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The Endo-GeneScreen platform identifies
drug-like probes that regulate endogenous
protein levels within physiological contexts

Preston Samowitz 1,2, Laszlo Radnai 3, Thomas Vaissiere 1,
Sheldon D. Michaelson1, Camilo Rojas1, Ryan Mitchell 1,2, Murat Kilinc1,2,4,
Austin Edwards3, Justin Shumate 3, Richard Hawkins 3,
Virneliz Fernandez-Vega3, Timothy P. Spicer 3, Louis Scampavia3,
Theodore Kamenecka3, Courtney A. Miller1,2,3 & Gavin Rumbaugh 1,2,3

Traditional phenotypic drug discovery platforms suffer from poor scalability
and/or a lack of mechanistic understanding of discovered probes. We address
this by creating Endo-GeneScreen (EGS), a high-throughput platform that
identifies smallmolecules that regulate endogenous protein levels encoded by
a preselected target genewithin disease-modeling contexts. Two initial screens
identify >40 validated small molecules that boost endogenous neuronal Syn-
gap1 levels, a gene that causes a neurodevelopmental disorder when hap-
loinsufficient. EGS assays also accelerate preclinical development of drug
candidates and facilitate mode-of-action deconvolution studies of orphaned
probes. SR-1815 represents a fully validated proof-of-concept candidate from
the platform. It is a previously unknown drug-like small molecule multikinase
inhibitor that regulates splicing of Syngap1 transcripts. It restores SynGAP
protein abundance to wildtype levels and mitigates major cellular con-
sequences of Syngap1 loss-of-function. Thus, the EGS platform promotes
identification and development of small molecules that alter the abundance of
disease-linked proteins in a translationally-relevant context.

High-throughput screening (HTS) for phenotypes has re-emerged as
a powerful approach in drug discovery and functional genomics1–3.
Unlike target-based strategies that beginwith a predefinedmolecular
target, phenotypic screening starts with an observable biological
outcome (phenotype) and then identifies compounds or genetic
perturbations that produce the desired effect. This forward phar-
macology approach allows for the unbiased discovery of bioactive
agents, often capturing complex, system-level responses that target-
centric methods might overlook. As a result, phenotypic strategies
have been credited with the discovery of many first-in-class drug
candidates that regulate essential cell signaling pathways implicated
in disease4–6.

Phenotypic assays that measure expression of proteins encoded
by critical genes required for cellular health promotes advancements
in drug development and discovery biology7. By measuring changes in
a protein’s native expression level, it is possible to identify drug-like
probes that increase (up-regulate)8 or decrease (down-regulate)9 their
abundance, thereby expanding utility to discover both activators and
inhibitors of disease-relevant pathways. Performing assays in native
cellular models further improves translational relevance, as hits are
identified within a context that closely mirrors relevant pathobiology.
By embracing this unbiased, context-rich strategy, one can reveal
previously unknown regulatory pathways and therapeutic strategies
that would likely remain hidden in target-centric approaches.
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Traditionally, there has been a significant trade-off between biological
appropriateness and scalability (e.g., how many agents can be
screened); as the context becomes more relevant, fewer compounds
can be screened because the physiologically relevant environment is
typically more complex. Moreover, phenotypic screening in general
suffers froma lack of target-based information (e.g., orphaned probes)
with respect to how a cellular phenotype is altered in response to the
newly discovered agent. Together, these factors have limited the
application of phenotypic screening to disease biology and drug
development, particularly for disorders of the brain.

We reasoned that recent advances in biotechnology can be
leveraged todevelopphenotypic screening platforms that increase the
scale of screening campaigns without sacrificing the appropriateness
of the biological context. Additional advances in chemical biology and
chemo-proteomics have also improved the success rate of molecular
target deconvolution of phenotypic probes10. Here, we demonstrate
the integration of advances in endogenous protein detection within
native cells11, lab automation, and the recent widespread availability of
massive, commercially available libraries of drug-like bioactive mole-
cules to create the Endo-GeneScreen (EGS) platform (Fig. 1). This flex-
ible HTS-enabled screening platform identifies small molecules
capable of regulating endogenous protein expression encoded from
any preselected target gene within biologically appropriate cellular
contexts. We focus on small molecule screening because these agents
remain the gold standard therapeutic for most disease indications12,
and their chemical diversity can reveal previously unknown druggable
pockets in nucleic acids and proteins13, a process that facilitates ther-
apeutic discovery.

As a proof-of-concept, we demonstrate how each component of
the platform is used to identify, validate, develop, and define the
mode-of-action of drug-like small molecules that upregulate expres-
sion of the target gene, SYNGAP1/Syngap1 (HUMAN/Mouse;Mouse from
now on). Syngap1 was selected for multiple reasons. First, de novo
mutations in this gene that lead to haploinsufficiency are one of the
most common genetic causes of sporadic neurodevelopmental dis-
orders associated with intellectual disability, autism, and epilepsy14–18.
Thus, amongmany potential uses, this platform can be used to screen
for boosters of autosomal dominant (AutD) haploinsufficiency genes.
These genes cause disease through de novo mutations that lead to
reduced functional protein expression19,20. As such, small molecule
boosters would, in principle, address the root cause of these genetic
conditions. Second, this gene principally functions in differentiated
cortical excitatory neurons21–23, a notoriously difficult cellular system
to work with at scale24. Third, excellent in vitro and in vivo models for
Syngap1 haploinsufficiency have been developed and extensively
validated25–27. These models, if combined with a probe discovery
platform, would forman integrated ecosystem that can be used to first
screen for probes that upregulate SynGAP protein in an appropriate
context (e.g., cortical neurons) and then eventually validate the
effectiveness of these probes in the same system. Here, a Syngap1-
focused variation of the EGS platform led to the discovery of SR-1815, a
drug-like small molecule that restores low SynGAP expression and
mitigates synaptic and neuronal hyperexcitability, threemajor cellular
consequences of Syngap1 haploinsufficiency. Moreover, we demon-
strate how EGS workflows accelerate preclinical drug development by
jump-starting medicinal chemistry-based improvement of identified
compounds. Finally, EGS assays can be combined with emerging che-
mical biology and molecular genetic approaches to reveal the mode-
andmechanism(s)-of-action of previously uncharacterized phenotypic
probes. Indeed, in a parallel study, we report that SR-1815 is a drug-like
kinase inhibitor that boosts SynGAP levels through alternative splicing
linked to activity at certain kinase targets (Douglas et al., BioRxiv, 2025;
https://www.biorxiv.org/content/10.1101/2025.03.13.643041v1)28. This
related study highlights an additional feature of the EGS platform. It
provides an opportunity to discover unconventional biological probes

that regulate disease-associated gene expression through cumulative
efficacy across multiple molecular targets and cellular pathways [e.g.,
polypharmacology29,30]. Therefore, de-orphaning probes discovered
through EGS can advance disease-associated cell biology in addition to
promoting precision drug discovery.

Results
Development of EGS scalable assays for tracking endogenous
target protein expression within disease-appropriate cellular
contexts
EGS is built upon a series of scalable phenotypic assays that report
relative changes in endogenous protein encoded by a pre-selected
target gene within a biologically relevant cellular context. The foun-
dational principle of the platform concept was to develop scalable
endogenous protein expression assays within relevant disease-
modeling cellular contexts, such as 2D/3D cultures from primary
cells derived from animal models or induced cellular models derived
from patient iPSCs (Fig. 1). When engineering the scalable assays, we
set several design parameters: 1) flexible targeting—any gene of inter-
est can be targeted with the assays; 2) relevant cellular context—assay
must be carried out in disease-modeling cellular systems; 3) sufficient
scalability—HTS-capable to enable screening of expansive chemical
libraries of drug-likemolecules. After several iterations,we settled on a
design utilizing genetic engineering to enable an HTS-compatible Dual
Luciferase Reporter (DLR) screening assay performed in primary cells
from mice expressing two distinct luminescence-based reporters
(Fig. 2a). Primary cells are extracted from the organ system causally
linked to the disorder, such as the cortex for the Syngap1 version of
EGS21,23. Moreover, a conditional allele was required to both enable
induction of Syngap1 haploinsufficiency and to facilitate a streamlined
breeding strategy (Fig. 2a, g). The first luminescence signal was envi-
sioned as a readout of endogenous target protein through activation
of a split luciferasebasedon anengineered variant ofNano-luciferase11.
The second luminescence signal, generated by a firefly luciferase
transgene (fLUC) expressed from a ubiquitous promoter, was envi-
sioned to report global changes in protein expression and/or cellular
toxicity in response to library compounds added to screening plates
harboring primary cells. Inducible Syngap1 haploinsufficiency, to
enable disease modeling, would be achieved through a conditional
Syngap1 allele with LoxP sites flanking essential exons. Three distinct
strains of mice were required to achieve the noted design goals, and
once obtained, theywouldbe crossed to yield offspring expressing the
engineered genetic components (Fig. 2a, g).

The conditional Syngap1 knockout mouse31 and a transgenic
mouse ubiquitously expressing fLUC (see methods) were already
constructed, validated, and available commercially. To detect
endogenous SynGAP protein in mouse cells/tissues, a mouse knock-
in strain that expressed aHiBIT ligand11 in-frame within protein made
from the murine Syngap1 gene was created (Figs. 2b; S1A-B). For
targeting, we selected an exon included in all major isoforms that
codes for an unstructured portion of the SynGAP protein with no
known functional domains. When the HiBIT tag binds to an inactive
and purified fragment of Nano-luciferase, called LargeBIT, it reacti-
vates dormant luciferase activity (Fig. 2C). The reconstituted and
catalytically active HiBIT-LargeBIT complex is referred to as NanoBIT
luciferase (nBIT from now on). Photons generated from nBIT activity
produced from an endogenous SynGAP-HiBIT fusion protein were
hypothesized to report proportional changes in endogenous SynGAP
protein induced by test agents within primary cultured cortical
neurons. To validate this, we first confirmed that the genetic inser-
tion within the Syngap1 coding region did not alter Mendelian ratios
of offspring. We also confirmed that the insertion did not disrupt
endogenous full-length SynGAP protein expression levels in mouse
brain (Fig. 2d, e). Insertion of the tag accurately reported relative
changes in SynGAP expression within a diluted sample of cortical
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tissue extract. Moreover, detection of endogenous SynGAP protein
through addition of LargeBIT on a traditional immunoblot predicted
the levels of endogenous protein on par with antisera. We next
confirmed that primary cultured neurons prepared from the Syn-
gap1-HiBIT knock-in mouse enabled detection of relative changes to
endogenous SynGAP protein within HTS-compatible 384-well
screening plates (Fig. 2f). To do this, neurons from either hetero-
zygous or homozygous Syngap1-HiBIT knock-in mice were added to
separate wells of the same assay plate. nBIT signal from homozygous
knock-in neurons were on average ~2-fold higher than signals

obtained from heterozygous neurons (Fig. 2f). Signals derived from
wildtypemice yielded ~60 relative luciferase units (RLUs), resulting in
a very high signal-to-noise ratio of >10e3 for detecting endogenous
HiBIT-tagged SynGAP protein within primary cells or tissue. More-
over, signals derived from assay wells with either heterozygous or
homozygous neurons resulted in completely non-overlapping
populations (Fig. 2f), indicative of low inherent assay variance.
These properties suggested that this signal would be suitable to
identify small molecules that regulate physiological changes in
endogenous SynGAP protein within primary cortical neurons.
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Fig. 1 | Overview of Endo-GeneScreen (EGS) Platform. a A relevant screening
library is selected based on the cellular context of interest (e.g. a CNS-targeted
library for brain cells; only relevant if drug-development is a future goal). bMouse
models are developed; FLAG-HiBIT tag is inserted into gene of interest. This tag
could be inserted into a transgene if protein lowering in a cellular context is the
goal. Inclusion of a cKO mouse model is a must if protein upregulation is desired
within a gene loss-of-function cellular context. c DLR assay workflow showing how
endogenous proteins are detected within a specific cellular context; screening
plates required for 100k compound screen for screening within cortical mouse
neurons. d After completion of the screen, data are visualized on a per-plate basis

and hit detection and filtering algorithms are implemented to identify compounds
of interest. e Preliminary hits are run through a biological validation workflow that
focuses on replication and repeatability, ultimately relying on protein detection
using KO-validated antibodies (if available). f Probes that are validated at the pro-
tein level within the cellular context of interest are then tested in a series of low-
throughput phenotypic assays that ideally are known to be modified by altered
expression of the protein of interest. g Validated probes that also regulate cell-
context-specific phenotypes are then explored at the chemical level by obtaining
~100 closely related analogues. This determines the extent to which a chemical
series with promise can be modified by medicinal chemistry.
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Primary neurons extracted from postnatal day (PND) 0 mice
(Fig. 2g) were then cultured in assay plates to determine to what
extent the non-specific fLUC signal reports global changes in protein
expression and/or cellular toxicity. Indeed, we found that incre-
mentally raising neuronal plating density drove a proportional
increase in fLUC signal, confirming that this signal approximates
global changes in total protein (and plating density) within assay
wells (Fig. 2h). This signal also reliably reported neuronal toxicity
induced by amitriptyline (Fig. 2i), a known neurotoxic agent32. As a
result, the non-specific fLUC signal serves as a counter-screen to
eliminate test agents that globally induce changes in protein

expression, while also reliably reporting cellular toxicity. The former
is important for rejecting test agents that fail to stimulate enrichment
of the target (SynGAP) protein, while the latter is critical for directing
downstream medicinal chemistry approaches aimed at improving
the drug-like properties of probes that advance through a lead
optimization program. Finally, we confirmed that AAV-driven Cre
expression within neurons derived from this cross induced a dose-
dependent decrease in SynGAP protein (Fig. S1C). This confirmed our
ability to induce Syngap1 haploinsufficiency in neurons expressing
the two luciferase reporters, a requirement formodeling the Syngap1
genetic disorder in a dish.
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We next optimized the assay for HTS-level scalability so that large
chemical libraries of drug-like probes could be screened. Internal in
silico modeling suggested that a strategic selection of at least 100K
distinct compounds would be sufficient to sample diverse chemical
space within a > 2M compound collection of drug-like lead molecules
available through various commercial sources (seemethods). To screen
at least 100K compounds (in duplicate) using the primary neuron DLR
assay, ~624 assay plates would be required (Fig. S2A-B). To achieve this
desired level of scalability, ~52 individual litters of mice would be
needed to produce cultured cortical neurons at scale. With an average
output of two batches of assay plates per week, a screen would take
~6months to complete. Scalability is largely dictated by the availability
of mouse primary neurons. When using an optimized breeding strat-
egy (Fig. 2g), we previously demonstrated that two batches of neurons
per week (up to 32 plates; Fig. 1) is possible using one full-time-
equivalent laboratory position24. However, to minimize rates of false
positive/negative data points, the assay must exhibit reliability and
reproducibility, especially when performed in an iterative screening
environment spanning months. Indeed, it was unclear at the time to
what extent primary cortical cultures from postnatal mouse brains
would exhibit the required scalability and reliability to sustain a
screening platform carried out over an extended timeframe. To
quantify culture reliability, plate-level quality control (QC) metrics,
such as raw luciferase values from each independent signal and the
coefficient of variance (CV) of these signals in negative control wells
( < 0.1% DMSO), were used as “pass/fail” flags for individual compound
screening plates within and between culture batches (Fig. 3a). In pilot
studies, plates within a screening “batch” shared pooled primary
neurons obtained from a single mouse litter, and as expected, QC
metrics were highly similar between plates within the same batch
(Fig. 3b). This experiment revealed that the CV of raw luciferase values
from individual plates remained within the acceptable range ( < 15%)
even when culture density varied over a 1.5-fold range. This suggested
that culture batches produced over a long timeframe within the same
screening project would demonstrate the requisite reliability (e.g. few
failed batches) and thus could sustain a screening platform.Consistent
with this prediction, post-hoc analysis of several hundred neuronal
culture screening plates prepared over ~1 year were found to be highly
consistent, with only 4% of plates being failed (CV > 15%: Fig. 3c). When
plates were failed, post hoc analysis of these simple QC metrics
enabled a quick diagnosis, and most fails were traced back to an issue
with one or more channels within the robotic liquid dispenser (e.g.,
clogging).

EGS assays enable HTS-style screening of chemical libraries
required for Lead Identification
To identify compounds that upregulate SynGAP protein expression
within haploinsufficient neurons, we performed two independent
screens, which together comprised >100K distinct drug-like small

molecules. Two independent screens were carried out because we
identified important principles in the first screen, which led to modest
modifications to the screening workflow and assay parameters, which
were implemented in Screen 2. For example, at the time of imple-
menting Screen 1, there were no known small molecules that raised
SynGAPprotein inour culturemodel system. Therefore, assay plates in
Screen 1 did not contain a positive control (Fig. S2A). Instead, an extra
row of negative controls was included. Additionally, the final com-
pound concentration was varied so that a post hoc analysis of data
could be used to determine how concentration impacted assay per-
formance. In Screen 1, the concentration of library compounds ranged
from ~3.125–12.5μM in ~0.03125–0.125% DMSO. Moreover, com-
pounds were pinned into primary culture assay wells and allowed to
incubate for 48h– a notably conservative approach for inducing
steady-state changes in protein abundance. The DLR assays were
always carried out on day in vitro (DIV) 14. All compounds were
screened in duplicate (N = 2 screen).

To detect hits from Screen 1, an outlier algorithm was developed
to identify compounds that selectively increased or decreased the
nBIT signal (Fig. 4a–c)-the proxy measure for SynGAP protein
expression in neurons. Before this could be implemented, the median
fLUC and nBIT signal of the negative control wells (DMSO only) from
each plate were first used as a normalization value for every individual
well on each plate, including all compound wells. This enabled a
z-score to be calculated, with the normalized fLUC signal on the X-axis
and the nBIT signal on the Y-axis (Fig. 4a). When visualized this way,
both the negative control wells, as well as most compound wells,
clustered near the origin. The large number of compounds inter-
spersed with the negative controls was indicative of most compounds
lacking activity in the assay, something thatwas expected in screens of
this type, with hit rates often below 1%. However, on each plate, some
wells exhibited signals that significantly deviated from the origin,
which was indicative of biological activity in the assay. For example,
compounds often appeared in the lower left quadrant, which was an
indication of cellular toxicity. We also commonly observed a fraction
of compounds that significantly increased both signals, suggesting a
global increase in protein. Because the goalwas to identify compounds
that selectively up-regulated endogenous SynGAP expression within
haploinsufficient neurons, we used the normalized data to identify
Hits, which were defined by setting 3x standard deviation (SD)
threshold lines (orange vertical and horizontal lines) above and below
the average of the normalized negative control wells for both fLUC and
nBIT signals. Compounds showing activity above 3x SD for the nBIT
signal and within 3x SD of fLUC were considered preliminary hits. We
next filtered out compounds showing unacceptably high variability
between replicate data points. This was done by calculating the CV of
each initial compound hit, and compounds showing <10% variability
across both fLUC and nBIT reads were retained on the final Hit List for
each compound plate (Fig. 4a—blue data points). All accepted data

Fig. 2 | Development of primary cell dual luciferase reporter (DLR) assay to
detect changes in endogenous target protein expression. aConcept of required
engineered mouse line to enable endogenous SynGAP protein measurements
within an HTS-like workflow. Neurons from the mouse line are cultured in 384-well
plates are then treatedwith library compounds for 2–4daysbeforeexecutionof the
DLR assay. b Schematic of the design and location of the HiBIT tag to be inserted
into themouse Syngap1 gene. c Endogenous SynGAP-HiBIT fusion protein activates
nBIT luciferase activity. d Immunoblots from PND14 mice heterozygous for the
inserted HiBIT tag. Samples were probed with Pan-SynGAP and FLAG antibodies.
Samples were also probed with a detection kit that enables a direct luminescent
readout of proteins that contain a HiBIT tag. e Quantification of endogenous Syn-
GAP protein from immunoblots containing Syngap1+/+ (blue) and Syngap1+/HiBIT

(purple) mice (n = 6 per genotype). Syngap1+/HiBIT lysate was serially diluted and
probed for correlation of SynGAP levels detected using a Pan-SynGAP antibody or

LgBIT. Simple linear regression was performed, Pan-SynGAP p = <0.001, and nBIT
p = <0.001,n = 2 per concentration. f Syngap1+/HiBITmicewere crossed to each other.
Syngap1+/HiBIT and Syngap1HiBIT/HiBITmicewere cultured in 384-well plates and assayed
at DIV14. g Breeding strategy to yield mouse offspring to feed the Syngap1 version
of EGS. h Neuronal plating density was varied to measure how the two DLR signals
reflect changes in the amount of total protein in the well. n = 128 for densities
5000–15,000 cells/well and n = 64 for 20,000 cells/well. Data are presented as
mean values +/- SEM. iAmitriptyline, a known neurotoxic agent in primary cultured
neurons, induces a dose-dependent reduction in both luciferase signals (fLUC:
black, nBIT: orange) indicating that a coordinated drop in both signals reflect
neuronal toxicity (n = 32 per dose). Data are presented as mean values +/- SD (e, i).
p-value for main effects and interaction are indicated as n.s.: p > 0.05, detailed
statistics and source data are provided as a Source Data file. Created in BioRender.
Samowitz, P. (2025) https://BioRender.com/cnld7d3.
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Fig. 3 | Plate- and batch-level quality control (QC) measures for screening
plate data. a Schematic of data hierarchy generated from the proposed iterative
high-throughput screen. b Luminescent values and coefficient of variance (CV) for
fLUC (black) and nBIT (orange) signals across two batches of neurons plated at
15,000 cells per well (Batch 1) or 10,000 cells per well (Batch 2), n = 36 per plate.
c Raw luminescence values (top) and CV (bottom) for negative control wells in

Screen 1 ( ~ 59,840 compounds) and Screen 2 ( ~ 47,360 compounds). n = 204 and
n = 148 plates with 96 or 72 samples per compound plate for Screen 1 and 2,
respectively. Data are presented as mean values +/- SEM (b, c). Source data are
provided as a Source Data file. Created in BioRender. Samowitz, P. (2025) https://
BioRender.com/cnld7d3.
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Fig. 4 | Data from two independent HTS-like screens for SynGAP protein
expression “boosters”. aOne plate of screening data fromScreen 1 visualized on a
2D scatter plot—nBIT (SynGAP) signal vs. fLUC (toxicity/selectivity) signal.
Threshold lines set at 3X standard deviation of themean for negative control wells.
Red shaded section above corresponds up-regulator hit zone and blue shaded
section below corresponds down-regulator hit zone. Gray dots appearing in hit

zone did notmeet established variability criteria.bAll data fromScreen 1 visualized
on 2D scatter plot. c Zoomed in view of Fig. 3b to visualize hit compounds from
Screen 1 (127 compounds = 0.21% hit rate). d One plate of screening data from
Screen 2 with adjusted threshold lines. e All data from Screen 2 visualized on 2D
scatter plot. f) Zoomed in view of Fig. 3d to visualize hit compounds from Screen 2
(171 compounds = 0.36% hit rate). Source data are provided as a Source Data file.
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from each compound plate data was then collapsed onto a single 2D-
scatter plot (Fig. 4b, c). Visualizing the complete screening data set
revealed the relative position of thefinalHits (blue points), the inactive
compounds (grey points), and the negative controls (green points).
Using this approach, Screen 1 yielded 127 compounds of interest
across 60K compounds assayed (0.21% Hit rate).

We next screened a distinct library of ~48,000 compounds that
were pre-selected based on chemical features known to be conducive
to developing neuroactive small molecule therapeutics. For this sec-
ond screen (e.g., Screen 2—Fig. 4d–f), several workflow improvements
were implemented, which were inspired by experience gained from
Screen 1. Consequential modifications included a single screening
concentration ( ~ 3.125 μM), doubling the compound incubation time
to 96 h (DIV10-14), and incorporation of a positive control on all
screening plates (Fig. S2A). The positive controlwas discovered during
Screen 1 (Fig. 4b—red dot). Including this positive control on screening
plates led to an improved computational approach for identifying
compounds with significant activity in the assay (Fig. S3A–D). By
quantifying the pattern/spread of positive control, negative control,
and inactive compound data points across all screening plates, a clear
positive correlation between fLUC and nBIT signals in each of these
three populationswas identified. This relationship functioned as a type
of “loading control” for each well, which allowed us to estimate the
relative difference in the amount of neuronal material from well-to-
well, and was instrumental in developing an improved hit detection
algorithm (denoted by sloped lines; Fig. 4d). The preliminary Hits were
next filtered for obvious false positives by assigning a non-
repeatedness value. This is a single numerical value that considers
both the embedded positive relationship between fLUC and nBIT sig-
nals and the continuity of the duplicate data points afforded by the
N = 2 screen design (see “methods”; Fig. S3E, F). A value that approa-
ches “1” reflects concordant luciferase values for each replicate of a
given test compound. Thus, higher values increase confidence that the
compound is a true “hit”. Implementation of a hit detection algorithm
and filtering for non-repeatedness revealed 171 additional Hits in
Screen 2 (0.36% hit rate) (blue dots; Fig. 4e, f). Several Hits met, and in
some cases exceeded, the performance of the positive control. This,
combined with a similar hit rate, suggested that the somewhat nar-
rower chemical space within CNS-focused library did not negatively
impact overall screening performance, whichmay be explained by the
improved assay workflows implemented in Screen 2.

EGS assays support biological validation of preliminary
screening Hits
Anessential component of the EGSplatform is aworkflowdedicated to
validating the most promising compounds of interest identified in
HTS-style screens (Figs. 1, 5a). The goal of thisworkflowwas to develop
confidence that a preliminary Hit obtained in the original screen reli-
ably upregulates endogenous steady-state SynGAP protein abundance
within Syngap1 haploinsufficient neurons. SR-1815 (Fig. 4b, c, red dot)
was chosen as a proof-of-concept molecule to demonstrate the
effectiveness of the Hit Validation workflow because it was the very
first molecule of interest to emerge from Screen 1. Searches of the
literature (Scifinder, PubMed) were conducted for SR-1815 analogs and
identified no known chemistry, biology, or pharmacology related to
this scaffold. They were not represented in the public domain other
than as analogs in a screening collection.

The probe validation workflow was comprised of up to five
additional levels of validation beyond the initial screening data
(Fig. 5a). The first steps in the validation pipeline were designed to
determine to what extent a compound regulates the nBIT signal in a
dose-dependent manner. SR-1815 demonstrated dose-response activ-
ity from freshly sourced compound powder (Fig. 5b). To rule out a
direct effect of the small molecule on nBIT enzymatic activity, we
utilized a cell-free counter-screen, where LargeBIT, a purified Halo-

HiBIT fusion protein, and the compound of interest were added
together with the assay reagents. In this cell-free assay, SR-1815 did not
increase nBIT activity at any concentration tested (Fig. 5c), suggesting
that it may regulate SynGAP protein expression.

Given these results, we hypothesized that the compound increa-
ses SynGAP steady-state protein abundance in neurons. Evidence
supporting this hypothesis necessitated the development of a scalable
orthogonal assay that directly measures SynGAP protein. A scalable
Dot Blot protein assay was developed that combined a 384-array pin
tool, a nitrocellulose membrane, a label that reports total protein, and
a series of knock-out validated SynGAP antibodies (Fig. S4A). After
neuronal lysis directly within the 384-well plate, samples were incu-
bated to fluorescently label lysine residues as a measure of total pro-
tein using derivatizer, 3-(2-Furoyl)quinoline-2-Carboxaldehyde, and
activator, Mandelonitrile. Lysate from each well was pinned onto a
nitrocellulose membrane. After optimization, this technique reliably
reported accurate levels of total protein in each sample on the mem-
brane (Fig. S4A). The membrane was also exposed to a monoclonal
antibody that detects amotif expressed in all SynGAPprotein isoforms
(e.g., pan-SynGAP). After washing and secondary antibody exposure,
the membrane was imaged for total protein and incubated with che-
miluminescent substrate. This resulted in a strong signal that was lin-
ear across protein concentrations that spanned an order ofmagnitude
(Fig. S4A). The Dot Blot assay was then tested to determine howwell it
measures changes in steady-state SynGAP abundance in primary cor-
tical neurons. To do this, we utilized an already validated Syngap1
conditional rescuemouse line31,33, which was engineered to express an
artificial exon containing a stop codon and an exogenous poly-A
sequence within the mouse Syngap1 gene. This exon is efficiently
spliced into Syngap1 transcripts as evidenced by disruption to SynGAP
protein expression. However, this exon is flanked by LoxP sites, and
therefore expression of Cre recombinase re-activates SynGAP protein
expression due to excision of the artificial exon (Fig. S4B). It was pre-
viously shown that mice heterozygous for this targeted allele have
roughly half SynGAP protein expressed in neurons relative towildtype
littermates, while homozygous mice nominally express SynGAP
protein31. This Dot Blot technique accurately reported the known
expression changes of SynGAP in neurons derived from this mouse
line, with nominal expression of SynGAP protein in homozygous
neurons and roughly half the normal levels of protein expressed in the
heterozygous neuronal population (Fig. S4C). Importantly, the Dot
Blot was also able to detect the Cre-dependent re-expression of Syn-
GAP protein in both homozygous and heterozygous neurons
(Fig. S4C). Furthermore, theDotBlot assaywas validated using antisera
that detects three of the four major SynGAP C-terminal isoforms.
Importantly, these isoform-specific antibodies were themselves vali-
dated using the Syngap1 KOmouse line (Fig. S4D). These reagents are
important because individual C-terminal isoforms have unique spatial/
temporal expression profiles and distinct biological functions in
vivo34,35. Finally, we developed custom software that automated ana-
lysis ofDot Blots (Figs. S5A-D, S6A-B), whichdramatically increased the
scalability of SynGAP protein detection.

Using the now-validated Dot Blot assay, we found that SR-1815
could double endogenous SynGAP levels in heterozygous neurons
compared to DMSO controls (Fig. 5d). Moreover, the compound sti-
mulated a dose-dependent increase in SynGAP protein abundance as
measured by both a pan-SynGAP antibody that detects all isoforms
(Fig. 5e), and an antibody that recognizes only the α2 isoform (Fig. 5f).
Given that the anti-α2 signal matched the anti-pan-SynGAP signal
within the same samples, this result indicated that SR-1815 stimulates
relatively equal expression of all SynGAP C-terminal isoforms34. The
compound also stimulated SynGAP expression in neurons derived
from typically developing wildtype rats (Fig. 5g). This demonstrated
that SR-1815 efficacy is not limited to mouse neurons, and the com-
pound is effective in both a typically developing genetic background
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Fig. 5 | Workflow for validating changes in target protein abundance by pre-
liminary hits identified in EGS HTS-style screen. a Validation workflow encom-
passing luciferase-based assays, counter-screens, and protein validation assays.
b, c SR-1815 in DLR or nBIT counterscreen 8-point dose-response assay. n = 12 per
dose for DLR and n = 10 per dose for cell free assay, fLUC (black) and nBIT (orange).
d Total protein and SynGAP protein expression in a single dose Dot Blot experi-
ment with SR-1815 (1.5 µM) for 14 days (e, f) Dot blot dose response of SR-1815
treated for 7 days utilizing a SynGAP antibody that recognizes either all isoforms (e)
or only the α2 C-terminal isoform (f); n = 28 per dose. g SynGAP protein expression
fromPan-SynGAPantibody forWT rat neurons in aDot Blot experiment after 7 days
treatment (DIV 7- 14); n = 28 per dose. Total protein (black) and SynGAP (orange)
expression (d–g). h Western blot with samples extracted from primary neuron
cultures treated for 14 days with DMSO or SR-1815 (1.5 μM) derived from either
Syngap1+/+ (blue) and Syngap1+/- (red). i Representative images from an immuno-
cytochemistry experiment in Syngap1+/- primary cultures treated with either DMSO

(v) or SR-1815 (1.5 µM) (d) 14 days and labeled with SynGAP (red), PSD95 (green), or
SV2A (blue) antisera. Somatic signals (square) and quantified synaptic signals
(rectangle) are represented, right. j Left, Representative image of dendritic branch
illustrating structures where multiple signals co-localize (e.g., synapses). SynGAP
expressionwas localized todendrites as evidencedbynon-overlapping linear signal
with the synaptic markers. Right, Quantification of SynGAP intensity (as measured
by pixel intensity) across neuronal compartments. Dendritic signal was measured
as peak intensity from a line series. Somatic and synapse signal intensity was
measured as average pixel intensity from thresholded area within square and rec-
tangle, respectively (i). Data are presented as mean values +/- SEM (b–g, i, j) or +/-
SD (h). p-value for main effects and interaction are indicated as n.s.: p > 0.05,
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, detailed statistics and source
data are provided as a Source Data file. Source data are provided as a Source Data
file. Created in BioRender. Samowitz, P. (2025) https://BioRender.com/cnld7d3.
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and in a background of Syngap1 haploinsufficiency. Pairing optimized
assay conditions with a traditional Western blot technique, SR-1815
rescued SynGAP protein levels in heterozygous KO neurons (Fig. 5h).

To ascertain how subcellular pools of SynGAP change in response
to SR-1815 treatment, we performed immunofluorescence paired with
confocal microscopy in Syngap1 haploinsufficient neurons. An inte-
grated measure of isolated synaptic SynGAP signal (e.g., thresholded
area x pixel intensity) was upregulated ~4-fold by SR-1815 relative to
vehicle (Fig. 5i), while somatic SynGAP signal was unchanged (Fig. 5j),
indicating that SR-1815 induced an outsized effect on synaptic SynGAP.
The average intensity of synaptic SynGAP structures was also mod-
estly, but significantly, increased by the compound. Further, we
observed a ~ 3.7-fold change in the average number of thresholded
pixels in SR-1815 treated neurons compared to vehicle (U= 115, vehicle,
2285 + /−231; drug, 8540 + /−485; (SEM); p = <10e-6). These results
indicated that the 4-fold increase in synaptic SynGAP signal was due
largely to a greater thresholded synapse area, with a modest increase
in SynGAP molecules per synapse. SR-1815 could regulate a change in
synapse area through increasing synapse number, synapse size, or
both. SV2A, a presynaptic marker, was much less affected ( ~ 1.3-fold
change) by the compound compared to the SynGAP (Fig. 5i). This
suggested that the major effect of the drug was on postsynaptic
structural changes rather than synapse number. The size of the post-
synaptic density (PSD) is correlatedwith dendritic spine size/volume36.
If SynGAP levels are increased in part through a change in the size of
the PSD and/or dendritic spines, then this would predict a similar
change in isolated PSD95 synaptic signal. Consistent with this, a ~ 3-
fold increase in integrated PSD-95 signal was observed in response to
SR-1815 (Fig. 5i). Dendritic SynGAP signal was also modestly, but sig-
nificantly, increased by the drug (Fig. 5i). This may be due to either
increased extrusion of SynGAP molecules out of spines and into
dendrites37, or through an increase in abundance of SynGAP isoforms
known to be relatively enriched in dendrites35. Importantly, our con-
focal imaging studies are consistent with the findings of Douglas
et al.28, which found that SR-1815 regulated transcriptional dynamics

and splicing events overrepresented in genes that encode post-
synaptic proteins. Moreover, using immunoblotting, this study also
reported several postsynaptic proteins, including SynGAP, PSD95, and
GluN1 were substantially increased by SR-1815, while SV2A abundance
was slightly reduced.

We next asked if probes discovered using EGSmitigate functional
phenotypes that are caused by reduced target protein expression.
Syngap1 haploinsufficiency in mice has been shown to increase the
frequency and amplitude of miniature excitatory postsynaptic events
(mEPSCs) in primary cultures22,38, which is a measure of excitatory
synapse strength. Therefore, we designed an experiment that enabled
an assessment of howexcitatory synapse strengthwas impactedby SR-
1815 in both wildtype and Syngap1 haploinsufficient neurons. We
observed a strong interaction between drug and genotype for both
mEPSC frequency (Interaction: (1,64) = 9.168, p = 0.0035) and ampli-
tude (Interaction: F (1, 64) = 7.344, p =0.0086), demonstrating that
these effects of the compound were genotype-dependent (Fig. 6a).
Post-hoc comparisons revealed that both mEPSC frequency and
amplitude were significantly increased in neurons derived from Syn-
gap1 heterozygous animals (Frequency: DF = 64, p =0.015, Amplitude:
DF = 64, p = 0.017), a result that agreed with past studies. The strong
interaction was driven by the opposing effect of the compound on
mEPSC measures within each genotype. The compound tended to
increase excitatory synapse strength in wildtype neurons but tended
to decrease it in haploinsufficient neurons. These opposing trends are
what drove the strong interaction in the statistical model. Thus, while
the effect of the treatment fell short of post hoc significance within
each genotype, the strength of the interaction overall provides strong
evidence that the compound has genotype-specific bidirectional
effects on excitatory synapse function (e.g., increases synapse strength
in wildtype neurons; decreases synapse strength in haploinsufficiency
neurons). This finding is consistent with our data demonstrating that
SR-1815 induces a change in SynGAP abundance within the synaptic
compartment (Fig. 5i). Moreover, this finding is therapeutically rele-
vant because SYNGAP1/Syngap1 haploinsufficiency causes neural

Fig. 6 | SR-1815, a proof-of-concept small molecule, resolves elevated synaptic
functionand increasedneuronal activity in Syngap1haploinsufficient neurons.
a) Representative traces frommEPSC recordings in Syngap1+/+ (blue) and Syngap1+/-

(red) neurons treated with vehicle or SR-1815 (left). Plot showingmEPSC frequency
for the four different conditions (middle) and mEPSC amplitudes for the four dif-
ferent conditions (right) n = 17 for Syngap1+/+: vehicle; n = 16 for Syngap1+/+: SR-1815;
n = 17 for Syngap1+/-: vehicle;n = 18 for Syngap1+/-: SR-1815. Error bars represent SEM.
b Syngap1 + /+ and Syngap1 + /- neurons transduced with AAV9 vectors expressing
Flex-gCAMP8f andCre (to control labeling). Neuronswere treatedwithDMSOor 1.5
μM SR-1815 for 14 days. Calcium imaging performed on DIV14. Plot showing the

spiking frequency (spikes per second) for the four different conditions. For DMSO
control 12 fields were imaged for Syngap1+/+ Syngap1+/- and for SR-1815 respectively
14 and 17 fields for Syngap1+/+ Syngap1+/- were imaged from at least 4 wells per
conditions. The total number of segmented neurons were DMSO Syngap1+/+,
n = 1693; Syngap1+/-, n = 2047; SR-1815 Syngap1+/+, n = 1803 and Syngap1+/-, n = 1253.
Dots with error bar represent mean and SEM, individual neuron value (small dot)
andwell average (largedot) areplotted,within the violin plotmedian, 25th and 75th
percentile. p-value for main effects and interaction are indicated as n.s.: p > 0.05,
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, detailed statistics and source
data are provided as a Source Data file.
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hyperexcitability and seizures in humans and rodents21. Furthermore,
reducing excitatory synapse strength through AMPA receptor inhibi-
tion improves cognition-linked brain rhythms in Syngap1 hetero-
zygous mice39.

The observed compound-induced genotype-specific effects on
excitatory synapse strength suggested that SR-1815 may also regulate
neuronal activity in a genotype-specific manner. To test this, GCaMP8
dynamics were measured across thousands of individual neurons
treated with vehicle or SR-1815 from cortical cultures derived from
each genotype (Fig. 6b). Overall, the effect of SR-1815 within each
genotype was consistent with results obtained frommeasurements of
excitatory synapse strength. For example, this analysis detected amain
effect of genotype (F(1,6792) = 29.4, p <0.001), and a posthoc com-
parison confirmed that vehicle-treated heterozygous neurons had
increased activity compared to vehicle-treated wildtype neurons
(mean diff = −0.0065, 95% CI [−0.0096, −0.0034], p <0.001). More-
over, there was amain effect of treatment (F(1,6792) = 33.8, p < 0.001),
indicating that the SR-1815 significantly regulated spike rates in neu-
rons from both genotypes. However, a significant interaction was
detected between genotype and treatment (F(1,6792) = 200.9,
p < 0.001), demonstrating that the compound regulated activity in a
genotype-specific manner. Indeed, SR-1815 significantly increased
activity in wildtype (WT) neurons (WT-DMSO vs. WT-drug, mean diff=
0.0069, 95% CI [0.0037, 0.0101], p <0.001), while it substantially
decreased it in heterozygous knockout (Het) neurons (Het-DMSO vs.
Het-drug, mean diff = −0.0189, 95% CI [−0.0223, −0.0155], p <0.001).
Thus, the compound drove normally hyperactive heterozygous KO
neurons to activity levels at or below that of wildtype neurons. Given
the potential significance of this result, we repeated this experiment in
heterozygous KO neurons, but this time using multiple doses. Impor-
tantly, a dose-dependent decrease in neuronal activity by SR-1815 was
observed in this additional experiment (Fig. S7), demonstrating that
adjusting the dose of the compound can tune hyperactive hetero-
zygous KO neurons to levels approximating the wildtype state. Taken
together, EGS can identify drug-like probes that raise endogenous
expression of the targeted gene, and this probe can counteract the
functional consequences of genetic haploinsufficiencywithin a disease
modeling cellular context. Furthermore, the genotype-specific effects
of SR-1815 highlight the importance of working in the appropriate
cellular contexts when exploring the function of phenotypic probes.

With the hit validation pipeline pressure-tested through extensive
characterization of SR-1815, we next used the first few stages of this
pipeline to evaluate the most promising hits from Screen 2 (CNS-
focused library; Fig. 4f). Seventy-two (72) compounds from this initial
pool were selected for follow-up testing based on efficacy, non-
repeatedness, and chemical diversity. Because of the extensive num-
ber of preliminary hits, highly similar compounds could be excluded,
allowing us to enrich the pool with lead candidates that were as che-
mically diverse as possible. From freshly sourced powder, 40 com-
pounds exhibited significant activity in the SynGAP DLR assay
(Fig. S8A). Sixteen (16) compounds exhibited at least a two-fold change
in nBIT signal, which suggests they may have the potential to rescue
SynGAP protein abundance in haploinsufficient neurons. Many can-
didates demonstrated dose-response activity beginning in the low-mid
nanomolar range (Fig. S8B). Eight (8) of the most promising com-
pounds were next tested in the Dot Blot protein assay, which was also
executed in Syngap1 haploinsufficient neurons (Fig. S8C). Critically,
each of these selected candidates exhibited a dose-dependent change
in SynGAP protein abundance that was predicted by the nBIT signal
(Fig. S8B-C). In total, the Syngap1 EGS campaign yielded at least 42
potential lead molecules suitable for entering preclinical drug devel-
opment workflows. This includes 40 candidates from Screen 2, as well
as multiple promising and validated lead compounds discovered
during Screen 1, including SR-1815. These initial compounds are
advancing through the early stages of preclinical drug development,

while the subsequent compounds from Screen 2 are undergoingmore
advanced biological (e.g., mechanistic) validation and determination
of initial drug-like properties.

EGS assays facilitate preclinical drug development
EGS yields drug-like probes that intersect with AutD gene biology and
function. Therefore, it is critical to demonstrate that the platform can
support preclinical drug development workflows. An initial first step in
the drug development pipeline is to optimize the lead candidate
scaffold through synthetic chemistry. As a first step in this process,
medicinal chemists often perform a shotgun approach, where sub-
stitutions are made throughout the different motifs within the com-
pound to identify the positions on the molecule that can tolerate
significant modifications.

We developed an optimized workflow that can jumpstart
preclinical development by bypassing this initial random shotgun
approach to scaffold modification. Instead, our approach is to
identify and then purchase small quantities of close analogs of a
lead molecule that exist within the extensive small molecule
collections held by various commercial partners. DataWarrior40 is
an open-source cheminformatics tool that can interface with the
full compound collection of various commercial entities that
source screening collections for drug discovery. This tool is used
to identify compounds within the full collection that are chemi-
cally similar to a lead originally identified from the screening
library (Fig. 7a). To begin the SR-1815 development process, we
identified 200 structurally-related compounds within the full
collection. Next, these compounds were sorted based on struc-
tural diversity. This ensured that none of the structural motifs
within the lead compound were overweighted in the identifica-
tion process. Then, 100 compounds that exhibited the broadest
structural diversity across the pool of 200 selected compounds
were sourced. This process yielded one hundred SR-1815 analogs
that resembled first-order derivatives of the lead (Fig. 7b), many
of which would have been made by a medicinal chemist in a
traditional “shotgun” approach. The selected compounds were
sourced from the vendor, usually delivered within three weeks,
and then tested for dose-response activity in the Syngap1 DLR
assay (Fig. 7c).

Three of the compounds flagged in the cheminformatic profiling
were present in the original screening library—SR-1819, SR-1821, SR-
1823—and each analog retained activity in the SynGAP DLR assay. One
of these compounds, SR-1821, was flagged as a Hit in Screen 1, which
supports the validity of this profiling approach. Moreover, the retained
activity from these three analogs indicated that the 5-position of the
pyrazole (R2) was amenable to substitution (Fig. 7d), allowing for cyclic
alkanes and ethers as well as linear and branched alkanes. Analyzing
DLR data from the other 100 related compounds revealed additional
areas of the compound that could sustain substitutions (Fig. 7b, c). The
pyrazole ring was difficult to replace with many group substitutions
rendering the molecule completely inactive. However, some sub-
stituted imidazole derivatives did retain activity, indicating that a free
NH group was not required. 1-N-alkyl substitution of the urea was tol-
erated with a range of groups from ethyl and cyclopropyl to cyclo-
pentyl affording activemolecules (R1). It is not yet clear if the 3-NH-urea
is required for activity or the cyclic urea itself because the molecules
available for purchase to test these positions were not available andwill
need to be synthesized. The C5 amide appears to be important for
activity as well, but modifications including the reverse amide, amines,
ethers and cyclic versions were not available for purchase. This strategy
will be addressed during traditional SAR studies. In summary, the “SAR
by purchase” approach greatly facilitated the development plan for
how and where substitutions can be made to potentially optimize
potency and efficacy within identified phenotypic probes. The ability to
identify and then quickly receive 100 analogs of the original library

Article https://doi.org/10.1038/s41467-025-65971-x

Nature Communications |        (2025) 16:10970 11

www.nature.com/naturecommunications


molecule greatly accelerated the SAR program and validated SR-1815 as
a viable preclinical lead candidate. Finally, this experiment demon-
strated that EGS assays are sufficiently scalable and reliable to direct an
SAR preclinical development program.

Discussion
EGS is a significant technological advance because it provides a plat-
form to identify drug-like small molecules that regulate endogenous
expression of proteins that directly regulate cellular states, such as the

Fig. 7 | Accelerating preclinical development of lead compounds identified
through EGS. a Top, Screen capture from DataWarrior exploration of SR-1815-like
compounds within the full collection of small molecules. Bottom, Process for
selecting 100 structurally similar SR-1815-like compounds. b Visualization of rela-
tive structural diversity among identified SR-1815-like compounds. Colored regions
reflect different core motifs within SR-1815. c Relationship between molecular

structure and SynGAP assay activity from 104 SR-1815-related compounds. The 104
compounds are comprised of 100 close analogs of SR-1815 (a), 3 related com-
pounds in the original screening library (e.g, SR-1821; grey circle), and SR-1815
(referencecompound).d Identificationof clearlymodifiableR-groupsderived from
structure-activity analysis of SR-1815 analogs shown in (c). Source data are provided
as a Source Data file.
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shift from health to disease, in a translationally-relevant context. Our
findings suggest that these small molecules may advance drug devel-
opment for genetic disorders defined by altered protein abundance,
such as AutD haploinsufficiency disorders. Moreover, because small
molecules are discovered in EGS through their ability to alter endo-
genous levels of a pre-selected target protein in the disease context,
they likely act through modulation of cell signaling pathways that
regulate gene expression, protein synthesis, and/or protein stability/
degradation (Fig. 8a). Due to the phenotypic nature of the platform,
the small molecules identified in our screens act through unknown,
potentially complex mechanisms and are, by definition, biologically
active. Because these probes regulate disease-modifying protein
abundance, identifying their mechanism-of-action (MOA) also offers
opportunities for deeper insights into disease-associated cellular
biology. Thismay benefit biological discovery for the intended disease
indication, or perhaps even seemingly unrelated diseases. For these
reasons, EGS was developed from the outset to not only seed pre-
clinical drug candidates, but to facilitate MOA deconvolution of
orphaned probes (Fig. 8b).

The promise of previously undescribed phenotypic probes for
biological discovery and drug development are strongly supported by
both the initial discovery of SR-1815 (this study) and our parallel efforts
to de-orphan it28. This current study illustrates an important proof-of-
concept discovery. It demonstrates that small molecules identified
through EGS have the potential to counteract both the root cause of
genetic haploinsufficiency disorders (e.g., deficient protein expres-
sion) and to resolve phenotypes caused by their low abundance (e.g.,
SynGAP variants). At present, and to our knowledge, SR-1815 is the only
known small molecule capable of boosting SynGAP abundance in
haploinsufficient neurons to wildtype levels, while also mitigating
functional cellular consequences of Syngap1 haploinsufficiency, such
as tempering increased excitatory synapse function and neuronal
hyperexcitability. Therefore, SR-1815, as well as the ~40 other validated
SynGAP boosting small molecules, are currently undergoing initial
preclinical evaluation for suitability to advance into later stages ofdrug
development. Moreover, as described in our companion study28, we
identified the molecular targets of SR-1815 and elucidated its mode/
mechanism-of-action, including regulation of a splicing event known
to regulate SynGAP protein abundance. Some of its kinase targets are
implicated in cancer biology and SR-1815 exhibited potent activity in
cancer cell lines known to be sensitive to these molecular targets.
These results demonstrate an additional value of de-orphaning hits
from the EGS platform, as mechanistic insights inspired by neuronal
assays can reveal drug targets with therapeutic potential beyond
the brain.

The small molecule probes revealed by this platform offer unique
translational opportunities. The current state of the art in treating
haploinsufficiency disorders is to develop targeted antisense oligo-
nucleotides (ASOs) that disinhibit mRNA-dependent gene suppression
mechanisms or to utilize viral vectors that either edit or replace a
dysfunctional gene copy41. While these approaches have shown suc-
cesses for some genetic disorders, they do not always successfully
translate, nor are they necessarily the best treatment modality for
every patient. For example, ASOs are not brain penetrant and, there-
fore, must be given intrathecally for CNS disorders, which introduces
discomfort and risk for the patient, as well as high costs42. Further,
ASOs have half-lives of weeks, and viral-based clinical approaches lack
effective shut-offmechanisms, resulting in challenges related to tuning
the effectiveness of these therapeutic approaches and managing side
effects. Small molecules remain the gold standard therapeutic agent
for treating neurological disorders because they can be improved
through chemistry to achieve brain penetrance and optimized for
more desirable routes of delivery (e.g. oral). Moreover, the level of
small molecules in the body can be easily adjusted through dose
titration. This is an important issue for treating genetic

haploinsufficiency disorders because overexpression of the target
gene/protein above levels seen in healthy cells can cause toxicity.
Indeed, it iswell established that genes that cause AutDdisease require
tightly controlled expression levels to maintain cellular health43. Too
little or too much expression of these powerful genes can, on their
own, cause disease states. Because overexpression is a concern, a
once-per-day oral medication that regulates the target is easier to
control and, therefore, could be better tolerated by patients. As a
result, when a choice exists among small molecule (PO), gene repla-
cement therapy (IV/SC), and intrathecal ASO injection for the same
genetic disease, small molecules may be viewed as the superior first-
line treatment option44. At the very least, small molecule development
provides an additional parallel approach for treating genetic loss-of-
function disorders, and they may also be useful as a combination
approach with ASOs or gene therapy to boost overall efficacy by tar-
geting complementary mechanisms.

Selection of the cellular context is an important factor for the
success of phenotypic screening. In the Syngap1 version of EGS, we
chose neurons over a more traditional scalable heterologous cell line
for a clear reason: SynGAP protein is enriched in neurons and dys-
function of these cells is linked to disease states. The enrichment of
endogenous SynGAP in brain, and in particular neurons26,34, is clear
evidence that its expression is regulated in a cell-specific manner.
Therefore, there is a higher probability of translational success, as well
as discovery of previously unknownbiology, when neurons are used as
the screening material. Going a step further, genotype (e.g., wildtype
versus Syngap1 haploinsufficiency) may also be important when
screening for expression boosters. In support of this, SR-1815 has dis-
tinct functions in wildtype versus Syngap1 haploinsufficient neurons,
with the latter existing in an altered cellular state due to reduced
abundance of this critical protein. Moreover, we chose mouse primary
cortical neurons from Syngap1 haploinsufficient mice rather than
patient-derived human neurons for several reasons. First, primary
cortical neurons have been, and continue to be, the gold standard
in vitro discovery model for understanding neuronal cell biology,
especially the processes related to synapse biology and how synapse
biology regulates network activity45,46. Second, there is overwhelming
evidence supporting the fundamental function of SynGAP expression
in cortex and in cortical neurons. Patients diagnosed with SYNGAP1-
related neurodevelopmental disorders express irregular cortical EEG
rhythms16,17 and altered cortical sensory processing47, which when
combined with reports of disrupted higher cognitive functions14,
support the role of this protein in regulation of cortical neuron func-
tion. Syngap1 haploinsufficient mice and rats model domains of brain
dysfunction observed in human SYNGAP1 patients48,49. In mouse
models, regulation of Syngap1 expression selectively within cortical
neurons is both necessary and sufficient to modulate disease-
associated phenotypes21,23, including higher cognitive functions and
seizure susceptibility caused by neural hyperexcitability. Cultured
primary cortical neurons derived from Syngap1 haploinsufficient mice
express analogous phenotypes, including synaptic22,38 (Fig. 5i) and
cellular50 (Fig. 5j) hyperfunction. Indeed, these key phenotypes were
amelioratedby SR-1815. Third, humanexcitatory neurons derived from
patient iPSCs are viewed as substandard relative to primary rodent
neurons for replicating aspects of disease-linked biology related to
synapse function, neural plasticity, and the emergent phenotypes that
arise from these complicated processes45. Fourth, the scalability of
iPSC-induced neurons is severely limited relative to mouse primary
neurons because the former develop muchmore slowly. It can take at
leastonemonth to achieve reliable synapse function in inducedhuman
neurons, and to achieve functional synapses, theymust be co-cultured
with astroglia, which further impacts economies of scale. For certain
phenotypes, iPSC-derived human neurons may be the more appro-
priate choice, such as regulation of neurite outgrowth51. However, for
complicated phenotypes that integrate cellular processes linking
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Fig. 8 | Complete EGSWorkflow. a Entry point for platform is to choose a gene and
then screen chemical or biological agents using HTS-compatible assays that read-
out endogenous protein expression of the gene of interest within disease-modeling
state. The test agents could increase protein expression in a variety of ways, with
the expected outcome of boosting protein resulting in a switch from “disease” to
“healthy” cellular state. b (a, left box) Molecules suitable for further study enter the

development pipeline workflows. A compound travels through two distinct sub-
paths: (b, top right box) the probe undergoes pre-clinical development toward
eventual IND application; (c, bottom right box) probe enters phenotype-to-
mechanism studies aimed at identifying its molecular targets and how it regulates
signaling to switch the state from “disease” and toward “health”. Created in BioR-
ender. Samowitz, P. (2025) https://BioRender.com/cnld7d3.
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synapse function and plasticity with network dynamics, primary
rodent neurons can often be the superior cellular context.

EGS is not limited to identification of small molecule boosters
linked to genetic loss-of-function disorders. Rather, the platform was
developed to be modular and flexible, where the FLAG-HiBIT tag can
be inserted into any gene of interest using standard gene editing
approaches. It is straightforward to breed any new HiBIT-tagged
mouse line with the existing fLUC-expressing line, leading to an in-
mouse DLR assay for any target protein of interest. Similar strategies
could be applied to endogenous proteins expressed in induced cells
derived from patient iPSCs. As a result, DLR assays within models
characterized by either low or high/toxic proteins can be used to
perform endogenous screening within relevant cellular contexts. This
may be particularly useful for neuropsychiatric disorders. For exam-
ple, theMECP2 gene causes Rett Syndromewhen it is expressed at low
levels, yet causes a distinct brain disorder when this same gene is
overexpressed through gene duplication, and excellent models exist
for each disorder52,53. A single EGS platform screen for endogenous
regulators of MECP2 protein expression in wildtype cortical neurons
would, in theory, identify both up- and down-regulating compounds to
test inmodels for both disorders. In support of this, we have identified
several candidate SynGAP down-regulators using our EGS approaches.

Although the EGS platform represents an advance for discovering
small molecules that regulate endogenous protein abundance in
disease-relevant contexts, several limitations should be considered.
Because the screen is phenotypic, early compounds, such as SR-1815,
likely act through multiple mechanisms, and their full molecular tar-
gets and signaling effects remain to be defined. In the case of a tran-
scriptional and splicing regulator, broad changes are expected at this
early stage and will require ongoing medicinal chemistry to improve
selectivity and safety. In addition, while primary cortical neurons
provide a biologically relevant discovery context, relevant phenotypes
induced by small molecules may not fully generalize to intact biolo-
gical in vivo systems. The current lead compound has poor brain
exposure and a short half-life due to active efflux by P-glycoprotein,
limiting in vivo evaluation until optimized analogs are available.
Finally, because excessive stimulation of increased protein abundance
couldbe harmful, careful titration and safety testingwill be essential as
these compounds advance. These limitations define the current scope
of the platform and point to clear next steps for improving selectivity,
pharmacokinetics, and translational potential forSR-1815, aswell as the
several dozen additional lead compounds that apparently up-regulate
SynGAP abundance in cultured neurons.

Methods
Reagents table
All essential reagents required for EGS platform assays, as well as
related information on how to use these reagents, can be found in
Supplemental Table 1.

Mice and rats
Bothmales and females (M/F) were used in all experiments. The design
and maintenance of the constitutive Syngap1 KO and two conditional
Syngap1 lines have been described previously31 and are available at
Jackson Labs (germline knockout line = #008890; conditional knock-
out line = #029303; conditional rescue line = #029304). The firefly
luciferase mouse is also available from Jackson Labs (008450). Syn-
gap1-HiBITknock-in strainwas createdby standardCRISPRmethods in
collaboration with the Salk Institute Transgenesis Core facility. Briefly,
mouse blastocysts were injected with repair template (Fig. S1). Chi-
meras were identified and bred to germline confirm transmission. F1
mice from one of the chimeras was bred to C57/BL6J and the line was
crossedwith newC57/BL6jmice from JAX for three generations before
crossing to the other two strains noted in Fig. 1g. Timed pregnant
Sprague-Dawley rats (E16.5) were purchased from Charles River

Laboratories. Upon arrival, animals were housed in a temperature- and
humidity-controlled facility with a 12 h light/dark cycle and ad libitum
access to food and water. On postnatal day 0 (P0), litters were col-
lected, andmale and femalepupswereused for culture experiments as
described below. All procedures were conducted in accordance with
institutional animal care guidelines and approved protocols.

Primary cell culture protocol for HTS screening
Forebrains from mice with desired genotype (Fig. 1g) were dissected
from post-natal day 0 (PND0) mouse pups to isolate primary cortical
neurons in dissection media (culture grade H2O (Fisher Scientific:
SH3052902), 10% 10x HBSS without Ca2+ and Mg2+ (Invitrogen:
14185052), 2% HEPES (Invitrogen: 15630080), 1% pyruvate (Invitrogen:
11360070), 1% Glucose solution (Thermo Fisher: A2494001), and
0.02% Gentamicin (Invitrogen: 15710064). The cortices were placed
in a digestion solution containing dissection media and 20 active
units/mL of papain (Worthington: LS003124) for 30min at 37 °C. Tis-
sues were washed and triturated in plating medium consisting of
Neurobasal (Invitrogen: 21103049) containing 5%heat inactivated FBS,
(Invitrogen: 10082139), 2% Glutamax-I, (Invitrogen: 35050061), and
0.02% Gentamicin (Invitrogen: 15710064). Cells were then centrifuged
for 5min at 800 g and resuspended in plating medium at 300 µL per
brain. Cell suspension was then diluted into Feeding medium con-
sisting of Neurobasal-A (Invitrogen: 10888022), 2% Glutamax-I, and
0.02% Gentamicin, 2% B-27 supplement (Invitrogen: 17504044), 10 µM
5-fluoro-2′-deoxyuridine (FUDR) (Sigma:F0503) to suppress the pro-
liferation of glia, and 1 × 10e4—3x10e4 viral particles/cell of pEN-
N.AAV.hSyn.Cre.WPRE.hGH (AAV9) (Addgene: 105553-AAV9; single-
use aliquots) to induce haploinsufficiency (Fig. S1C). Using a BioTek
EL406microplate washer dispenser (Agilent Technologies), cells were
dispensed into 384-well plates pre-coated with poly-D-lysine (PDL)
(Aurora ABE2-01200B-PDL) at 10,000 cells in 80 µL/ well and placed in
37 °C incubator. A solution of 1% agarosewasplaced in the evaporation
borderwells prior to plating tominimize edge effects. At 7 days in vitro
(DIV7), 50% of the conditioned media was replaced with fresh feeding
media, and cultures were maintained undisturbed until assayed
(usually DIV14).

HTS-compatible dual-luciferase reporter (DLR) assay
Neuronal culture plates were assayed (usually at DIV 14) using the
Promega Nano-Glo® HiBiT Dual-Luciferase® Reporter Assay System
(DLR) (Promega: N1620). Frozen reagents ONE-Glo™ EX Luciferase
assay buffer andNanoDLR™ Stop&Glo®Buffer were thawedovernight
at 4 °C.ONE-Glo™ EXLuciferaseAssay Substratewas then resuspended
in ONE-Glo™ EX Luciferase assay buffer. All buffers were then equili-
brated to room temperature before use. LargeBIT protein was diluted
1:100 intoONE-Glo™ EX Luciferase AssayReagent andNanoDLR™ Stop
&Glo® Substrate was diluted 1:100 into NanoDLR™ Stop&Glo® Buffer.
60 µL of culturemedia from eachwell of the assay plates was removed
using a BioTeK ELx405 (Agilent Technologies) for screen 1 andaBioTek
EL406 for screen 2. 10 µL of ONE-Glo™ EX Luciferase Assay Reagent
with LgBIT proteinwas added to eachwell of the 384-well plate using a
BioTeK ELx405 for screen 1 and a Certus Flex liquid dispenser (Trajan
Scientific and Medical) for screen 2. Plates were then shaken at
1500 rpm for 10min. The plates were then measured for firefly luci-
ferase (fLUC) luminescence using an EnVision plate reader (Perkin
Elmer) for screen 1 and a CLARIOstar Plus Microplate Reader (BMG
Labtech) for screen 2. 10 µL of NanoDLR™ Stop & Glo® Reagent was
added to each well of the 384-well plate and shaken at 1500 rpm for
10min. The plates were then measured for NanoBiT (nBIT) lumines-
cence on the same reader.

Compound administration
Primary screening. Library compounds were administered to neuro-
nal cultured plates on DIV 12 (screen 1) using at 100 nL 384-array
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pintool (V&P Scientific) or DIV 10 (screen 2) using a 25nL 384-array pin
tool (V&P Scientific). The final concentration of the compounds was
3.125 µM or 12.5 µM for screen 1 and 3.125 µM for screen 2 in 80 µL of
culture medium. The pin tool was cleaned between each plate by
sonicating in water, submerging in DMSO, isopropanol, andmethanol,
and then dried using house air.

Validation pipeline (Fig. 4). Neuronal cultures were generated as
described above with one modification—feeding occurred every
3–4 days. On feeding days, compoundswere readministered using two
methods: 50%media exchange with subsequent pinning or by diluting
compounds into feeding media and using a Certus Flex dispenser
(Trajan Scientific and Medical) to administer media and compound.
Pinning compounds requires 100Xmore compound than feeding, thus
the method was chosen based on experimental needs and compound
availability.

Dot blot assay
A lysis buffer was prepared containing 2% SDS, 2mM TCEP, 10%
ethylene glycol, 50mM Sodium Borate, 500 µM 3-(2-Furoyl)quinoline-
2-Carboxaldehyde (FQ) (VWR: 102987-910), and 500 µM Mandeloni-
trile (Sigma:116025) dissolved intowater. Using theBioTek EL406, 384-
well assay plates containing cortical neurons were washed with 60 µL
of PBS three times and then liquid was completely removed using
centrifugation. 20 µL of lysis buffer was added to each well using the
BioTek EL406 and then shaken at 800 rpm for 10min. The plate was
then heated at 75 °C using an Envirogenie Incubator (Scientific Indus-
tries) for 20min and then cooled at room temperature for 30min. The
plate was centrifuged at 3000g for 3min and shaken for 2min at
400 rpm.Using a pintool arraywith 384 channels (100nL/channel; V&P
Scientific) lysate was pinned on to a 0.2 µm pore size nitrocellulose
membrane (Sigma: GE10600004), dried for 1min, and placed into a
containerwith 1XTBS-T. Themembranewas thenblockedwith 1%BSA-
TBS-T for 1 h Antibodies (see below) were then diluted into 1% BSA-
TBS-T at appropriate concentration and incubatedovernight at 4 °Con
a platform rocker. The membranes were washed 3X with TBS-T for
10min and then incubatedwith HRP-conjugated secondary antibodies
(see below). The membranes were washed 3X with TBS-T and once
with TBS.Membranes were then imaged for total protein using BioRad
ChemiDoc imaging system using the Stain Free Blot setting. 15mL of
SuperSignal West Pico Plus Chemiluminescent substrate (Thermo
Fisher:34580) was added to the membrane and incubated for 2 h on a
platform rocker, followedby addition of 2mLSuperSignalWest Femto
MaximumSensitivity substrate (ThermoFisher: 34096), and incubated
for 5min, and imaged for chemiluminescence.

SDS-PAGE and immunoblotting
Primaryneuronal cultureswerepreparedasdescribedabove (validation
protocol) from Syngap1 heterozygous cRescue mice and plated within
PDL coated 24-well plates (Corning:353847) at 250,000 cells / well.
FUDRwas addedatDIV3 insteadof atplating. Culturesweremaintained
by 50%media exchanges every 3–4 days. OnDIV 14, plates werewashed
with PBS twice and proteins were extracted by sonication in a buffer
consisting of 2% SDS, 50mM Sodium Borate, 1X Halt Protease and
Phosphatase inhibitors. Sample protein concentrations were measured
using Pierce BCA Protein Assay Kit (Thermo Fisher: 23225) and adjusted
to normalize protein content. 10 µg of protein per sample was loaded
and separated by SDS-PAGE on 10% Criterion TGX Stain-Free gels
(BioRad: 5678035) and then transferred to low fluorescence PVDF
membranes (45 µm pore size) (BioRad: 1620262) with the Trans-Blot
Turbo System (BioRad). Membranes were imaged for total protein
usingBioRadChemiDoc imaging system,blockedwith 1%BSA-TBS-T for
1 hour, and then probed with primary antibodies at 4 °C overnight.
Membranes were washed 3X with TBS-T, incubated with secondary
antibodies, washed, and imaged for chemiluminescence. Direct nBIT

luciferase signal was also measured using the Nano-Glo® HiBiT Blotting
System (Promega: N2410). Following chemiluminescence detection,
30% H2O2 was added to the membrane to quench the chemilumines-
cence and washed 3X with TBS-T. LgBiT protein was added in Nano-Glo
Blotting buffer, incubated overnight at 4 °C, and Nano-Glo® Luciferase
assay substrate was diluted 500-fold into the Nano-Glo blotting buffer.
The membrane was incubated for 5min and then imaged for
chemiluminescence.

Immunocytochemistry (ICC)
Primary neuronal cultures were generally prepared as described above
from constitutive heterozygous Syngap1 KO mice and plated into 96-
well plates (Aurora: ABN2-10201F) at 25,000 cells / well. FUDR was
added atDIV 3. Culturesweremaintainedby50%media exchanges and
treated with vehicle (DMSO) or SR-1815 (1.5μM [final]) on DIV 0, 3, 7,
and 10. OnDIV 14, plates were fixedwith 4% PFA and 4% sucrose in PBS
pH 7.4 for 10min at room temperature. Plates were washed 3X with
PBS and blocked in 2% BSA and 0.1% Triton X in PBS for 1 hour at room
temperature. Primary antibodies pan-SynGAP, PSD95, and SV2A were
diluted (1:500) into blocking solution and incubated overnight at 4 °C.
Plates were washed with PBS 3X and secondary antibodies anti-rabbit
Alexa Fluor (AF)−568, anti-mouse AF-488, and anti-guinea pig AF-647
were diluted (1:1000) in blocking solution and incubated for 1 hat
room temperature. Plates were washed 3X with PBS and incubated
with Prolong Gold antifade reagent with DAPI (Thermo Fisher: P36931)
for 24 h 4 °C. Images were taken using Molecular Devices HCS.ai high
content imager at 60Xmagnification water immersion with a confocal
50/500 µm pinhole spinning disk. Each channel was imaged with
500ms exposure. Images were taken for 9 fields of view (FOVs) across
6 wells for each condition. Using the DAPI signal, 2 FOVs were selected
from each well to ensure equivalent numbers of somas (e.g., to correct
for variation in neuronal density across surface of culture wells) for
signal quantification. Synaptic expression was measured by thresh-
oldingwithin 4 sub-fields of viewper image (without a soma) to restrict
analysis to the brightest punctate objects. The integrated density/
intensity of all thresholded objects was calculated along with the
thresholded area and the average intensity of the thresholded pixels.
Somatic SynGAP was measured by placing regions of interest on each
soma andmeasuring the average pixel intensity. To quantify dendritic
SynGAP, background subtractionwas performed across all images and
line series were placed on regions of a suspected dendrite where
SynGAP expression was non-overlapping with PSD95 and SV2A. The
maximum pixel intensity was measured for each line scan for each
dendrite. Experimenters were blinded to conditions during analysis.

Primary Antibodies
Pan-SynGAP antibody (1:1000 for Immnoblotting, 1:500 for ICC)—

Cell Signaling #5539
SynGAP-α2 antibody (1:1000)—Cell Signaling #56927
SynGAP-α1 antibody (50ng/mL)—Cell Signaling Test sample (VSP-

137655); Rabbit mAb #34124
SynGAP-β antibody (50 ng/mL)—Cell Signaling Test sample (VSP-

143511); Rabbit mAb #28580
ANTI-FLAG M2 antibody (1:1000)—Sigma #F1804
PSD95 antibody (1:500)- Thermo Fisher MA1-045
SV2A—Synaptic Systems 119004
Secondary Antibodies:
Anti-mouse IgG HRP Conjugate (1:2500)—Promega W402B
Anti-rabbit IgG HRP Conjugate (1:2500)—Promega W401B
Alexa Fluor 488 goat anti-mouse IgG—Thermo Fisher A11029
Alexa Fluor 568 goat anti-rabbit IgG—Thermo Fisher A11036
Alexa Fluor 647goat anti-guinea pig IgG—Thermo Fisher A21450

Cell-free nBIT (counter-screen) assay
A counter screening assay was developed to determine to what extent
small molecules directly regulated nBIT activity. Starting with the
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Nano-Glo® HiBIT Extracellular Detection System (Promega: N2420), a
HiBIT control protein (Promega: N3010) was diluted to 100 pM in
buffer containing 0.1% BSA-PBS and 10 µL was dispensed into black
opaque 384-well assay plates (Greiner: 781900). Compounds were
pinned into the plate and shaken at 1500 rpm for 1minute. 10 µL of
Nano-Glo® HiBIT Extracellular buffer with 1:50 Nano-Glo® HiBIT
Extracellular substrate and 1:100 LargeBIT protein was dispensed into
the plate, shaken for 1minute, centrifuged at 100 g for 1minute, and
incubated for 10min. The plate was then measured for luminescence
using the CLARIOstar Plus plate reader.

Screening libraries
Both custom designed and pre-selected screening libraries were
obtained from Enamine (Ukraine) and ChemBridge (San Diego).
Libraries were delivered in 384-well plates and each well contained
~30uL of compound (10mM).Compoundswere absent in columns 1, 2,
23, 24 to accommodate controls. Assay plates used in the HTS-style
screen were pinned directly from the library compound plates. Con-
trols were pinned separately.

Electrophysiology and mEPSC analysis
Primary neuronal cultures were prepared as described above from
wildtype and constitutive heterozygous Syngap1 null mice and plated
onto PDL coated glass coverslips (Neuvitro: GG-12-pdl) in 24-well
plates at 250,000 cells / well. FUDR was added at DIV 3 instead of at
plating. Cultures were treated with vehicle (DMSO) or SR-1815 (1.5 µM)
on DIV 0, 3, 7, and 10 using a 50% media exchange. Whole-cell patch
clamp recordings were conducted from forebrain cultures between
DIV 13-15. Putative excitatory neurons were visually identified using
infrared DIC optics. Recordings were made using boroscilicate glass
pipettes (3-6 MΩ; 0.86mm inner diameter; 1.5mm outer diameter;
Harvard Apparatus) made using a P-97 pipette puller (Sutter Instru-
ments). All signals were amplified using Multiclamp 700B amplifier
(Molecular Devices), filtered at 2.4 KHz, digitized at 10 KHz and stored
on a personal computer for off-line analysis. Analogue to digital con-
version was performed using a Digidata 1400A system (Molecular
Devices). Data acquisition and analysis was performed using pClamp
10.2/11.2 software (Molecular Devices), along with Minianalysis soft-
ware (Synaptosoft) for semi-automated mEPSC event detection. To
isolate AMPA-mediated mEPSCs, cultures were continuously perfused
with artificial cerebrospinal fluid (aCSF), composed of (in mM): 150
NaCl, 3.1 KCl, 2 CaCl2, 1MgCl2, 10HEPES, 10Glucose, 0.05D-2-amino-5-
phosphonovalerate, 0.001 tetrodotoxin and0.1 picrotoxin.Osmolarity
was adjusted to 305-310mOsmandpH adjusted to 7.3-7.4. The internal
solution consisted of (in mM): 135 Cs-methanesulfonate, 10 CsCl, 10
HEPES, 5 EGTA 2 MgCl2, 4 Mg-ATP, and 0.1 Na-GTP. The internal
solution was adjusted to pH 7.3 and to 290-295mOsm. Following the
establishment of whole-cell configuration, passive membrane prop-
erties were monitored throughout the experiment. Cells with access
resistance > 30 MΩ or unstable ( > 20 % change) were discarded from
analysis. A minimum of 100 and a maximum of 200 events were col-
lected from each neuron, while 2-4 neurons were patched per culture.
The amplitude threshold for event detection was set to √RMS x3
(typically ~4 pA). Data acquisition and analysis were performed by the
same experimenter blinded to both treatment and genotype. Data
from each group was averaged and statistical significance was deter-
mined using 2-way ANOVA with Fisher’s LSD posthoc test. Data are
expressed as mean ± SEM.

Calcium imaging and analysis
Imaging. Primary neuronal cultures were prepared as described above
and plated into PDL coated 384-well plates at 15,000 cells / well. FUDR
was added at DIV 3 instead of at plating. Cultures were maintained by
50% media exchanges and treated with vehicle (DMSO) or SR-1815 on

DIV 0, 3, 7, and 10. On DIV 3 cultures were transduced with AAV9
vectors expressing pGP-AAV-syn-FLEX-jGCaMP8f-WPPRE (AAV9)
(Addgene: 162379-AAV9) (MOI = 300,000 vp/cell) and pENN.AAV.h-
Syn.Cre.WPRE.hGH (AAV9) (Addgene: 105553-AAV9) (MOI = 10,000
vp/cell). On DIV 14, imaging was performed on an InCell Analyzer
6000. Image series were acquired through a 20x Objective (Nikon
20X/0.45, Plan Fluor, ELWD, Corr Collar 0-2.0, CFI/60) at a rate of
~10Hz using a 478 nM laser for sensor excitation. Neuronal activitywas
analyzed from time-lapse fluorescence microscopy images. Images
were first segmented using the Cellpose deep learning model to
identify individual neurons. The average fluorescence intensity within
each segmented region was extracted over time. These signals were
then detrended and normalized to obtain ΔF/F values. Spikes were
detected in theΔF/F traces by setting a threshold basedon the baseline
noise level. Spike frequency was calculated for each neuron. The
results were aggregated across all analyzed images, combining spike
metrics with segmentation properties and experimental metadata
(e.g., drug treatment, GCaMP type).

Hit identification for screen 1
Each compound plate was tested in duplicate on two plates containing
culturedneurons atDIV 12. AtDIV 14, theDLR assaywasperformed and
yielded two fLUC and two nBIT reads per compound plate tested. To
identify hits from each compound plate, the median fLUC and nBIT
values of the negative controls (DMSO only) were calculated for each
plate. This value was used to normalize each plate and then each
duplicate read was averaged for both fLUC and nBIT. Using the aver-
aged normalized data, the standard deviation and mean of the nega-
tive controls was used to calculate a z-score for each data point. The
datawasplottedon a 2D scatter plotwith the z-score of thenormalized
data for fLUC on the x-axis and the z-score of the normalized data for
nBIT on the y-axis. To identify hit compounds, vertical threshold lines
were drawn at 3 X standard deviation (SD) left and right for fLUC and
horizontal lines above and below for nBIT (z-score = ± 3). Compounds
with fLUC values within 3X SD and nBIT values above 3X SD were
identified as potential upregulators, whereas those with nBIT values
below 3X SD were considered down-regulators. To ensure reproduci-
bility, variability filtering was applied. The coefficient of variation (CV)
was calculated for each compound’s fLUC and nBIT replicate reads.
Only compounds with <10% variability for both fLUC and nBIT were
retained as final hits. 2D scatter plots were color coded for each
category: negative control (green), compound field (gray), and
hits (blue).

Development of hit detection algorithm for screen 2
All experiments are performed in duplicate. This yields two fLUC (f1, f2)
and two nBIT (b1, b2) reads per experiment. The 1st, 2nd, 23th, and 24th

datapoints from rows “A”, “B”, “O”, and “P” are excluded from the
analysis as these are often affected by edge effects. First, a logarithmic
transformation is applied to all raw luminescence intensities (log2f1,
log2f2, log2b1, log2b2).

Second, a Mahalanobis-distance54 based filter is applied to the
negative control data, allowing us to correctly estimate the distance of
each negative control datapoint from the center of mass of the dis-
tribution in adirectiondependentmanner, to removeobvious outliers.

TheMahalanobis-distanceDMi is calculated as follows for all the n
observations in the negative control:

DMi =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
~xi �~μ
� �TS�1 ~xi �~μ

� �q
ð1Þ

where~xi is a column vector representing the i th observation:

~xi = log2f 1, , i, log2f 2, i, log2b1, i, log2b2, i

� �T ð2Þ
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~μ is a column vector representing the mean of the negative control:

~μ=
1
n

Xn
i = 1

log2f 1, , i,
1
n

Xn
i= 1

log2f 2, i,
1
n

Xn
i = 1

log2b1, i,
1
n

Xn
i = 1

log2b2, i

 !T

ð3Þ

S-1 is the inverse of the covariancematrix, and T denotes transposition.
Any datapoint with a Mahalanobis distance larger than 3 is considered
an outlier.

Next, data reduction is done by calculating the mean of the two
reads for all datapoints:

Fj = log2f 1, j + log2f 2, j
� �

=2 ð4Þ

Bj = log2b1, j + log2b2, j

� �
=2 ð5Þ

Where Fj and Bj are the reduced fLUC and nBIT signals of the j th

observation, respectively.
The reduced data is then normalized by subtracting the mean of

the outlier-filtered negative control group from each datapoint:

F ,
j = Fj �

1
m

Xm
k = 1

Fk ð6Þ

B,
j =Bj �

1
m

Xm
k = 1

Bk ð7Þ

Where F ,
j and Bj are the normalized fLUC and nBIT signals of the j th

observation, Fk and Bk are the reduced firefly and nanoBIT signals of
the kth observation among m total observations in the outlier filtered
negative control group, respectively.

This transformation shifts the coordinates of the center of the
negative control ellipsoid to (0,0) in a two-dimensional double-loga-
rithmic scatter plot (Fig. S3A).

The effect size for eachdata point is calculated as the differenceof
the observed and expected nBIT signals (Fig. S3B). The observed signal
is simply the normalized nBIT signal (as defined above), while the
expected nBIT signal equals the normalized firefly signal:

Ef f ect Size= B,
j, observed � B,

j, expected = B,
j � F ,

j ð8Þ

This relationship is the consequence of the linear correlation
between cell density andprotein levels in a sample. Any relatively small
change in the cell density that does not result in a change of the
“fundamental” biological processes (e.g. protein expression levels) in
the sample must be followed by a similar change in both the fLUC and
nBIT signals. Interestingly, one can observe this correlation in positive
and negative control data (Fig. S3C), even if these controls are not
designed to detect this phenomenon. In the controls from screening,
only the random experimental variability (e.g. dispensing of a cell
suspension) results in different cell densities.

Due to random experimental variability and the above-described
relationship, compounds with the same effect size are expected to be
scattered along lineswith a slope= 1 in double logarithmic scatter plots
(Fig. S3A-B). To identify hits in a screening experiment, threshold lines
with a slope of 1 are required (Fig. S3A-B). Compounds showing sig-
nificant firefly effects relative to the negative control (e.g. due to
toxicity, induction of non-specific protein expression changes, inhibi-
tion, activation or stabilization of firefly luciferase55) should not be
considered as hits. To identify such compounds, two vertical threshold
lines are used at 0 ± 3 x standard deviation of the negative control
(Fig. S3A-B, vertical orange lines).

Last, the non-repeatedness defined as (log2f2—log2f1)—(log2b2—
log2b1) is calculated for all datapoints and reflects how much the two
parallel experiments do not replicate each other. If the non-
repeatedness value is above 2 x standard deviation then the com-
pound is not selected as a hit. (Fig. S3F).

Automated Dot Blot analysis
An Image J macro was developed to automate the Dot Blot image
analysis process. The analysis involves fitting a grid to the image
representing the microplate from which the samples were transferred
to the membrane (Fig. S5A-D). The distance between the center of any
two immediate neighbors in this array (in pixel units) is theoretically
constant and represents the distance of neighboring wells in the plate.
In order to find dots representing the real samples, shape-based
sample identification is performed by running a sequence of opera-
tions. First, edge detection is performed and the resulting image is
transformed into a binary (black and white) image (Fig. S5B). This is
followed by local maxima identification, which gives a set of experi-
mental coordinates representing the center of samples. To remove
high intensity artifacts, the flood-fill tool is used followed by selecting
the whole object (region of interest), which includes the area sur-
rounded by the circular edge and the edge itself. Real dots on the
membrane give selections with very similar area and almost perfectly
circular shape. Artifacts, however, typically give selections with much
smaller area and irregular shapes (Fig. S5B). Therefore, the identified
objects are filtered by size and median width, median height and
median circumference are calculated. These statistics are used as
shape-based filters to remove any remaining artifacts from the list.

Next, with a set of coordinates representing real samples only, the
optimal distance between the closest neighbors is determined (in pixel
units) by generating a histogram from the calculated Euclidian dis-
tance between the center of each spot and the center of all other
identified spots in the image using the following formula:

Distance=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 � x1
� �2 + y2 � y1

� �2q
ð9Þ

Where (x1, y1) and (x2, y2) are the coordinates of the 2 spots in pixel
units (Fig. S5C). A theoretical distance distribution is also calculated
(Fig. S5C) by assuming unit distance ( = 1) between the closest neigh-
bors in an idealized grid representing the plate. The optimal (experi-
mental) distance “d” is determined by fitting the theoretical histogram
to the experimental histogram. This is done by multiplying the peak
positions in the theoretical histogram by a variable “d” and optimizing
the value of “d” such that the peak positions in the theoretical histo-
gram overlap with the peak positions in the experimental histogram.
The position of the peaks is compared bydefining a zone for each peak
in the theoretical distance histogram such that the boundaries of the
zone fall half-way in between the neighboring peaks. The sum of the
distances of each theoretical peak and the experimental peaks within
its zone are calculated. The global minimum of this penalty function
gives the optimal distance (d) in pixel units.

Next, the orientation of the membrane within the image needs to
be determined. Each sample has a maximum of four closest neighbors
allowing a displacement vector to be defined pointing to each of these
neighbors with coordinates (x2-x1, y2-y1), where x2-x1 and y2-y1 are the
displacement components along the “x” and “y” axes, respectively, (x1,
y1) are the coordinates of the sample, and (x2, y2) are the coordinates of
the neighbor in pixel units (Fig. S5D). Plotting these vectors for all
samples yields four distinct populations around the origin. The dis-
tancebetween the center of each of these populations and the origin is
expected to be equal to the optimal distance between the closest
neighbors (see previous step). Relative to any arbitrarily chosen one of
the four vectors pointing to the center of these populations, the other
three are rotated by 90°, 180° and 270°. Therefore, for each datapoint,
we calculate all possible rotations (0°, 90°, 180° and 270°) and chose
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the one with the angle closest to zero in all cases. The mean of all the
angles represented by the datapoints yields the optimized orienta-
tion (α).

Next, a relationship between the coordinates of samples (in pixel
units) and coordinates in an idealized plate (row, column) needs to be
determined (indexing). Image coordinates are transformed by a
combination of a translation, a rotation by α, and a division with the
optimal distance (d) determined above:

x,
i =Round

xi � a
� �

cosα � yi � b
� �

sinα

d

� �
ð10Þ

y,i =Round
xi � a
� �

sinα + yi � b
� �

cosα
d

� �
ð11Þ

Where xi’ and yi’ are the transformed coordinates, xi and yi are the
image coordinates of the ith sample, a and b are the image coordinates
of one randomly selected sample, and Round() denotes rounding to
the nearest integer. The transformed coordinates are then translated
to set the smallest xi’ and yi’values to (0,0).

The indices xi’ and yi’ are used to generate a set of idealized
coordinates by using the optimal distance and reversing the trans-
formations. The sum of Euclidian distances between each sample and
the corresponding location in the idealized grid is calculated and used
as a penalty function in coordinate refinement. A series of translations
is performed along the x and y axes until the global minima of the
penalty function (a 2D surface) is found (Fig. S6A). At this point, the
image coordinates of sample “A01” (column = 1, row =1) define the
optimal location of the grid in the original image (xA01, yA01; see
Fig. S5A).

Next, missing samples are identified in the list of indices, and the
above defined transformations are performed in reverse order to
obtain the corresponding coordinates of the grid.

In the last step, sample integration is done with local background
correction (Fig. S6B). Pixels around each grid point in the unmodified
image are selectedwithin a circle covering the entire spot to calculate a
“raw” integral. This raw integral needs to be corrected for background,
which can be estimated from the integral of the immediate sur-
roundings of the circle. We selected pixels in a larger circle such that
the center of both circles is located at the coordinates defined by the
grid point, and the area of the large circle is exactly 2 times the area.
This gives a radius of rL = r*√2. The integral within the small circle is a
sum of the signal (S) and the background (B): I1 = S +B. The integral
within the large circle contains the signal (S) and twice the background
(B): I2 = S + 2B. Thus, thebackground corrected signal can be calculated
as S = 2I1—I2. Although the radius can be easily optimized by testing all
possible r values between 1 pixel and d/(2*√2) pixels we typically chose
r = d/(2*√2) to avoid high variability due to partially lost signal in areas
of local membrane distortions and to minimize the effect of over-
estimated background due to high intensity local artifacts.

Statistics and reproducibility
Data analyses were conducted in GraphPad Prism (version 9.4.1,
GraphPad Software) or custom Python scripts (version 3.9). No sta-
tistical method was used to predetermine sample size. The study
design and sample sizes were chosen to align with the principles of
high-throughput screening and validation workflows, allowing for the
screening of large chemical libraries and the subsequent testing of
promising compounds. No data were excluded from the analyses,
except for the removal of edge-affected data points from rows in 384-
well plates. Experiments were not randomized, and the investigators
were blinded to allocation during experiments and outcome assess-
ment. Data are presented as mean± SEM or ± SD unless otherwise
noted. Statistical analyses were conducted using methods such as

simple linear regression, Mann-Whitney U tests, one-way ANOVA with
Tukey’s post-hoc tests, and two-wayANOVAwith Fisher’s LSDpost-hoc
tests, as detailed in the methods and figure legends. For hit detection
in Screen 1, a simple “outlier-detection” algorithm was used, while
Screen 2 employed an improved algorithm (see Fig. S3). Mahalanobis-
distance-based filtering was used to remove outliers from the negative
control in Screen 2, while false positive hits were identified based on
their “non-repeatedness” values (see Fig. S3). All experiments were
performed in duplicate to ensure reproducibility. For calcium imaging,
neuronal segmentation was performed using the Cellpose deep
learning model, and spike frequency was calculated based on a
threshold set above the baseline noise level. A custom ImageJ macro
was developed for automated analysis of Dot Blots, including shape-
based filtering of artifacts and local background correction to ensure
accurate quantification of protein.

Ethics statement
All mouse procedures were conducted in accordance with the NIH
Guide for the Care and Use of Laboratory Animals, and all methods
were authorized by the Scripps/UF Scripps Biomedical Research
Institutional Animal Care and Use Committee and the Institutional
Biosafety Committee.

Data availability
The data generated in this study are provided in the Supplementary
Information/SourceData file. Source data are providedwith this paper.

Code availability
Custom code was written in Python for data analysis. Codes which are
not already available in public repository (see Methods) are available
from: https://github.com/RumbaughLab/Samowitz_etal_NatCom_2025
and used without restriction under GPL-3.0 license.
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