varying degrees. We iden-
tified the hinge in the zero-inflated portion of each distribution using esti-
mates of the post-peak second derivative and used these values as thresholds
in the two channels. Cells were tagged as being FXS in genotype if they
expressed the Cre-on tag at levels outside the zero-inflated peak, but inside
the zero-inflated Cre-off peak. Similarly, cells were tagged as being control if
they expressed the Cre-on tag at levels inside the zero-inflated peak, but
outside the zero-inflated Cre-off peak (Fig. 4a). All other sources (which
expressed both tags or neither tag) were labeled as “ambiguous” and
removed from further analysis. The tagged FXS sources were evaluated
using the identified FXS phenotype, with groups separated by the propor-
tion of control cells with which they were initially co-plated. Importantly,
these functional readouts were collected while under synaptic blockade, and
reflect the consequence of long-term exposure to control neurons on iso-
lated intrinsic excitability. Statistical significance of rescue was evaluated
using a linear mixed-effects model with the maximal by-plates random
effects structure, with a Satterthwaite approximation to degrees of freedom.

Primary screen

We performed several experiments including varying the blue stimulus
protocol, imaging parameters, and cell density to optimize the assay window
to fully enable large scale studies of FXS and screening applications. These
individual changes resulted in phenotype window improvements as
indicated. The final, fully optimized screening assay resulted in a single-well
Z’ of —0.168 between wells of WT and FXS neurons across 12 plates; groups
of 3 wells were averaged to further improve the screening window. The
compatibility of our assay with detecting “hits” from screening was also
assessed by discriminating blinded delivery of an FMRI lentivirus vs. a
fluorescent tag.

For the compound screen, we compiled a set of 86 compounds. As this
purpose of the screen was to validate our FXS functional phenotype and
assay, these compounds were tool compounds selected to modulate a variety
of targets previously shown to be implicated in FXS models (see Supple-
mental Table 2). These compounds were each screened in two 3-well
replicates at single dose (1 uM), with each 3-well replicate located across 2
different plates in different plate locations. This allowed us to approximately
de-confound imaging-order and plate location effects and provided a
within-experiment off-plate replication of hits to reduce false positives. Cells
were treated 24 h before imaging and again ~30 min before imaging while in
the imaging buffer, such that the compounds were present during the
imaging session. Responses to the compounds were measured in triplicate
on each of two replicate plates (for a total of 6 wells per compound) at a
single dose of 1 M. A “zebra stripe” sentinel plate was used to fit the weights
used for LDA and on-target/off-target composite scores, then applied to all
screening plates. Hit selection was conducted via statistical inference, which
allowed us to incorporate information about compound variability and pool
the information pertinent to estimating and correcting plate effects via linear
mixed effects regression. The 95% confidence intervals of all compounds are
shown in Fig. 5¢, with the compounds statistically significantly different
from the un-dosed FXS wells highlighted. Hits were prioritized if they
corrected more than one component of the phenotype. This procedure was
conducted independently for a CRISPR cell model screen and a patient-
control cell model screen, chosen for the largest stable screening window
representative of the phenotype also observed in other lines from that cell
model, which allowed for a validation of compound effects. Though dozens
of compounds showed some signs of activity along the FXS phenotype
detectable via the all-optical excitability assay with this acute dosing regime,
10 compounds were clear multi-feature hits in both screens, which formed
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the basis for dose-response hit confirmation (along with other compounds
of interest intended to further interrogate the most promising targets).

Dose-response hit confirmation

24 compounds were run in 8-point dose-response, in triplicate. The sentinel
plate was again used to fit LDA and on-target/off-target projections, which
were then applied to all screening plates. Each compound was subject to a
4-parameter log-logistic sigmoid model that freely varied the lower
asymptote, upper asymptote, slope, and ECso. All models were fit via
Levenberg-Marquardt algorithm, but each well was weighted proportional
to the square root of the sample size of sources in that well (primarily to
accommodate cases where a toxic dose killed most of the cells). Fits were
rejected if the slope was higher than biochemically plausible (defined as
traversing >55% of the response range in <5% of the dose range), if the
nominal ECs, was not captured within the dose range (an unreliable basis
for estimation), or if the nominal high-dose asymptote was less than
0.5 standard deviations away from the negative control mean (indicating an
insufficient maximal response for a meaningful CRC function). We per-
formed the hit confirmation in the same original cell lines and added an
additional patient/control pair to confirm phenotype rescue in a holdout
cell model.

Automated quantitative immunocytochemistry
Immunocytochemistry assays were carried out as previously described
(Williams et al.*). In brief, cultured cells were fixed using 4% (v/v) paraf-
ormaldehyde for 20 min, permeabilized with 0.2% (v/v) Triton X-100,
blocked with 10% donkey serum (Jackson ImmunoResearch) in 0.2%
Tween-PBS and treated with primary antibodies overnight at 4 °C. Primary
antibodies used were human nuclear-specific antibody (EMD Millipore;
MABI1281, 1:1000), mature pan-neuronal marker MAP2 antibody (Novus
Biological; NB300-213, 1:3000) and FMRP antibody (Cell Signaling, 7104S,
1:100). After five washes with 0.1% Tween-PBS, cells were treated with
secondary (Alexa®-conjugated) antibodies for 1 h at room temperature. Cell
nuclei (DNA) were stained with DAPI. Images were acquired as Maximum
Intensity Z-projections using a GE IN Cell Analyzer 6000 with 20X
(0.75NA) objective. Single-cell FMRP expression was estimated using a
custom automated microscopy pipeline. For each field, a stack of ~20x
confocal images was collected in fluorescence channels for primary anti-
bodies for FMRP, MAP2, human nuclear antigen (“HuNu”; MAB1281
above), and for DAPI. All z-stacks for each channel were consolidated via a
max projection. The HuNu channel was first segmented using custom
histogram-splitting algorithms and the proximal cytoplasm for each nucleus
was then found using the MAP2 channel. The centrality of the FMRP
fluorescence for the cytoplasmic pixels was then estimated for each cell using
the mean of the middle 80% of the data. In multi-plate experiments with on-
plate controls, data from each plate was typically log-transformed then
rescaled such that the mean of the negative controls was at “0” and the mean
of the positive controls was at “1” prior to being combined.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
The data that support the findings of this study are available as Supple-
mentary Data in the form of excel worksheets.

Material availability

Patient-derived stem cell lines were generated as described (see Methods).
Patient-derived iPS lines generated as part of this study can be requested to
RUSH University Medical Center or Quiver Bioscience.

Code availability
The code® used to perform the machine learning-based phenotype analysis
is available: https://doi.org/10.5281/zenodo.13936561. Link to Zenodo:

https://zenodo.org/records/13936561. Link to GitHub: https://github.com/
q-state-biosciences/fragile-x-manuscript-2024.
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